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AMPLIFIERS AND A CTIVE
DEVICES
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1.3 Ampli¯ers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.4 Ampli¯er gain . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.5 Decib els . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
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1.1 From electric to electronic

This third volume of the book seriesLessonsIn Electric Circuits makesa departure from the former
two in that the transition betweenelectric circuits and electronic circuits is formally crossed.Electric
circuits are connectionsof conductive wires and other deviceswhereby the uniform °ow of electrons
occurs. Electronic circuits add a new dimension to electric circuits in that somemeansof control is
exerted over the °ow of electronsby another electrical signal, either a voltage or a current.

In and of itself, the control of electron °ow is nothing new to the student of electric circuits.
Switches control the °ow of electrons, as do potentiometers, especially when connectedas variable
resistors (rheostats). Neither the switch nor the potentiometer should be new to your experience
by this point in your study. The threshold marking the transition from electric to electronic, then,
is de¯ned by how the °ow of electrons is controlled rather than whether or not any form of control
exists in a circuit. Switchesand rheostatscontrol the °ow of electronsaccordingto the positioning of
a mechanical device,which is actuated by somephysical force external to the circuit. In electronics,
however, we are dealing with special devicesable to control the °ow of electronsaccordingto another
°ow of electrons, or by the application of a static voltage. In other words, in an electronic circuit,
electricity is able to control electricity .

1



2 CHAPTER 1. AMPLIFIERS AND ACTIVE DEVICES

Historically, the eraof electronicsbeganwith the invention of the Audion tube, a devicecontrolling
the °ow of an electron stream through a vacuum by the application of a small voltage betweentwo
metal structures within the tube. A more detailed summary of so-calledelectron tube or vacuum
tube technology is available in the last chapter of this volume for those who are interested.

Electronics technology experienced a revolution in 1948 with the invention of the transistor.
This tiny deviceachieved approximately the samee®ectas the Audion tube, but in a vastly smaller
amount of spaceand with less material. Transistors control the °ow of electrons through solid
semiconductor substancesrather than through a vacuum, and so transistor technology is often
referred to as solid-state electronics.

1.2 Activ e versus passive devices

An active device is any type of circuit component with the abilit y to electrically control electron
°ow (electricit y controlling electricity). In order for a circuit to be properly called electronic, it must
contain at least oneactive device. Components incapableof controlling current by meansof another
electrical signal are called passive devices. Resistors,capacitors, inductors, transformers, and even
diodes are all consideredpassive devices. Activ e devicesinclude, but are not limited to, vacuum
tubes, transistors, silicon-controlled recti¯ers (SCRs), and TRIA Cs. A casemight be made for the
saturable reactor to be de¯ned as an active device, since it is able to control an AC current with a
DC current, but I'v e never heard it referred to assuch. The operation of each of theseactive devices
will be explored in later chapters of this volume.

All active devicescontrol the °ow of electronsthrough them. Someactive devicesallow a voltage
to control this current while other activedevicesallow another current to do the job. Devicesutilizing
a static voltage as the controlling signal are, not surprisingly, called voltage-controlled devices.
Devicesworking on the principle of one current controlling another current are known as current-
controlled devices.For the record, vacuum tubesare voltage-controlled deviceswhile transistors are
madeaseither voltage-controlled or current controlled types. The ¯rst type of transistor successfully
demonstrated was a current-controlled device.

1.3 Ampli¯ers

The practical bene¯t of active devicesis their amplifying abilit y. Whether the device in question
be voltage-controlled or current-controlled, the amount of power required of the controlling signal
is typically far less than the amount of power available in the controlled current. In other words,
an active device doesn't just allow electricity to control electricity; it allows a small amount of
electricity to control a large amount of electricity.

Becauseof this disparity betweencontrolling and controlled powers, active devicesmay be em-
ployed to govern a large amount of power (controlled) by the application of a small amount of power
(controlling). This behavior is known as ampli¯c ation.

It is a fundamental rule of physics that energy can neither be created nor destroyed. Stated
formally, this rule is known as the Law of Conservation of Energy, and no exceptionsto it have been
discovered to date. If this Law is true { and an overwhelming massof experimental data suggests
that it is { then it is impossibleto build a device capable of taking a small amount of energy and
magically transforming it into a large amount of energy. All machines,electric and electronic circuits
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included, have an upper e±ciency limit of 100 percent. At best, power out equalspower in:

Perfect machinePinput Poutput

Efficiency = 
Poutput

Pinput

= 1 = 100%

Usually, machines fail even to meet this limit, losing someof their input energy in the form of
heat which is radiated into surrounding spaceand therefore not part of the output energystream.

Pinput Poutput

Efficiency = 
Poutput

Pinput

< 1 = less than 100%

Realistic machine

Plost (usually waste heat)

Many peoplehave attempted, without success,to design and build machines that output more
power than they take in. Not only would such a perpetual motion machine prove that the Law of
Energy Conservation was not a Law after all, but it would usher in a technological revolution such
as the world has never seen,for it could power itself in a circular loop and generateexcesspower
for "free:"

Pinput Poutput

Efficiency = 
Poutput

Pinput

Perpetual-motion
machine

> 1 = more than 100%

Pinput machine
Perpetual-motion

Poutput

P"free"

Despite much e®ort and many unscrupulousclaims of "free energy" or over-unity machines, not
one has ever passedthe simple test of powering itself with its own energy output and generating
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energy to spare.

There does exist, however, a classof machines known as ampli¯ers , which are able to take in
small-power signals and output signals of much greater power. The key to understanding how
ampli¯ers can exist without violating the Law of Energy Conservation lies in the behavior of active
devices.

Becauseactive deviceshave the abilit y to control a large amount of electrical power with a small
amount of electrical power, they may be arranged in circuit so as to duplicate the form of the input
signal power from a larger amount of power supplied by an external power source. The result is
a device that appears to magically magnify the power of a small electrical signal (usually an AC
voltage waveform) into an identically-shaped waveform of larger magnitude. The Law of Energy
Conservation is not violated becausethe additional power is supplied by an external source,usually
a DC battery or equivalent. The ampli¯er neither createsnor destroys energy, but merely reshapes
it into the waveform desired:

Pinput Poutput
Amplifier

External
power source

In other words, the current-controlling behavior of active devicesis employed to shape DC power
from the external power source into the samewaveform as the input signal, producing an output
signal of like shape but di®erent (greater) power magnitude. The transistor or other active device
within an ampli¯er merely forms a larger copy of the input signal waveform out of the "raw" DC
power provided by a battery or other power source.

Ampli¯ers, like all machines, are limited in e±ciency to a maximum of 100 percent. Usually,
electronic ampli¯ers are far lesse±cient than that, dissipating considerableamounts of energy in
the form of waste heat. Becausethe e±ciency of an ampli¯er is always 100 percent or less,one can
never be made to function as a "p erpetual motion" device.

The requirement of an external sourceof power is common to all types of ampli¯ers, electrical
and non-electrical. A common example of a non-electrical ampli¯cation system would be power
steering in an automobile, amplifying the power of the driver's arms in turning the steering wheel
to move the front wheelsof the car. The sourceof power necessaryfor the ampli¯cation comesfrom
the engine. The active device controlling the driver's "input signal" is a hydraulic valve shuttling
°uid power from a pump attached to the engineto a hydraulic piston assistingwheelmotion. If the
enginestops running, the ampli¯cation system fails to amplify the driver's arm power and the car
becomesvery di±cult to turn.
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1.4 Ampli¯er gain

Becauseampli¯ers have the abilit y to increasethe magnitude of an input signal, it is useful to be
able to rate an ampli¯er's amplifying abilit y in terms of an output/input ratio. The technical term
for an ampli¯er's output/input magnitude ratio is gain. As a ratio of equalunits (power out / power
in, voltage out / voltage in, or current out / current in), gain is naturally a unitless measurement.
Mathematically, gain is symbolized by the capital letter "A".

For example, if an ampli¯er takes in an AC voltage signal measuring2 volts RMS and outputs
an AC voltage of 30 volts RMS, it has an AC voltage gain of 30 divided by 2, or 15:

AV = 
Voutput

V input

AV = 
30 V
2 V

AV = 15

Correspondingly, if we know the gain of an ampli¯er and the magnitude of the input signal, we
can calculate the magnitude of the output. For example, if an ampli¯er with an AC current gain of
3.5 is given an AC input signal of 28 mA RMS, the output will be 3.5 times 28 mA, or 98 mA:

Ioutput = (AV)(V input)

Ioutput = (3.5)(28 mA)

Ioutput = 98 mA

In the last two examples I speci¯cally identi¯ed the gains and signal magnitudes in terms of
"A C." This wasintentional, and illustrates an important concept: electronicampli¯ers often respond
di®erently to AC and DC input signals, and may amplify them to di®erent extents. Another way
of saying this is that ampli¯ers often amplify changesor variations in input signal magnitude (AC)
at a di®erent ratio than steady input signal magnitudes (DC). The speci¯c reasonsfor this are too
complex to explain at this time, but the fact of the matter is worth mentioning. If gain calculations
are to be carried out, it must ¯rst be understood what type of signals and gains are being dealt
with, AC or DC.

Electrical ampli¯er gains may be expressedin terms of voltage, current, and/or power, in both
AC and DC. A summary of gain de¯nitions is as follows. The triangle-shaped "delta" symbol (¢)
represents changein mathematics, so"¢V output / ¢V input " means"changein output voltagedivided
by changein input voltage," or more simply, "A C output voltage divided by AC input voltage":
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DC gains AC gains

Voltage

Current

Power

AV = 
Voutput

V input

AV = 
DVoutput

DV input

AI =
Ioutput

I input

AI = 
DIoutput

DI input

AP = 
Poutput

Pinput

AP =
(DVoutput)(DIoutput)

(DV input)(DI input)

AP = (AV)(AI)

D = "change in . . ."

If multiple ampli¯ers are staged,their respective gains form an overall gain equal to the product
(multiplication) of the individual gains:

Amplifier
gain = 3

Input signal Output signalAmplifier
gain = 5

Overall gain = (3)(5) = 15

1.5 Decib els

In its simplest form, an ampli¯er's gain is a ratio of output over input. Like all ratios, this form of
gain is unitless. However, there is an actual unit intended to represent gain, and it is called the bel.

As a unit, the bel was actually devisedas a convenient way to represent power loss in telephone
system wiring rather than gain in ampli¯ers. The unit's name is derived from Alexander Graham
Bell, the famous Scottish inventor whosework was instrumental in developing telephone systems.
Originally , the bel represented the amount of signal power loss due to resistanceover a standard
length of electrical cable. Now, it is de¯ned in terms of the common (base10) logarithm of a power
ratio (output power divided by input power):

AP(ratio) = 
Poutput

Pinput

AP(Bel) = log
Poutput

Pinput

Becausethe bel is a logarithmic unit, it is nonlinear. To give you an idea of how this works,
considerthe following table of ¯gures, comparing power lossesand gains in belsversussimple ratios:
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Loss/gain as
a ratio

Loss/gain
in bels

1
(no loss or gain)

Poutput

Pinput

Poutput

Pinput

log

10

100

1000 3 B

2 B

1 B

0 B

0.1 -1 B

0.01 -2 B

0.001 -3 B

It was later decided that the bel was too large of a unit to be used directly, and so it became
customary to apply the metric pre¯x deci (meaning 1/10) to it, making it deci bels, or dB. Now, the
expression"dB" is so common that many people do not realize it is a combination of "deci-" and
"-b el," or that there even is such a unit as the "b el." To put this into perspective, here is another
table contrasting power gain/loss ratios against decibels:
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Loss/gain as
a ratio

Loss/gain

1
(no loss or gain)

Poutput

Pinput

Poutput

Pinput

10

100

1000

0.1

0.01

0.001

10 log

30 dB

20 dB

10 dB

0 dB

-10 dB

-20 dB

-30 dB

in decibels

As a logarithmic unit, this mode of power gain expressioncovers a wide range of ratios with a
minimal spanin ¯gures. It is reasonableto ask, "why did anyonefeel the needto invent a logarithmic
unit for electrical signal power loss in a telephonesystem?" The answer is related to the dynamics
of human hearing, the perceptive intensity of which is logarithmic in nature.

Human hearing is highly nonlinear: in order to double the perceived intensity of a sound, the
actual sound power must be multiplied by a factor of ten. Relating telephone signal power loss
in terms of the logarithmic "b el" scalemakes perfect sensein this context: a power loss of 1 bel
translates to a perceived sound loss of 50 percent, or 1/2. A power gain of 1 bel translates to a
doubling in the perceived intensity of the sound.

An almost perfect analogy to the bel scale is the Richter scale used to describe earthquake
intensity: a 6.0 Richter earthquake is 10 times more powerful than a 5.0 Richter earthquake; a 7.0
Richter earthquake 100times more powerful than a 5.0 Richter earthquake; a 4.0 Richter earthquake
is 1/10 as powerful as a 5.0 Richter earthquake, and so on. The measurement scalefor chemical pH
is likewiselogarithmic, a di®erenceof 1 on the scaleis equivalent to a tenfold di®erencein hydrogen
ion concentration of a chemical solution. An advantage of using a logarithmic measurement scaleis
the tremendousrangeof expressiona®ordedby a relatively small span of numerical values,and it is
this advantage which securesthe use of Richter numbers for earthquakes and pH for hydrogen ion
activit y.

Another reasonfor the adoption of the bel as a unit for gain is for simple expressionof system
gains and losses.Consider the last systemexamplewhere two ampli¯ers were connectedtandem to
amplify a signal. The respective gain for each ampli¯er was expressedas a ratio, and the overall
gain for the system was the product (multiplication) of those two ratios:
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Amplifier
gain = 3

Input signal Output signalAmplifier
gain = 5

Overall gain = (3)(5) = 15

If these ¯gures represented power gains, we could directly apply the unit of bels to the task of
representing the gain of each ampli¯er, and of the system altogether:

Amplifier
Input signal Output signal

Amplifier

Overall gain = (3)(5) = 15

AP(Bel) = log AP(ratio)

AP(Bel) = log 3 AP(Bel) = log 5

gain = 3 gain = 5
gain = 0.477 B gain = 0.699 B

Overall gain(Bel) = log 15 = 1.176 B

Close inspection of these gain ¯gures in the unit of "b el" yields a discovery: they're additiv e.
Ratio gain ¯gures are multiplicativ e for staged ampli¯ers, but gains expressedin bels add rather
than multiply to equal the overall system gain. The ¯rst ampli¯er with its power gain of 0.477 B
adds to the secondampli¯er's power gain of 0.699B to make a system with an overall power gain
of 1.176B.

Recalculating for decibels rather than bels, we notice the samephenomenon:

Amplifier
Input signal Output signal

Amplifier

Overall gain = (3)(5) = 15

gain = 3 gain = 5

AP(dB) = 10 log AP(ratio)

AP(dB) = 10 log 3 AP(dB) = 10 log 5

gain = 4.77 dB gain = 6.99 dB

Overall gain(dB) = 10 log 15 = 11.76 dB

To thosealready familiar with the arithmetic properties of logarithms, this is no surprise. It is an
elementary rule of algebrathat the antilogarithm of the sum of two numbers' logarithm valuesequals
the product of the two original numbers. In other words, if we take two numbers and determine the
logarithm of each, then add thosetwo logarithm ¯gures together, then determine the "antilogarithm"
of that sum (elevate the basenumber of the logarithm { in this case,10 { to the power of that sum),
the result will be the sameas if we had simply multiplied the two original numbers together. This
algebraicrule forms the heart of a devicecalled a slide rule, an analogcomputer which could, among
other things, determine the products and quotients of numbersby addition (adding together physical
lengths marked on sliding wood, metal, or plastic scales). Given a table of logarithm ¯gures, the
samemathematical tric k could be usedto perform otherwise complex multiplications and divisions
by only having to do additions and subtractions, respectively. With the advent of high-speed,
handheld, digital calculator devices, this elegant calculation technique virtually disappeared from
popular use. However, it is still important to understand when working with measurement scales
that are logarithmic in nature, such as the bel (decibel) and Richter scales.

When converting a power gain from units of belsor decibels to a unitless ratio, the mathematical
inversefunction of common logarithms is used: powers of 10, or the antilog.
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If:

AP(Bel) = log AP(ratio)

Then:

AP(ratio) = 10AP(Bel)

Converting decibels into unitless ratios for power gain is much the same,only a division factor
of 10 is included in the exponent term:

If:

Then:

AP(dB) = 10 log AP(ratio)

AP(ratio) = 10

AP(dB)

10

Becausethe bel is fundamentally a unit of power gain or loss in a system, voltage or current
gains and lossesdon't convert to bels or dB in quite the sameway. When using bels or decibels to
expressa gain other than power, be it voltage or current, we must perform the calculation in terms
of how much power gain there would be for that amount of voltage or current gain. For a constant
load impedance,a voltage or current gain of 2 equatesto a power gain of 4 (22); a voltage or current
gain of 3 equatesto a power gain of 9 (32). If we multiply either voltage or current by a given factor,
then the power gain incurred by that multiplication will be the squareof that factor. This relates
back to the forms of Joule's Law where power was calculated from either voltage or current, and
resistance:

P = I2R

P =
E2

R

Power is proportional to the square
of either voltage or current

Thus, when translating a voltage or current gain ratio into a respective gain in terms of the bel
unit, we must include this exponent in the equation(s):

Exponent required

AP(Bel) = log AP(ratio)

AV(Bel) = log AV(ratio)
2

AI(Bel) = log AI(ratio)
2

The sameexponent requirement holds true when expressingvoltage or current gains in terms of
decibels:
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Exponent required

AP(dB) = 10 log AP(ratio)

AV(dB) = 10 log AV(ratio)
2

AI(dB) = 10 log AI(ratio)
2

However, thanks to another interesting property of logarithms, we can simplify theseequations
to eliminate the exponent by including the "2" as a multiplying factor for the logarithm function.
In other words, instead of taking the logarithm of the square of the voltage or current gain, we just
multiply the voltage or current gain's logarithm ¯gure by 2 and the ¯nal result in bels or decibels
will be the same:

AI(dB) = 10 log AI(ratio)
2

. . . is the same as . . .
AV(Bel) = log AV(ratio)

2

AV(Bel) = 2 log AV(ratio)

AI(Bel) = log AI(ratio)
2

. . . is the same as . . .
AI(Bel) = 2 log AI(ratio)

For bels:

For decibels:

. . . is the same as . . . . . . is the same as . . .
AI(dB) = 20 log AI(ratio)

AV(dB) = 10 log AV(ratio)
2

AV(dB) = 20 log AV(ratio)

The processof converting voltage or current gains from bels or decibels into unitless ratios is
much the sameas it is for power gains:

If:

Then:

AV(Bel) = 2 log AV(ratio)

AV(ratio) = 10 2

AV(Bel)

AI(Bel) = 2 log AI(ratio)

AI(ratio) = 10

AI(Bel)

2

Hereare the equationsusedfor converting voltage or current gainsin decibels into unitless ratios:

If:

Then:

AV(dB) = 20 log AV(ratio)

AV(ratio) = 10

AV(dB)

20 20

AI(dB) = 20 log AI(ratio)

AI(ratio) = 10

AI(dB)

While the bel is a unit naturally scaledfor power, another logarithmic unit has beeninvented to
directly expressvoltage or current gains/losses,and it is basedon the natural logarithm rather than
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the common logarithm as bels and decibels are. Called the neper, its unit symbol is a lower-case
"n."

AV(neper) = ln AV(ratio)

AV(ratio) = 
Voutput

V input

AI(ratio) =
Ioutput

I input

AI(neper) = ln AI(ratio)

For better or for worse, neither the neper nor its attenuated cousin, the decineper, is popularly
usedas a unit in American engineeringapplications.

² REVIEW:

² Gains and lossesmay be expressedin terms of a unitless ratio, or in the unit of bels (B) or
decibels (dB). A decibel is literally a deci -bel: one-tenth of a bel.

² The bel is fundamentally a unit for expressingpower gain or loss. To convert a power ratio to
either bels or decibels, useone of theseequations:

² AP(Bel) = log AP(ratio) AP(db) = 10 log AP(ratio)

² When using the unit of the bel or decibel to expressa voltage or current ratio, it must be cast
in terms of the an equivalent power ratio. Practically, this meansthe useof di®erent equations,
with a multiplication factor of 2 for the logarithm value corresponding to an exponent of 2 for
the voltage or current gain ratio:

²

AV(Bel) = 2 log AV(ratio) AV(dB) = 20 log AV(ratio)

AI(Bel) = 2 log AI(ratio) AI(dB) = 20 log AI(ratio)

² To convert a decibel gain into a unitless ratio gain, useone of theseequations:

²

AV(ratio) = 10

AV(dB)

20

20AI(ratio) = 10

AI(dB)

AP(ratio) = 10

AP(dB)

10

² A gain (ampli¯cation) is expressedas a positive bel or decibel ¯gure. A loss (attenuation) is
expressedasa negative bel or decibel ¯gure. Unit y gain (no gain or loss;ratio = 1) is expressed
as zero bels or zero decibels.

² When calculating overall gain for an ampli¯er system composedof multiple ampli¯er stages,
individual gain ratios are multiplied to ¯nd the overall gain ratio. Bel or decibel ¯gures for
each ampli¯er stage,on the other hand, are added together to determine overall gain.
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1.6 Absolute dB scales

It is alsopossibleto usethe decibel asa unit of absolutepower, in addition to using it asan expression
of power gain or loss. A common example of this is the useof decibels as a measurement of sound
pressureintensity. In caseslike these, the measurement is made in referenceto somestandardized
power level de¯ned as 0 dB. For measurements of sound pressure,0 dB is loosely de¯ned as the
lower threshold of human hearing, objectively quanti¯ed as 1 picowatt of sound power per square
meter of area.

A sound measuring 40 dB on the decibel sound scale would be 104 times greater than the
threshold of hearing. A 100 dB sound would be 1010 (ten billion) times greater than the threshold
of hearing.

Becausethe human ear is not equally sensitive to all frequenciesof sound,variations of the decibel
sound-power scalehave been developed to represent physiologically equivalent sound intensities at
di®erent frequencies.Somesound intensity instruments were equipped with ¯lter networks to give
disproportionate indications acrossthe frequency scale,the intent of which to better represent the
e®ectsof soundon the human body. Three ¯ltered scalesbecamecommonly known asthe "A," "B,"
and "C" weighted scales. Decibel sound intensity indications measuredthrough these respective
¯ltering networks were given in units of dBA, dBB, and dBC. Today, the "A-w eighted scale" is
most commonly usedfor expressingthe equivalent physiological impact on the human body, and is
especially useful for rating dangerouslyloud noisesources.

Another standard-referencedsystem of power measurement in the unit of decibels has been
established for use in telecommunications systems. This is called the dBm scale. The reference
point, 0 dBm, is de¯ned as 1 milliw att of electrical power dissipated by a 600 ­ load. According
to this scale,10 dBm is equal to 10 times the referencepower, or 10 milliw atts; 20 dBm is equal to
100 times the referencepower, or 100 milliw atts. SomeAC voltmeters comeequipped with a dBm
range or scale(sometimes labeled "DB") intended for use in measuring AC signal power acrossa
600 ­ load. 0 dBm on this scaleis, of course,elevated above zero becauseit represents something
greater than 0 (actually, it represents 0.7746volts acrossa 600 ­ load, voltage being equal to the
square root of power times resistance; the square root of 0.001 multiplied by 600). When viewed
on the face of an analog meter movement, this dBm scaleappears compressedon the left side and
expandedon the right in a manner not unlike a resistancescale,owing to its logarithmic nature.

An adaptation of the dBm scalefor audio signalstrength is usedin studio recordingand broadcast
engineeringfor standardizing volume levels, and is called the VU scale. VU meters are frequently
seenon electronic recording instruments to indicate whether or not the recordedsignal exceedsthe
maximum signal level limit of the device, where signi¯cant distortion will occur. This "v olume
indicator" scaleis calibrated in according to the dBm scale,but doesnot directly indicate dBm for
any signal other than steady sine-wave tones. The proper unit of measurement for a VU meter is
volume units.

When relatively large signals are dealt with, and an absolute dB scalewould be useful for rep-
resenting signal level, specialized decibel scalesare sometimesused with referencepoints greater
than the 1mW used in dBm. Such is the casefor the dBW scale,with a referencepoint of 0 dBW
establishedat 1 watt. Another absolute measureof power called the dBk scalereferences0 dBk at
1 kW, or 1000watts.

² REVIEW:

² The unit of the bel or decibel may alsobe usedto represent an absolutemeasurement of power
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rather than just a relative gain or loss. For sound power measurements, 0 dB is de¯ned as a
standardized referencepoint of power equal to 1 picowatt per squaremeter. Another dB scale
suited for sound intensity measurements is normalized to the samephysiological e®ectsas a
1000Hz tone, and is called the dBA scale. In this system, 0 dBA is de¯ned as any frequency
soundhaving the samephysiologicalequivalenceasa 1 picowatt-p er-square-metertone at 1000
Hz.

² An electrical dB scalewith an absolute referencepoint has beenmade for use in telecommu-
nications systems. Called the dBm scale,its referencepoint of 0 dBm is de¯ned as 1 milliw att
of AC signal power dissipated by a 600 ­ load.

² A VU meter reads audio signal level according to the dBm for sine-wave signals. Because
its responseto signals other than steady sine waves is not the sameas true dBm, its unit of
measurement is volume units.

² dB scaleswith greater absolute referencepoints than the dBm scalehave been invented for
high-power signals. The dBW scale has its referencepoint of 0 dBW de¯ned as 1 watt of
power. The dBk scalesets1 kW (1000 watts) as the zero-point reference.

1.7 Con tributors

Contributors to this chapter are listed in chronological order of their contributions, from most recent
to ¯rst. SeeAppendix 2 (Contributor List) for dates and contact information.

Colin Barnard (November 2003): Correction regarding Alexander Graham Bell's country of
origin (Scotland, not the United States).
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*** INCOMPLETE ***

2.1 In tro duction

This chapter will cover the physics behind the operation of semiconductor devicesand show how
theseprinciples are applied in several di®erent typesof semiconductordevices.Subsequent chapters
will deal primarily with the practical aspects of these devicesin circuits and omit theory as much
as possible.

2.2 Quan tum physics

"I think it is safe to say that no one understandsquantum mechanics."

15
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Ph ysicist Ric hard P. Feynman

To say that the invention of semiconductordeviceswasa revolution would not bean exaggeration.
Not only was this an impressive technological accomplishment, but it paved the way for develop-
ments that would indelibly alter modern society. Semiconductordevicesmadepossibleminiaturized
electronics, including computers, certain typesof medical diagnostic and treatment equipment, and
popular telecommunication devices,to name a few applications of this technology.

But behind this revolution in technology standsan even greater revolution in generalscience:the
¯eld of quantum physics. Without this leap in understanding the natural world, the development of
semiconductordevices(and more advancedelectronic devicesstill under development) would never
have beenpossible. Quantum physicsis an incredibly complicated realm of science,and this chapter
is by no meansa completediscussionof it, but rather a brief overview. When scientists of Feynman's
caliber say that "no one understands[it]," you can be sure it is a complex subject. Without a basic
understandingof quantum physics,or at leastan understandingof the scienti¯c discoveriesthat led to
its formulation, though, it is impossibleto understand how and why semiconductorelectronicdevices
function. Most intro ductory electronics textb ooks I'v e read attempt to explain semiconductorsin
terms of "classical" physics, resulting in more confusion than comprehension.

Many of us have seendiagrams of atoms that look something like this:
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Tiny particles of matter called protons and neutrons make up the center of the atom, while
electrons orbit around not unlike planets around a star. The nucleus carries a positive electrical
charge, owing to the presenceof protons (the neutrons have no electrical charge whatsoever), while
the atom's balancing negative charge residesin the orbiting electrons. The negative electrons tend
to be attracted to the positive protons just asplanets are gravitationally attracted toward whatever
object(s) they orbit, yet the orbits are stable due to the electrons' motion. We owe this popular
model of the atom to the work of Ernest Rutherford, who around the year 1911 experimentally
determined that atoms' positive chargeswere concentrated in a tiny, densecore rather than being
spreadevenly about the diameter as was proposedby an earlier researcher, J.J. Thompson.

While Rutherford's atomic model accounted for experimental data better than Thompson's, it
still wasn't perfect. Further attempts at de¯ning atomic structure wereundertaken, and thesee®orts
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helped pave the way for the bizarre discoveries of quantum physics. Today our understanding of
the atom is quite a bit more complex. However, despite the revolution of quantum physics and the
impact it had on our understanding of atomic structure, Rutherford's solar-systempicture of the
atom embedded itself in the popular conscienceto such a degreethat it persists in someareasof
study even when inappropriate.

Considerthis short description of electronsin an atom, taken from a popular electronicstextb ook:

Orbiting negative electrons are therefore attracted toward the positive nucleus, which
leads us to the question of why the electrons do not °y into the atom's nucleus. The
answer is that the orbiting electrons remain in their stable orbit due to two equal but
opposite forces. The centrifugal outward force exerted on the electrons due to the orbit
counteracts the attractive inward force (centripetal) trying to pull the electrons toward
the nucleusdue to the unlike charges.

In keepingwith the Rutherford model, this author casts the electronsas solid chunks of matter
engagedin circular orbits, their inward attraction to the oppositely chargednucleusbalancedby their
motion. The referenceto "centrifugal force" is technically incorrect (even for orbiting planets), but
is easily forgiven due to its popular acceptance:in reality, there is no such thing as a force pushing
any orbiting body away from its center of orbit. It only seemsthat way becausea body's inertia
tends to keepit traveling in a straight line, and sincean orbit is a constant deviation (acceleration)
from straight-line travel, there is constant inertial opposition to whatever force is attracting the
body toward the orbit center (centrip etal), be it gravit y, electrostatic attraction, or even the tension
of a mechanical link.

The real problem with this explanation, however, is the idea of electrons traveling in circular
orbits in the ¯rst place. It is a veri¯able fact that acceleratingelectric chargesemit electromagnetic
radiation, and this fact was known even in Rutherford's time. Since orbiting motion is a form of
acceleration (the orbiting object in constant acceleration away from normal, straight-line motion),
electronsin an orbiting state shouldbethrowing o®radiation likemud from a spinning tire. Electrons
acceleratedaround circular paths in particle acceleratorscalled synchrotrons are known to do this,
and the result is called synchrotron radiation. If electronswere losing energyin this way, their orbits
would eventually decay, resulting in collisions with the positively charged nucleus. However, this
doesn't ordinarily happen within atoms. Indeed, electron "orbits" are remarkably stable over a wide
range of conditions.

Furthermore, experiments with "excited" atoms demonstratedthat electromagneticenergyemit-
ted by an atom occurs only at certain, de¯nite frequencies. Atoms that are "excited" by outside
in°uences such as light are known to absorb that energy and return it as electromagneticwavesof
very speci¯c frequencies,like a tuning fork that rings at a ¯xed pitch no matter how it is struck.
When the light emitted by an excited atom is divided into its constituent frequencies(colors) by a
prism, distinct lines of color appear in the spectrum, the pattern of spectral lines being unique to
that element. So regular is this phenomenonthat it is commonly usedto identify atomic elements,
and even measurethe proportions of each element in a compound or chemical mixture. According
to Rutherford's solar-systematomic model (regarding electronsas chunks of matter free to orbit at
any radius) and the laws of classicalphysics, excited atoms should be able to return energy over
a virtually limitless range of frequenciesrather than a select few. In other words, if Rutherford's
model were correct, there would be no "tuning fork" e®ect,and the light spectrum emitted by any
atom would appear as a continuous band of colors rather than as a few distinct lines.
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A pioneering researcher by the name of Niels Bohr attempted to improve upon Rutherford's
model after studying in Rutherford's laboratory for several months in 1912. Trying to harmonize
the ¯ndings of other physicists (most notably, Max Planck and Alb ert Einstein), Bohr suggested
that each electron possesseda certain, speci¯c amount of energy, and that their orbits were likewise
quantized such that they could only occupy certain placesaround the nucleus,somewhatlike marbles
¯xed in circular tracks around the nucleusrather than the free-rangingsatellites they were formerly
imagined to be. In deferenceto the laws of electromagneticsand acceleratingcharges,Bohr referred
to these"orbits" as stationary states so as to escape the implication that they were in motion.

While Bohr's ambitious attempt at re-framing the structure of the atom in terms that agreed
closer to experimental results was a milestone in physics, it was by no meanscomplete. His math-
ematical analysesproduced better predictions of experimental events than analysesbelonging to
previous models, but there were still someunanswered questionsas to why electronswould behave
in such strange ways. The assertion that electrons existed in stationary, quantized states around
the nucleuscertainly accounted for experimental data better than Rutherford's model, but he had
no idea what would force electronsto manifest those particular states. The answer to that question
had to comefrom another physicist, Louis de Broglie, about a decadelater.

De Broglie proposed that electrons, like photons (particles of light) manifested both particle-
like and wave-like properties. Building on this proposal, he suggestedthat an analysis of orbiting
electrons from a wave perspective rather than a particle perspective might make more senseof
their quantized nature. Indeed, this was the case,and another breakthrough in understanding was
reached.

The atom according to de Broglie consistedof electronsexisting in the form of standing waves,
a phenomenonwell known to physicists in a variety of forms. Like the plucked string of a musical
instrument vibrating at a resonant frequency, with "nodes" and "antinodes" at stable positions along
its length, de Broglie envisioned electronsaround atoms standing as wavesbent around a circle:

antinode antinode

nodenode node

String vibrating at resonant frequency between
two fixed points forms a standing wave .
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nucleus

antinode antinode

antinodeantinode

node node

node

node

"Orbiting" electron as a standing wave around
the nucleus.  Two cycles per "orbit" shown.

nucleus

antinode

node

"Orbiting" electron as a standing wave around
the nucleus.  Three cycles per "orbit" shown.

antinode

antinode

antinodeantinode

antinode

node

node

node

node

node

Electrons could only exist in certain, de¯nite "orbits" around the nucleusbecausethosewere the
only distanceswhere the wave endswould match. In any other radius, the wave would destructively
interfere with itself and thus ceaseto exist.

De Broglie's hypothesis gave both mathematical support and a convenient physical analogy
to account for the quantized states of electrons within an atom, but his atomic model was still
incomplete. Within a few years, though, physicists Werner Heisenberg and Erwin Schrodinger,
working independently of each other, built upon de Broglie's concept of a matter-wave dualit y to
create more mathematically rigorous models of subatomic particles.

This theoretical advance from de Broglie's primitiv e standing wave model to Heisenberg's ma-
trix and Schrodinger's di®erential equation models was given the name quantum mechanics, and it
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intro duced a rather shocking characteristic to the world of subatomic particles: the trait of prob-
abilit y, or uncertainty. According to the new quantum theory, it was impossible to determine the
exact position and exact momentum of a particle at the sametime. Popular explanations of this
"uncertain ty principle" usually cast it in terms of error causedby the processof measurement (i.e.
by attempting to precisely measurethe position of an electron, you interfere with its momentum
and thus cannot know what it was before the position measurement was taken, and visa versa), but
the truth is actually much more mysterious than simple measurement interference. The startling
implication of quantum mechanics is that particles do not actually possessprecise positions and
momenta, but rather balance the two quantities in a such way that their combined uncertainties
never diminish below a certain minimum value.

It is interesting to note that this form of "uncertain ty" relationship exists in areasother than
quantum mechanics. As discussedin the "Mixed-F requency AC Signals" chapter in volume I I of
this book series, there is a mutually exclusive relationship between the certainty of a waveform's
time-domain data and its frequency-domaindata. In simple terms, the more precisely we know its
constituent frequency(ies),the lesspreciselywe know its amplitude in time, and vice versa. To quote
myself:

A waveform of in¯nite duration (in¯nite number of cycles) can be analyzed with
absolute precision, but the less cycles available to the computer for analysis, the less
precise the analysis. . . The fewer times that a wavecycles,the lesscertain its frequency
is. Taking this concept to its logical extreme, a short pulse { a waveform that doesn't
evencompletea cycle { actually has no frequency,but rather acts as an in¯nite rangeof
frequencies.This principle is common to all wave-based phenomena,not just AC voltages
and currents.

In order to preciselydetermine the amplitude of a varying signal, we must sampleit over a very
narrow span of time. However, doing this limits our view of the wave's frequency. Conversely, to
determine a wave's frequencywith great precision,we must sampleit over many, many cycles,which
meanswe loseview of its amplitude at any given moment. Thus, we cannot simultaneously know the
instantaneous amplitude and the overall frequency of any wave with unlimited precision. Stranger
yet, this uncertainty is much more than observer imprecision; it residesin the very nature of the
wave itself. It is not as though it would be possible,given the proper technology, to obtain precise
measurements of both instantaneousamplitude and frequencyat once. Quite literally , a wave cannot
possessboth a precise,instantaneousamplitude, and a precisefrequencyat the sametime.

Likewise,the minimum uncertainty of a particle's position and momentum expressedby Heisen-
berg and Schrodinger has nothing to do with limitation in measurement; rather it is an intrinsic
property of the particle's matter-wave dual nature. Electrons, therefore, do not really exist in their
"orbits" as precisely de¯ned bits of matter, or even as precisely de¯ned waveshapes, but rather as
"clouds" { the technical term is wavefunction { of probabilit y distribution, as if each electron were
"spread" or "smeared" over a range of positions and momenta.

This radical view of electronsasimprecisecloudsat ¯rst seemsto contradict the original principle
of quantized electron states: that electronsexist in discrete, de¯ned "orbits" around atomic nuclei.
It was, after all, this discovery that led to the formation of quantum theory to explain it. How
odd it seemsthat a theory developed to explain the discrete behavior of electronsendsup declaring
that electrons exist as "clouds" rather than as discrete piecesof matter. However, the quantized
behavior of electronsdoesnot depend on electronshaving de¯nite position and momentum values,
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but rather on other properties called quantum numbers. In essence,quantum mechanics dispenses
with commonly held notions of absolute position and absolute momentum, and replacesthem with
absolute notions of a sort having no analoguein common experience.

Even though electronsare known to exist in ethereal, "cloud-lik e" forms of distributed probabil-
it y rather than as discrete chunks of matter, those "clouds" possessother characteristics that are
discrete. Any electron in an atom can be described in terms of four numerical measures(the previ-
ously mentioned quantum numbers), called the Principal , Angular Momen tum , Magnetic , and
Spin numbers. The following is a synopsisof each of thesenumbers' meanings:

Principal Quan tum Num ber: Symbolized by the letter n, this number describes the shell
that an electron residesin. An electron "shell" is a region of spacearound an atom's nucleus that
electronsare allowed to exist in, corresponding to the stable "standing wave" patterns of de Broglie
and Bohr. Electrons may "leap" from shell to shell, but cannot exist between the shell regions.

The principle quantum number can be any positive integer (a whole number, greater than or
equal to 1). In other words, there is no such thing as a principle quantum number for an electron
of 1/2 or -3. These integer valueswere not arrived at arbitrarily , but rather through experimental
evidence of light spectra: the di®ering frequencies(colors) of light emitted by excited hydrogen
atoms follow a sequencemathematically dependent on speci¯c, integer values.

Each shell has the capacity to hold multiple electrons. An analogy for electron shells is the
concentric rows of seatsof an amphitheater. Just asa personseatedin an amphitheater must choose
a row to sit in (for there is no place to sit in the spacebetween rows), electrons must "choose" a
particular shell to "sit" in. Like amphitheater rows, the outermost shells are able to hold more
electronsthan the inner shells. Also, electronstend to seekthe lowest available shell, like peoplein
an amphitheater trying to ¯nd the closestseat to the center stage. The higher the shell number,
the greater the energyof the electrons in it.

The maximum number of electrons that any shell can hold is described by the equation 2n2,
where "n" is the principle quantum number. Thus, the ¯rst shell (n=1) can hold 2 electrons; the
secondshell (n=2) 8 electrons,and the third shell (n=3) 18 electrons.

Electron shells in an atom are sometimesdesignatedby letter rather than by number. The ¯rst
shell (n=1) is labeled K, the secondshell (n=2) L, the third shell (n=3) M, the fourth shell (n=4)
N, the ¯fth shell (n=5) O, the sixth shell (n=6) P, and the seventh shell (n=7) Q.

Angular Momen tum Quan tum Num ber: Within each shell, there are subshells. One might
be inclined to think of subshellsas simple subdivisions of shells, like lanesdividing a road, but the
truth is much stranger than this. Subshellsareregionsof spacewhereelectron"clouds" areallowedto
exist, and di®erent subshellsactually have di®erent shapes. The ¯rst subshellis shaped like a sphere,
which makes senseto most people, visualizing a cloud of electronssurrounding the atomic nucleus
in three dimensions. The secondsubshell,however, resembles a dumbbell, comprisedof two "lob es"
joined together at a single point near the atom's center. The third subshell typically resembles a
set of four "lob es" clustered around the atom's nucleus. These subshell shapes are reminiscent of
graphical depictions of radio antenna signal strength, with bulbous lobe-shaped regions extending
from the antenna in various directions.

Valid angular momentum quantum numbersarepositive integerslikeprincipal quantum numbers,
but also include zero. These quantum numbers for electrons are symbolized by the letter l . The
number of subshellsin a shell is equal to the shell's principal quantum number. Thus, the ¯rst shell



22 CHAPTER 2. SOLID-STATE DEVICE THEORY

(n=1) has one subshell, numbered 0; the secondshell (n=2) has two subshells,numbered 0 and 1;
the third shell (n=3) has three subshells,numbered 0, 1, and 2.

An older convention for subshelldescription usedletters rather than numbers. In this notational
system, the ¯rst subshell (l=0) was designateds, the secondsubshell (l=1) designatedp, the third
subshell (l=2) designatedd, and the fourth subshell (l=3) designatedf. The letters comefrom the
words sharp, principal (not to be confusedwith the principal quantum number, n), di®use, and
fundamental. You will still seethis notational convention in many periodic tables, usedto designate
the electron con¯guration of the atoms' outermost, or valence, shells.

Magnetic Quan tum Num ber: The magnetic quantum number for an electron classi¯eswhich
orientation its subshellshape is pointed. For each subshellin each shell, there are multiple directions
in which the "lob es" can point, and these di®erent orientations are called orbitals. For the ¯rst
subshell (s; l=0), which resembles a sphere,there is no "direction" it can "p oint," so there is only
one orbital. For the second(p; l=1) subshell in each shell, which resembles a dumbbell, there are
three di®erent directions they can be oriented (think of three dumbbells intersecting in the middle,
each oriented along a di®erent axis in a three-axis coordinate system).

Valid numerical values for this quantum number consist of integers ranging from -l to l, and
are symbolized as m l in atomic physics and l z in nuclear physics. To calculate the number of
orbitals in any given subshell,double the subshellnumber and add 1 (2l + 1). For example,the ¯rst
subshell (l=0) in any shell contains a single orbital, numbered 0; the secondsubshell (l=1) in any
shell contains three orbitals, numbered -1, 0, and 1; the third subshell (l=2) contains ¯v e orbitals,
numbered -2, -1, 0, 1, and 2; and so on.

Likeprincipal quantum numbers,the magneticquantum number arosedirectly from experimental
evidence: the division of spectral lines as a result of exposing an ionized gas to a magnetic ¯eld,
hencethe name "magnetic" quantum number.

Spin Quan tum Num ber: Like the magnetic quantum number, this property of atomic elec-
trons wasdiscoveredthrough experimentation. Closeobservation of spectral lines revealedthat each
line wasactually a pair of very closely-spacedlines, and this so-called¯ne structure washypothesized
to be the result of each electron "spinning" on an axis like a planet. Electrons with di®erent "spins"
would give o® slightly di®erent frequenciesof light when excited, and so the quantum number of
"spin" cameto be named as such. The concept of a spinning electron is now obsolete,being better
suited to the (incorrect) view of electronsas discrete chunks of matter rather than as the "clouds"
they really are, but the name remains.

Spin quantum numbers are symbolized as m s in atomic physics and sz in nuclear physics. For
each orbital in each subshell in each shell, there can be two electrons,one with a spin of +1/2 and
the other with a spin of -1/2.

The physicist Wolfgang Pauli developed a principle explaining the ordering of electrons in an
atom accordingto thesequantum numbers. His principle, called the Pauli exclusionprinciple, states
that no two electrons in the sameatom may occupy the exact samequantum states. That is, each
electron in an atom has a unique set of quantum numbers. This limits the number of electronsthat
may occupy any given orbital, subshell,and shell.

Shown here is the electron arrangement for a hydrogen atom:
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Hydrogen
Atomic number (Z) = 1
(one proton in nucleus)

K shell
(n = 1)

subshell
(l)

orbital
(ml)

spin
(ms)

0 0 1/2 One electron

Spectroscopic notation: 1s1

With one proton in the nucleus, it takesone electron to electrostatically balance the atom (the
proton's positive electric charge exactly balanced by the electron's negative electric charge). This
one electron residesin the lowest shell (n=1), the ¯rst subshell (l=0), in the only orbital (spatial
orientation) of that subshell(m l =0), with a spin value of 1/2. A very commonmethod of describing
this organization is by listing the electrons according to their shells and subshellsin a convention
called spectroscopic notation. In this notation, the shell number is shown as an integer, the subshell
as a letter (s,p,d,f), and the total number of electrons in the subshell (all orbitals, all spins) as a
superscript. Thus, hydrogen, with its lone electron residing in the baselevel, would be described as
1s1.

Proceedingto the next atom type (in order of atomic number), we have the element helium:

K shell
(n = 1)

subshell
(l)

orbital
(ml)

spin
(ms)

0 0 1/2

Spectroscopic notation:

Helium
Atomic number (Z) = 2
(two protons in nucleus)

0 0 -1/2 electron

electron

1s2

A helium atom has two protons in the nucleus,and this necessitatestwo electronsto balancethe
double-positive electric charge. Sincetwo electrons{ one with spin=1/2 and the other with spin=-
1/2 { will ¯t into one orbital, the electron con¯guration of helium requires no additional subshells
or shells to hold the secondelectron.

However, an atom requiring three or more electronswil l require additional subshellsto hold all
electrons,sinceonly two electronswill ¯t into the lowest shell (n=1). Consider the next atom in the
sequenceof increasingatomic numbers, lithium:
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K shell
(n = 1)

subshell
(l)

orbital
(ml)

spin
(ms)

0 0 1/2

Spectroscopic notation:

0 0 -1/2 electron

electron

Lithium
Atomic number (Z) = 3

L shell
(n = 2)

0 0 1/2 electron

1s22s1

An atom of lithium only usesa fraction of the L shell's (n=2) capacity. This shell actually
has a total capacity of eight electrons (maximum shell capacity = 2n2 electrons). If we examine
the organization of the atom with a completely ¯lled L shell, we will seehow all combinations of
subshells,orbitals, and spins are occupied by electrons:

K shell
(n = 1)

subshell
(l)

orbital
(ml)

spin
(ms)

0 0 1/2

0 0 -1/2

L shell
(n = 2)

0 0 1/2

Neon
Atomic number (Z) = 10

0 0 -1/2

1

1

1

1

1

1

-1 1/2

-1 -1/2

0

0

-1/2
1/2

1

1 -1/2
1/2

s subshell
(l = 0)

s subshell
(l = 0)

p subshell
(l = 1)

2 electrons

2 electrons

6 electrons

Spectroscopic notation: 1s22s22p6

Often, when the spectroscopicnotation is given for an atom, any shellsthat are completely ¯lled
are omitted, and only the un¯lled, or the highest-level ¯lled shell, is denoted. For example, the
element neon (shown in the previous illustration), which has two completely ¯lled shells, may be
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spectroscopicallydescribedsimply as2p6 rather than 1s22s22p6. Lithium, with its K shell completely
¯lled and a solitary electron in the L shell, may be described simply as 2s1 rather than 1s22s1.

The omission of completely ¯lled, lower-level shells is not just a notational convenience. It
also illustrates a basic principle of chemistry: that the chemical behavior of an element is primarily
determinedby its un¯lled shells. Both hydrogenand lithium have a singleelectron in their outermost
shells(1s1 and 2s1, respectively), and this givesthe two elements somesimilar properties. Both are
highly reactive, and reactive in much the sameway (bonding to similar elements in similar modes).
It matters little that lithium has a completely ¯lled K shell underneath its almost-vacant L shell:
the un¯lled L shell is the shell that determines its chemical behavior.

Elements having completely ¯lled outer shells are classi¯ed as noble, and are distinguished by
their almost complete non-reactivity with other elements. These elements used to be classi¯ed as
inert , when it was thought that they werecompletely unreactive, but it is now known that they may
form compounds with other elements under certain conditions.

Given the fact that elements with identical electron con¯gurations in their outermost shell(s)
exhibit similar chemical properties, it makes senseto organize the di®erent elements in a table
accordingly. Such a table is known asa periodic table of the elements, and modern tables follow this
general form:

Potassium
K 19

39.0983

4s1

Calcium
Ca 20

4s2

Na
Sodium

11

3s1

Magnesium
Mg 12

3s2

H 1
Hydrogen

1s1

Li
Lithium
6.941

3

2s1

Beryllium
Be 4

2s2

Sc 21
Scandium

3d14s2

Ti 22
Titanium

3d24s2

V 23
Vanadium
50.9415

3d34s2

Cr 24
Chromium

3d54s1

Mn 25
Manganese

3d54s2

Fe 26
Iron

55.847

3d64s2

Co 27
Cobalt

3d74s2

Ni 28
Nickel

3d84s2

Cu 29
Copper
63.546

3d104s1

Zn 30
Zinc

3d104s2

Ga 31
Gallium

4p1

B 5
Boron
10.81

2p1

C 6
Carbon
12.011

2p2

N 7
Nitrogen
14.0067

2p3

O 8
Oxygen
15.9994

2p4

F 9
Fluorine
18.9984

2p5

He 2
Helium

4.00260

1s2

Ne 10
Neon

20.179

2p6

Ar 18
Argon

39.948

3p6

Kr 36
Krypton
83.80

4p6

Xe 54
Xenon
131.30

5p6

Rn 86
Radon
(222)

6p6

K
Potassium

19

39.0983

4s1

Symbol Atomic number

Name
Atomic mass

Electron
configuration Al 13

Aluminum
26.9815

3p1

Si 14
Silicon

28.0855

3p2

P 15
Phosphorus

30.9738

3p3

S 16
Sulfur
32.06

3p4

Cl 17
Chlorine
35.453

3p5

Periodic Table of the Elements

Germanium

4p2

Ge 32 As
Arsenic

33

4p3

Se
Selenium

34

78.96

4p4

Br
Bromine

35

79.904

4p5

I
Iodine

53

126.905

5p5

Rubidium
37

85.4678

5s1

Sr
Strontium

38

87.62

5s2

Yttrium
Y 39

4d15s2

Zr 40
Zirconium
91.224

4d25s2

Nb 41
Niobium
92.90638

4d45s1

Mo 42
Molybdenum

95.94

4d55s1

Tc 43
Technetium

(98)

4d55s2

Ru 44
Ruthenium

101.07

4d75s1

Rh 45
Rhodium

4d85s1

Pd 46
Palladium
106.42

4d105s0

Ag 47
Silver

107.8682

4d105s1

Cd 48
Cadmium
112.411

4d105s2

In 49
Indium
114.82

5p1

Sn 50
Tin

118.710

5p2

Sb 51
Antimony

121.75

5p3

Te 52
Tellurium

127.60

5p4

Po 84
Polonium

(209)

6p4

At
Astatine

85

(210)

6p5

Metals

Metalloids Nonmetals

Rb

Cs 55
Cesium

132.90543

6s1

Ba 56
Barium
137.327

6s2

57 - 71
Lanthanide

series

Hf 72
Hafnium
178.49

5d26s2

Ta
Tantalum

73

180.9479

5d36s2

W 74
Tungsten
183.85

5d46s2

Re 75
Rhenium
186.207

5d56s2

Os 76
Osmium

190.2

5d66s2

Ir 77

192.22
Iridium

5d76s2

Pt 78
Platinum
195.08

5d96s1

Au
Gold

79

196.96654

5d106s1

Hg 80
Mercury
200.59

5d106s2

Tl 81
Thallium
204.3833

6p1

Pb
Lead

82

207.2

6p2

Bi
Bismuth

83

208.98037

6p3

Lanthanide
series

Fr 87
Francium

(223)

7s1

Ra 88
Radium
(226)

7s2

89 - 103
Actinide
series

Actinide
series

104Unq
Unnilquadium

(261)

6d27s2

Unp 105
Unnilpentium

(262)

6d37s2

Unh 106
Unnilhexium

(263)

6d47s2

Uns 107
Unnilseptium

(262)

108 109

1.00794

9.012182

22.989768 24.3050

40.078 44.955910 47.88 51.9961 54.93805 58.93320 58.69 65.39 69.723 72.61 74.92159

88.90585 102.90550

(averaged according to
occurence on earth)

La 57
Lanthanum
138.9055

5d16s2

Ce 58
Cerium
140.115

4f15d16s2

Pr 59
Praseodymium

140.90765

4f36s2

Nd 60
Neodymium

144.24

4f46s2

Pm 61
Promethium

(145)

4f56s2

Sm 62
Samarium

150.36

4f66s2

Eu 63
Europium
151.965

4f76s2

Gd 64
Gadolinium

157.25

4f75d16s2

Tb 65

158.92534
Terbium

4f96s2

Dy 66
Dysprosium

162.50

4f106s2

Ho 67
Holmium

164.93032

4f116s2

Er 68
Erbium
167.26

4f126s2

Tm 69
Thulium

168.93421

4f136s2

Yb 70
Ytterbium

173.04

4f146s2

Lu 71
Lutetium
174.967

4f145d16s2

Ac
Actinium

89

(227)

6d17s2

Th 90
Thorium
232.0381

6d27s2

Pa 91
Protactinium
231.03588

5f26d17s2

U 92
Uranium
238.0289

5f36d17s2

Np 93
Neptunium

(237)

5f46d17s2

Pu 94
Plutonium

(244)

5f66d07s2

Am 95
Americium

(243)

5f76d07s2

Cm 96
Curium
(247)

5f76d17s2

Bk 97
Berkelium

(247)

5f96d07s2

Cf 98
Californium

(251)

5f106d07s2

Es 99
Einsteinium

(252)

5f116d07s2

Fm 100
Fermium

(257)

5f126d07s2

Md 101
Mendelevium

(258)

5f136d07s2

No 102
Nobelium

(259)

6d07s2

Lr 103
Lawrencium

(260)

6d17s2

Dmitri Mendeleev,a Russian chemist, was the ¯rst to develop a periodic table of the elements.
Although Mendeleevorganizedhis table according to atomic massrather than atomic number, and
so produced a table that was not quite as useful as modern periodic tables, his development stands
as an excellent example of scienti¯c proof. Seeing the patterns of periodicit y (similar chemical
properties according to atomic mass),Mendeleevhypothesizedthat all elements would ¯t into this
orderedscheme. When he discovered"empty" spots in the table, he followed the logic of the existing
order and hypothesizedthe existenceof heretoforeundiscoveredelements. The subsequent discovery
of thoseelements granted scienti¯c legitimacy to Mendeleev'shypothesis,further discoveriesleading
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to the form of the periodic table we usetoday.
This is how scienceshould work: hypothesesfollowed to their logical conclusions,and accepted,

modi¯ed, or rejected as determined by the agreement of experimental data to those conclusions.
Any fool can formulate a hypothesisafter-the-fact to explain existing experimental data, and many
do. What sets a scienti¯c hypothesis apart from post hoc speculation is the prediction of future
experimental data yet uncollected,and the possibility of disproof asa result of that data. To boldly
follow a hypothesis to its logical conclusion(s)and dare to predict the results of future experiments
is not a dogmatic leap of faith, but rather a public test of that hypothesis, open to challenge
from anyone able to produce contradictory data. In other words, scienti¯c hypothesesare always
"risky" in the sensethat they claim to predict the results of experiments not yet conducted, and
are therefore susceptible to disproof if the experiments do not turn out as predicted. Thus, if a
hypothesissuccessfullypredicts the results of repeated experiments, there is little probabilit y of its
falsehood.

Quantum mechanics, ¯rst as a hypothesis and later as a theory, has proven to be extremely
successfulin predicting experimental results, hencethe high degreeof scienti¯c con¯denceplaced in
it. Many scientists have reasonto believe that it is an incomplete theory, though, as its predictions
hold true more so at very small physical scalesthan at macroscopicdimensions,but neverthelessit
is a tremendously useful theory in explaining and predicting the interactions of particles and atoms.

As you have already seenin this chapter, quantum physics is essential in describing and pre-
dicting many di®erent phenomena. In the next section, we will seeits signi¯cance in the electrical
conductivit y of solid substances,including semiconductors. Simply put, nothing in chemistry or
solid-state physics makes sensewithin the popular theoretical framework of electrons existing as
discrete chunks of matter, whirling around atomic nuclei like miniature satellites. It is only when
electrons are viewed as "wavefunctions" existing in de¯nite, discrete states that the regular and
periodic behavior of matter can be explained.

² REVIEW:

² Electrons in atoms exist in "clouds" of distributed probabilit y, not asdiscretechunks of matter
orbiting the nucleus like tiny satellites, as common illustrations of atoms show.

² Individual electrons around an atomic nucleus seekunique "states," described by four quan-
tum numbers: the Principal Quantum Number, otherwise known as the shell ; the Angular
Momentum Quantum Number, otherwiseknown as the subshell ; the Magnetic Quantum Num-
ber, describing the orbital (subshell orientation); and the Spin Quantum Number, or simply
spin. These states are quantized, meaning that there are no "in-b etween" conditions for an
electron other than those states that ¯t into the quantum numbering scheme.

² The Principal Quantum Number (n) describesthe basiclevel or shell that an electronresidesin.
The larger this number, the greater radius the electron cloud has from the atom's nucleus,and
the greater than electron's energy. Principal quantum numbers are whole numbers (positive
integers).

² The Angular Momentum Quantum Number (l ) describesthe shape of the electron cloud within
a particular shell or level, and is often known as the "subshell." There are as many subshells
(electron cloud shapes) in any given shell as that shell's principal quantum number. Angular
momentum quantum numbers are positive integersbeginning at zero and terminating at one
lessthan the principal quantum number (n-1).
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² The Magnetic Quantum Number (ml ) describes which orientation a subshell (electron cloud
shape) has. There are as many di®erent orientations for each subshellas the subshellnumber
(l ) plus 1, and each unique orientation is called an orbital. Thesenumbersare integersranging
from the negative value of the subshell number (l ) through 0 to the positive value of the
subshellnumber.

² The Spin Quantum Number (ms) describesanother property of an electron, and can be a value
of +1/2 or -1/2.

² Pauli's Exclusion Principle says that no two electrons in an atom may share the exact same
set of quantum numbers. Therefore, there is room for two electronsin each orbital (spin=1/2
and spin=-1/2), 2l+1 orbitals in every subshell,and n subshellsin every shell, and no more.

² Spectroscopic notation is a convention for denoting the electron con¯guration of an atom.
Shells are shown as whole numbers, followed by subshell letters (s,p,d,f), with superscripted
numbers totaling the number of electronsresiding in each respective subshell.

² An atom's chemical behavior is solely determined by the electronsin the un¯lled shells. Low-
level shells that are completely ¯lled have little or no e®ecton the chemical bonding charac-
teristics of elements.

² Elements with completely ¯lled electron shells are almost entirely unreactive, and are called
noble (formerly known as inert ).

2.3 Band theory of solids

Quantum physics describes the states of electrons in an atom according to the four-fold scheme
of quantum numbers. The quantum number system describes the allowable states electrons may
assumein an atom. To use the analogy of an amphitheater, quantum numbers describe how many
rows and seats there are. Individual electrons may be described by the combination of quantum
numbers they possess,like a spectator in an amphitheater assignedto a particular row and seat.

Like spectators in an amphitheater moving between seats and/or rows, electrons may change
their statuses, given the presenceof available spacesfor them to ¯t, and available energy. Since
shell level is closelyrelated to the amount of energythat an electron possesses,"leaps" betweenshell
(and even subshell) levels requires transfers of energy. If an electron is to move into a higher-order
shell, it requires that additional energy be given to the electron from an external source. Using
the amphitheater analogy, it takes an increasein energy for a person to move into a higher row of
seats,becausethat person must climb to a greater height against the force of gravit y. Conversely,
an electron "leaping" into a lower shell givesup someof its energy, like a personjumping down into
a lower row of seats,the expendedenergymanifesting as heat and sound releasedupon impact.

Not all "leaps" areequal. Leapsbetweendi®erent shellsrequiresa substantial exchangeof energy,
while leapsbetweensubshellsor betweenorbitals require lesserexchanges.

When atoms combine to form substances,the outermost shells, subshells,and orbitals merge,
providing a greater number of available energy levels for electrons to assume.When large numbers
of atoms exist in closeproximit y to each other, theseavailable energylevelsform a nearly continuous
band wherein electronsmay transition.
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3s

3p

Single atom

for an electron to move
to the next higher level

Five atoms
in close proximity

Significant leap required

3p

3s

Shorter leap

3p

3s

Overlap

Multitudes of atoms
in close proximity

required

Overlap permits
electrons to freely

drift between bands

Electron band overlap in metallic elements

It is the width of these bands and their proximit y to existing electrons that determines how
mobile those electrons will be when exposed to an electric ¯eld. In metallic substances,empty
bands overlap with bands containing electrons, meaning that electrons may move to what would
normally be (in the caseof a single atom) a higher-level state with little or no additional energy
imparted. Thus, the outer electronsare said to be "free," and ready to move at the beckoning of an
electric ¯eld.

Band overlap will not occur in all substances,no matter how many atoms are in closeproximit y
to each other. In somesubstances,a substantial gap remains between the highest band containing
electrons (the so-calledvalence band) and the next band, which is empty (the so-calledconduction
band). As a result, valenceelectrons are "b ound" to their constituent atoms and cannot become
mobile within the substancewithout a signi¯cant amount of imparted energy. Thesesubstancesare
electrical insulators:

Multitudes of atoms
in close proximity

Electron band separation in insulating substances

Conduction band

Valence band

Significant leap required
for an electron to enter
the conduction band and

travel through the material
"Energy gap"

Materials that fall within the category of semiconductors have a narrow gap betweenthe valence
and conduction bands. Thus, the amount of energyrequired to motivate a valenceelectron into the
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conduction band where it becomesmobile is quite modest:

Multitudes of atoms
in close proximity

Conduction band

Valence band

for an electron to enter
the conduction band and

travel through the material
"Energy gap"

Electron band separation in
semiconducting substances

Small leap required

At low temperatures, there is little thermal energyavailable to push valenceelectronsacrossthis
gap, and the semiconducting material acts as an insulator. At higher temperatures, though, the
ambient thermal energy becomessu±cient to force electrons acrossthe gap, and the material will
conduct electricity.

It is di±cult to predict the conductive properties of a substance by examining the electron
con¯gurations of its constituent atoms. While it is true that the bestmetallic conductorsof electricity
(silver, copper, and gold) all have outer s subshellswith a single electron, the relationship between
conductivit y and valenceelectron count is not necessarilyconsistent:

Element
Specific resistance

Silver (Ag)

(r ) at 20o Celsius

9.546 W×cmil/ft 4d105s1

Electron
configuration

Copper (Cu) 10.09 W×cmil/ft 3d104s1

Gold (Au) 13.32 W×cmil/ft 5d106s1

Aluminum (Al) 15.94 W×cmil/ft 3p1

Tungsten (W) 31.76 W×cmil/ft 5d46s2

Molybdenum (Mo) 32.12 W×cmil/ft 4d55s1

Zinc (Zn) 35.49 W×cmil/ft 3d104s2

Nickel (Ni) 41.69 W×cmil/ft 3d84s2

Iron (Fe) 57.81 W×cmil/ft 3d64s2

Platinum (Pt) 63.16 W×cmil/ft 5d96s1
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Likewise, the electron band con¯gurations produced by compounds of di®erent elements de¯es
easyassociation with the electron con¯gurations of its constituent elements.

² REVIEW:

²

²

²

2.4 Electrons and "holes"

² REVIEW:

²

²

²

2.5 The P-N junction

² REVIEW:

²

²

²

2.6 Junction dio des

P+

N-

N+

Anode

Cathode

Cathode

Anode

Cross-section

Schematic symbol

Diode
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² REVIEW:

²

²

²

2.7 Bip olar junction transistors

N-

N+

Cross-section

Schematic symbol
Collector

Base Emitter

N+

Collector

Emitter

Base

Bipolar junction transistor

P

² REVIEW:

²

²

²
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2.8 Junction ¯eld-e®ect transistors
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N+

Cross-section

Schematic symbol
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Gate

Drain

Source

Junction field-effect transistor

Drain

P+

SourceGate

P+

N-
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Cross-section
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Gate

Drain

Source

Junction field-effect transistor

Drain

Source

Gate

(static induction type)

P+ P+ P+

² REVIEW:

²

²

²
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2.9 Insulated-gate ¯eld-e®ect transistors
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Cross-section

Schematic symbol

N+

Gate

Drain

Source

Drain

SourceGate
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N-

N+

Cross-section

Schematic symbol
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Gate

Drain

Source

Drain

SourceGate

N-channel "VMOS" transistor

N+
P P

² REVIEW:

²

²

²
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2.10 Th yristors

N-

Cross-section

N+P

Silicon-controlled rectifier (SCR)
and Gate Turn-Off thyristor (GTO)

P+

Gate

Anode

Cathode

Anode

CathodeGate

P+

Schematic symbols

Anode

Gate
Cathode

² REVIEW:

²

²

²

2.11 Semiconductor manufacturing techniques

² REVIEW:

²

²

²

2.12 Superconducting devices

² REVIEW:

²

²

²
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2.13 Quan tum devices

² REVIEW:

²

²

²

2.14 Semiconductor devices in SPICE

² REVIEW:

²

²

²

2.15 Con tributors

Contributors to this chapter are listed in chronological order of their contributions, from most recent
to ¯rst. SeeAppendix 2 (Contributor List) for dates and contact information.

Maciej Noszczyski (December 2003): Corrected spelling of Niels Bohr's name.
Bill Heath (September 2002): Pointed out error in illustration of carbon atom { the nucleus

was shown with seven protons instead of six.
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*** INCOMPLETE ***

3.1 In tro duction

A diode is an electrical deviceallowing current to move through it in one direction with far greater
easethan in the other. The most commontypeof diode in modern circuit designis the semiconductor
diode, although other diode technologiesexist. Semiconductor diodes are symbolized in schematic
diagrams as such:

37
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Semiconductor diode

of electron flow
permitted direction

When placed in a simple battery-lamp circuit, the diode will either allow or prevent current
through the lamp, depending on the polarit y of the applied voltage:

+

-

Diode operation

Current permitted

+

-

Current prohibited
Diode is forward-biased Diode is reverse-biased

When the polarit y of the battery is such that electrons are allowed to °ow through the diode,
the diode is said to be forward-biased. Conversely, when the battery is "backward" and the diode
blocks current, the diode is said to be reverse-biased. A diode may be thought of asa kind of switch:
"closed" when forward-biasedand "open" when reverse-biased.

Oddly enough, the direction of the diode symbol's "arrowhead" points against the direction of
electron °ow. This is becausethe diode symbol was invented by engineers,who predominantly use
conventional °ow notation in their schematics, showing current asa °ow of charge from the positive
(+) side of the voltage sourceto the negative (-). This convention holds true for all semiconductor
symbols possessing"arrowheads:" the arrow points in the permitted direction of conventional °ow,
and against the permitted direction of electron °ow.

Diode behavior is analogousto the behavior of a hydraulic device called a check valve. A check
valve allows °uid °ow through it in one direction only:
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Flow permitted

Flow prohibited

Hydraulic check valve

-+

+-

Check valvesare essentially pressure-operated devices: they open and allow °ow if the pressure
acrossthem is of the correct "p olarit y" to open the gate (in the analogyshown, greater °uid pressure
on the right than on the left). If the pressureis of the opposite "p olarit y," the pressuredi®erence
acrossthe check valve will closeand hold the gate so that no °ow occurs.

Like check valves, diodes are essentially "pressure-" operated (voltage-operated) devices. The
essential di®erencebetween forward-bias and reverse-biasis the polarit y of the voltage dropped
acrossthe diode. Let's take a closerlook at the simple battery-dio de-lamp circuit shown earlier, this
time investigating voltage drops acrossthe various components:
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+

-

+

-

6 V

6 V

+-

V W

COMA

0.7 V

-+

V W

COMA

5.3 V

V W

COMA

V W

COMA

6.0 V

0.0 V

Forward-biased

Reverse-biased

When the diode is forward-biased and conducting current, there is a small voltage dropped
acrossit, leaving most of the battery voltage dropped acrossthe lamp. When the battery's polarit y
is reversedand the diode becomesreverse-biased,it drops all of the battery's voltage and leavesnone
for the lamp. If we considerthe diode to be a sort of self-actuating switch (closedin the forward-bias
modeand open in the reverse-biasmode), this behavior makessense.The most substantial di®erence
here is that the diode drops a lot more voltage when conducting than the averagemechanical switch
(0.7 volts versustens of milliv olts).

This forward-bias voltage drop exhibited by the diode is due to the action of the depletion region
formed by the P-N junction under the in°uence of an applied voltage. When there is no voltage
applied acrossa semiconductor diode, a thin depletion region exists around the region of the P-N
junction, preventing current through it. The depletion region is for the most part devoid of available
charge carriers and so acts as an insulator:
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P-type N-type
material material

Anode Cathode

Stripe marks cathode

P-N junction representation

Schematic symbol

Real component appearance

Depletion region

If a reverse-biasingvoltage is applied acrossthe P-N junction, this depletion region expands,
further resisting any current through it:

Depletion region

Reverse-biased

P N

Conversely, if a forward-biasing voltage is applied acrossthe P-N junction, the depletion region
will collapseand becomethinner, so that the diode becomeslessresistive to current through it. In
order for a sustained current to go through the diode, though, the depletion region must be fully
collapsedby the applied voltage. This takes a certain minimum voltage to accomplish, called the
forward voltage:
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Depletion region

P N

Forward-biased

0.4 V

Depletion region

P N

Forward-biased

fully collapsed

0.7 V

For silicon diodes, the typical forward voltage is 0.7 volts, nominal. For germanium diodes, the
forward voltage is only 0.3 volts. The chemical constituency of the P-N junction comprising the
diode accounts for its nominal forward voltage ¯gure, which is why silicon and germanium diodes
have such di®erent forward voltages. Forward voltage drop remains approximately equal for a wide
rangeof diode currents, meaning that diode voltage drop not like that of a resistor or even a normal
(closed) switch. For most purposesof circuit analysis, it may be assumedthat the voltage drop
acrossa conducting diode remains constant at the nominal ¯gure and is not related to the amount
of current going through it.

In actualit y, things are more complexthan this. There is an equation describingthe exact current
through a diode, given the voltage dropped acrossthe junction, the temperature of the junction,
and several physical constants. It is commonly known as the diode equation:
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ID = IS (e
qVD/NkT - 1)

Where,

ID = Diode current in amps

IS = Saturation current in amps

e = Euler's constant (~ 2.718281828)
q = charge of electron (1.6 x 10-19 coulombs)

VD = Voltage applied across diode in volts

N = "Nonideality" or "emission" coefficient

(typically 1 x 10-12 amps)

(typically between 1 and 2)

T = Junction temperature in degrees Kelvin

k = Boltzmann's constant (1.38 x 10-23)

The equation kT/q describesthe voltage produced within the P-N junction due to the action of
temperature, and is called the thermal voltage, or V t of the junction. At room temperature, this is
about 26 milliv olts. Knowing this, and assuminga "nonidealit y" coe±cient of 1, we may simplify
the diode equation and re-write it as such:

Where,

ID = Diode current in amps

IS = Saturation current in amps

e = Euler's constant (~ 2.718281828)

VD = Voltage applied across diode in volts

(typically 1 x 10-12 amps)

ID = IS (e
VD/0.026 -1)

You neednot be familiar with the "dio deequation" in order to analyzesimple diodecircuits. Just
understand that the voltagedroppedacrossa current-conducting diode does changewith the amount
of current going through it, but that this changeis fairly small over a wide rangeof currents. This is
why many textb ooks simply say the voltage drop acrossa conducting, semiconductordiode remains
constant at 0.7 volts for silicon and 0.3 volts for germanium. However, somecircuits intentionally
make useof the P-N junction's inherent exponential current/v oltage relationship and thus can only
be understood in the context of this equation. Also, since temperature is a factor in the diode
equation, a forward-biasedP-N junction may alsobe usedasa temperature-sensingdevice,and thus
can only be understood if one has a conceptual grasp on this mathematical relationship.

A reverse-biaseddiode prevents current from going through it, due to the expandeddepletion
region. In actualit y, a very small amount of current can and does go through a reverse-biased
diode, called the leakagecurrent, but it can be ignored for most purposes. The abilit y of a diode
to withstand reverse-biasvoltages is limited, like it is for any insulating substanceor device. If
the applied reverse-biasvoltage becomestoo great, the diode will experiencea condition known as
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breakdown, which is usually destructive. A diode's maximum reverse-biasvoltage rating is known
as the Peak Inverse Voltage, or PIV , and may be obtained from the manufacturer. Like forward
voltage, the PIV rating of a diode varieswith temperature, except that PIV increaseswith increased
temperature and decreasesas the diode becomescooler { exactly opposite that of forward voltage.

VD

ID

forward-biasreverse-bias

forward

reverse

breakdown!

0.7
V

Typically, the PIV rating of a generic"recti¯er" diode is at least 50 volts at room temperature.
Diodeswith PIV ratings in the many thousandsof volts are available for modest prices.

² REVIEW:

² A diode is an electrical component acting as a one-way valve for current.

² When voltage is applied acrossa diode in such a way that the diode allows current, the diode
is said to be forward-biased.

² When voltage is applied acrossa diode in such a way that the diode prohibits current, the
diode is said to be reverse-biased.

² The voltage dropped acrossa conducting, forward-biased diode is called the forward voltage.
Forward voltage for a diodevariesonly slightly for changesin forward current and temperature,
and is ¯xed principally by the chemical composition of the P-N junction.

² Silicon diodeshave a forward voltage of approximately 0.7 volts.

² Germanium diodeshave a forward voltage of approximately 0.3 volts.

² The maximum reverse-biasvoltage that a diode can withstand without "breaking down" is
called the Peak Inverse Voltage, or PIV rating.
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3.2 Meter check of a dio de

Being able to determine the polarit y (cathode versusanode) and basic functionalit y of a diode is a
very important skill for the electronicshobbyist or technician to have. Sincewe know that a diode
is essentially nothing more than a one-way valve for electricity, it makessensewe should be able to
verify its one-way nature using a DC (battery-p owered) ohmmeter. Connectedone way acrossthe
diode, the meter should show a very low resistance. Connected the other way acrossthe diode, it
should show a very high resistance("OL" on somedigital meter models):

COMA

V

V A

A
OFF Anode

Cathode

ohmmeter -- shows 0 ohms
Diode is forward-biased by

of resistance.

+

-

COMA

V

V A

A
OFF

Anode

Cathode

+

-

Diode is reverse-biased by
ohmmeter -- shows infinite
resistance.

Of course,in order to determine which end of the diode is the cathode and which is the anode,
you must know with certainty which test lead of the meter is positive (+) and which is negative (-)
when set to the "resistance" or "­" function. With most digital multimeters I'v e seen,the red lead
becomespositive and the black lead negative when set to measureresistance, in accordancewith
standard electronics color-code convention. However, this is not guaranteed for all meters. Many
analog multimeters, for example, actually make their black leads positive (+) and their red leads



46 CHAPTER 3. DIODES AND RECTIFIERS

negative (-) when switched to the "resistance" function, becauseit is easierto manufacture it that
way!

One problem with using an ohmmeter to check a diode is that the readingsobtained only have
qualitativ e value, not quantitativ e. In other words, an ohmmeter only tells you which way the diode
conducts; the low-value resistanceindication obtained while conducting is useless.If an ohmmeter
shows a value of "1.73 ohms" while forward-biasing a diode, that ¯gure of 1.73 ­ doesn't represent
any real-world quantit y useful to us as technicians or circuit designers. It neither represents the
forward voltage drop nor any "bulk" resistancein the semiconductor material of the diode itself,
but rather is a ¯gure dependent upon both quantities and will vary substantially with the particular
ohmmeter usedto take the reading.

For this reason,somedigital multimeter manufacturers equip their meters with a special "dio de
check" function which displays the actual forward voltage drop of the diode in volts, rather than a
"resistance" ¯gure in ohms. These meters work by forcing a small current through the diode and
measuringthe voltage dropped betweenthe two test leads:

Anode

Cathode

Diode is forward-biased by

+

-

OFF

COMA

V A

V A

meter -- shows a forward
voltage drop of 0.548 volts.

The forward voltage reading obtained with such a meter will typically be lessthan the "normal"
drop of 0.7 volts for silicon and 0.3 volts for germanium, becausethe current provided by the meter
is of trivial proportions. If a multimeter with diode-check function isn't available, or you would like
to measurea diode's forward voltage drop at somenon-trivial current, the following circuit may be
constructed using nothing but a battery, resistor, and a normal voltmeter:
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+

-
COMA

V

V A

A
OFF +

-

Resistor

Battery

+
V

-

Schematic diagram
Resistor sized to obtain diode
current of desired magnitude.

Connecting the diode backwards to this testing circuit will simply result in the voltmeter indi-
cating the full voltage of the battery.

If this circuit were designed so as to provide a constant or nearly constant current through
the diode despite changesin forward voltage drop, it could be used as the basis of a temperature-
measurement instrument, the voltagemeasuredacrossthe diodebeing inverselyproportional to diode
junction temperature. Of course,diode current should be kept to a minimum to avoid self-heating
(the diode dissipating substantial amounts of heat energy), which would interfere with temperature
measurement.

Beware that somedigital multimeters equipped with a "dio de check" function may output a very
low test voltage (less than 0.3 volts) when set to the regular "resistance" (­) function: too low to
fully collapsethe depletion region of a PN junction. The philosophy here is that the "dio de check"
function is to be usedfor testing semiconductordevices,and the "resistance" function for anything
else. By using a very low test voltage to measureresistance,it is easierfor a technician to measure
the resistanceof non-semiconductorcomponents connectedto semiconductorcomponents, sincethe
semiconductorcomponent junctions will not becomeforward-biasedwith such low voltages.

Consider the exampleof a resistor and diode connectedin parallel, solderedin placeon a printed
circuit board (PCB). Normally, onewould have to unsolder the resistor from the circuit (disconnect
it from all other components) before being able to measureits resistance,otherwise any parallel-
connectedcomponents would a®ectthe reading obtained. However, using a multimeter that outputs
a very low test voltage to the probes in the "resistance" function mode, the diode's PN junction
will not have enough voltage impressedacrossit to becomeforward-biased, and as such will pass
negligible current. Consequently , the meter "sees" the diode as an open (no continuit y), and only
registers the resistor's resistance:
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OFF

COMA

V A

V A
Printed circuit board

R
1

D
1

1 
kW

k Test voltage too low to
forward-bias the diode,
so only R1's resistance
is indicated.

If such an ohmmeter were used to test a diode, it would indicate a very high resistance(many
mega-ohms)even if connectedto the diode in the "correct" (forward-biased) direction:

OFF

COMA

V A

V A

Test voltage too low to
forward-bias the diode,
so the meter registers

M

a high resistance figure.

Reversevoltage strength of a diode is not as easily tested, becauseexceedinga normal diode's
PIV usually results in destruction of the diode. There are special types of diodes, though, which
are designedto "break down" in reverse-biasmode without damage(called Zener diodes), and they
are best tested with the sametype of voltage source/ resistor / voltmeter circuit, provided that the
voltage sourceis of high enough value to force the diode into its breakdown region. More on this
subject in a later section of this chapter.

² REVIEW:

² An ohmmetermay beusedto qualitativ ely check diodefunction. There shouldbelow resistance
measuredoneway and very high resistancemeasuredthe other way. When using an ohmmeter
for this purpose,be sureyou know which test lead is positive and which is negative! The actual
polarit y may not follow the colorsof the leadsasyou might expect, dependingon the particular
designof meter.
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² Somemultimeters provide a "dio de check" function that displays the actual forward voltage of
the diode when it's conducting current. Such meters typically indicate a slightly lower forward
voltage than what is "nominal" for a diode, due to the very small amount of current used
during the check.

3.3 Dio de ratings

In addition to forward voltagedrop (V f ) and peakinversevoltage(PIV), there aremany other ratings
of diodesimportant to circuit designand component selection. Semiconductormanufacturers provide
detailed speci¯cations on their products { diodes included { in publications known as datasheets.
Datasheetsfor a wide variety of semiconductorcomponents may be found in referencebooks and on
the internet. I personally prefer the internet as a sourceof component speci¯cations becauseall the
data obtained from manufacturer websitesare up-to-date.

A typical diode datasheetwill contain ¯gures for the following parameters:
Maximum repetitiv e reversevoltage = VR R M , the maximum amount of voltage the diode can

withstand in reverse-biasmode, in repeated pulses. Ideally, this ¯gure would be in¯nite.
Maximum DC reversevoltage = VR or VD C , the maximum amount of voltage the diode can

withstand in reverse-biasmode on a continual basis. Ideally, this ¯gure would be in¯nite.
Maximum forward voltage = VF , usually speci¯ed at the diode's rated forward current. Ideally,

this ¯gure would be zero: the diode providing no opposition whatsoever to forward current. In
reality, the forward voltage is described by the "dio de equation."

Maximum (average) forward current = IF (AV ) , the maximum average amount of current the
diode is able to conduct in forward bias mode. This is fundamentally a thermal limitation: how
much heat can the PN junction handle, given that dissipation power is equal to current (I) multiplied
by voltage (V or E) and forward voltage is dependent upon both current and junction temperature.
Ideally, this ¯gure would be in¯nite.

Maximum (peak or surge) forward current = IF SM or if (sur ge) , the maximum peak amount of
current the diode is able to conduct in forward bias mode. Again, this rating is limited by the
diode junction's thermal capacity, and is usually much higher than the averagecurrent rating due
to thermal inertia (the fact that it takes a ¯nite amount of time for the diode to reach maximum
temperature for a given current). Ideally, this ¯gure would be in¯nite.

Maximum total dissipation = PD , the amount of power (in watts) allowable for the diode to
dissipate, given the dissipation (P=IE) of diode current multiplied by diode voltage drop, and also
the dissipation (P=I 2R) of diode current squared multiplied by bulk resistance. Fundamentally
limited by the diode's thermal capacity (abilit y to tolerate high temperatures).

Operating junction temperature = T J , the maximum allowable temperature for the diode's PN
junction, usually given in degreesCelsius(oC). Heat is the "Ac hilles' heel" of semiconductordevices:
they must be kept cool to function properly and give long servicelife.

Storagetemperature range= T ST G , the rangeof allowable temperatures for storing a diode (un-
powered). Sometimesgiven in conjunction with operating junction temperature (T J ), becausethe
maximum storage temperature and the maximum operating temperature ratings are often identi-
cal. If anything, though, maximum storage temperature rating will be greater than the maximum
operating temperature rating.

Thermal resistance= R(£), the temperature di®erencebetweenjunction and outsideair (R(£) J A )
or betweenjunction and leads(R(£) J L ) for a given power dissipation. Expressedin units of degrees
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Celsius per watt (oC/W). Ideally, this ¯gure would be zero, meaning that the diode package was
a perfect thermal conductor and radiator, able to transfer all heat energy from the junction to the
outside air (or to the leads) with no di®erencein temperature across the thickness of the diode
package. A high thermal resistancemeansthat the diode will build up excessive temperature at the
junction (where it's critical) despite best e®ortsat cooling the outside of the diode, and thus will
limit its maximum power dissipation.

Maximum reversecurrent = IR , the amount of current through the diode in reverse-biasoper-
ation, with the maximum rated inverse voltage applied (V D C ). Sometimesreferred to as leakage
current. Ideally, this ¯gure would be zero, as a perfect diode would block all current when reverse-
biased. In reality, it is very small comparedto the maximum forward current.

Typical junction capacitance= CJ , the typical amount of capacitanceintrinsic to the junction,
due to the depletion region acting as a dielectric separating the anode and cathode connections.
This is usually a very small ¯gure, measuredin the range of picofarads (pF).

Reverserecovery time = t r r , the amount of time it takes for a diode to "turn o®" when the
voltage acrossit alternates from forward-bias to reverse-biaspolarit y. Ideally, this ¯gure would be
zero: the diode halting conduction immediately upon polarit y reversal. For a typical recti¯er diode,
reverserecovery time is in the range of tens of microseconds;for a "fast switching" diode, it may
only be a few nanoseconds.

Most of these parameters vary with temperature or other operating conditions, and so a single
¯gure fails to fully describe any given rating. Therefore, manufacturers provide graphsof component
ratings plotted againstother variables(such astemperature), sothat the circuit designerhasa better
idea of what the device is capableof.

3.4 Recti¯er circuits

Now wecometo the most popular application of the diode: recti¯c ation. Simply de¯ned, recti¯cation
is the conversion of alternating current (AC) to direct current (DC). This almost always involves
the useof somedevice that only allows one-way °ow of electrons. As we have seen,this is exactly
what a semiconductordiode does. The simplest type of recti¯er circuit is the half-wave recti¯er, so
called becauseit only allows one half of an AC waveform to passthrough to the load:

Load
AC

voltage
source

Half-wave rectifier circuit

+

-

For most power applications, half-wave recti¯cation is insu±cient for the task. The harmonic
content of the recti¯er's output waveform is very large and consequently di±cult to ¯lter. Further-
more, AC power sourceonly works to supply power to the load onceevery half-cycle, meaning that
much of its capacity is unused. Half-wave recti¯cation is, however, a very simple way to reduce
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power to a resistive load. Sometwo-position lamp dimmer switchesapply full AC power to the lamp
¯lament for "full" brightnessand then half-wave rectify it for a lesserlight output:

AC
voltage
source

Bright

Dim

In the "Dim" switch position, the incandescent lamp receivesapproximately one-half the power
it would normally receive operating on full-wave AC. Becausethe half-wave recti¯ed power pulses
far more rapidly than the ¯lament has time to heat up and cool down, the lamp does not blink.
Instead, its ¯lament merely operatesat a lessertemperature than normal, providing lesslight output.
This principle of "pulsing" power rapidly to a slow-responding load device in order to control the
electrical power sent to it is very commonin the world of industrial electronics. Sincethe controlling
device(the diode, in this case)is either fully conducting or fully nonconducting at any given time, it
dissipateslittle heat energywhile controlling load power, making this method of power control very
energy-e±cient. This circuit is perhapsthe crudest possiblemethod of pulsing power to a load, but
it su±ces as a proof-of-conceptapplication.

If we need to rectify AC power so as to obtain the full use of both half-cycles of the sine wave,
a di®erent recti¯er circuit con¯guration must be used. Such a circuit is called a ful l-wave recti¯er.
One type of full-wave recti¯er, called the center-tap design,usesa transformer with a center-tapped
secondarywinding and two diodes, like this:

Load
AC

voltage
source

Full-wave rectifier circuit

+

-

(center-tap design)

This circuit's operation is easilyunderstood onehalf-cycle at a time. Considerthe ¯rst half-cycle,
when the sourcevoltage polarit y is positive (+) on top and negative (-) on bottom. At this time,
only the top diode is conducting; the bottom diode is blocking current, and the load "sees" the ¯rst
half of the sinewave, positive on top and negative on bottom. Only the top half of the transformer's
secondarywinding carries current during this half-cycle:
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+

-

+

-

+

-

During the next half-cycle, the AC polarit y reverses.Now, the other diode and the other half of
the transformer's secondarywinding carry current while the portions of the circuit formerly carrying
current during the last half-cyclesit idle. The load still "sees"half of a sinewave, of the samepolarit y
as before: positive on top and negative on bottom:

+

-
+

-

+

-

One disadvantage of this full-wave recti¯er designis the necessity of a transformer with a center-
tapped secondarywinding. If the circuit in question is one of high power, the size and expenseof
a suitable transformer is signi¯cant. Consequently , the center-tap recti¯er design is seenonly in
low-power applications.

Another, more popular full-wave recti¯er designexists, and it is built around a four-diode bridge
con¯guration. For obvious reasons,this design is called a ful l-wave bridge:

Load

AC
voltage
source

Full-wave rectifier circuit

+

-

(bridge design)
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Current directions in the full-wave bridge recti¯er circuit are as follows for each half-cycle of the
AC waveform:

+

-

+

-

+

-

+

-

Remembering the proper layout of diodes in a full-wave bridge recti¯er circuit can often be
frustrating to the new student of electronics. I'v e found that an alternativ e representation of this
circuit is easierboth to remember and to comprehend. It's the exact samecircuit, except all diodes
are drawn in a horizontal attitude, all "p ointing" the samedirection:

Load

AC
voltage
source +

-

Full-wave bridge rectifier circuit
(alternative layout)

One advantage of remembering this layout for a bridge recti¯er circuit is that it expandseasily
into a polyphaseversion:
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Load
+

-

Three-phase, full-wave
bridge rectifier circuit

3-phase
AC source

Each three-phase line connects between a pair of diodes: one to route power to the positive
(+) side of the load, and the other to route power to the negative (-) side of the load. Polyphase
systemswith more than three phasesare easily accommodated into a bridge recti¯er scheme. Take
for instance this six-phasebridge recti¯er circuit:

Load
+

-

bridge rectifier circuit

AC source

Six-phase, full-wave

6-phase

When polyphase AC is recti¯ed, the phase-shiftedpulsesoverlap each other to produce a DC
output that is much "smoother" (has lessAC content) than that produced by the recti¯cation of
single-phaseAC. This is a decidedadvantage in high-power recti¯er circuits, wherethe sheerphysical
size of ¯ltering components would be prohibitiv e but low-noise DC power must be obtained. The
following diagram shows the full-wave recti¯cation of three-phaseAC:
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1 2 3

TIME 
Resultant DC waveform

In any caseof recti¯cation { single-phaseor polyphase{ the amount of AC voltage mixed with
the recti¯er's DC output is called ripple voltage. In most cases,since "pure" DC is the desired
goal, ripple voltage is undesirable. If the power levels are not too great, ¯ltering networks may be
employed to reducethe amount of ripple in the output voltage.

Sometimes, the method of recti¯cation is referred to by counting the number of DC "pulses"
output for every 360o of electrical "rotation." A single-phase,half-wave recti¯er circuit, then, would
be called a 1-pulse recti¯er, becauseit producesa singlepulseduring the time of onecompletecycle
(360o) of the AC waveform. A single-phase,full-wave recti¯er (regardlessof design, center-tap or
bridge) would be called a 2-pulserecti¯er, becauseit outputs two pulsesof DC during oneAC cycle's
worth of time. A three-phasefull-wave recti¯er would be called a 6-pulse unit.

Modern electrical engineeringconvention further describes the function of a recti¯er circuit by
using a three-¯eld notation of phases, ways, and number of pulses. A single-phase,half-wave recti¯er
circuit is given the somewhat cryptic designation of 1Ph1W1P (1 phase,1 way, 1 pulse), meaning
that the AC supply voltage is single-phase,that current on each phase of the AC supply lines
moves in one direction (way) only, and that there is a single pulse of DC produced for every 360o

of electrical rotation. A single-phase,full-wave, center-tap recti¯er circuit would be designatedas
1Ph1W2P in this notational system: 1 phase,1 way or direction of current in each winding half, and
2 pulsesor output voltage per cycle. A single-phase,full-wave, bridge recti¯er would be designated
as 1Ph2W2P: the sameas for the center-tap design, except current can go both ways through the
AC lines instead of just one way. The three-phasebridge recti¯er circuit shown earlier would be
called a 3Ph2W6P recti¯er.

Is it possibleto obtain more pulsesthan twice the number of phasesin a recti¯er circuit? The
answer to this question is yes: especially in polyphasecircuits. Through the creative use of trans-
formers, setsof full-wave recti¯ers may be paralleled in such a way that more than six pulsesof DC
are producedfor three phasesof AC. A 30o phaseshift is intro ducedfrom primary to secondaryof a
three-phasetransformer when the winding con¯gurations are not of the sametype. In other words,
a transformer connectedeither Y-¢ or ¢-Y will exhibit this 30o phaseshift, while a transformer
connectedY-Y or ¢-¢ will not. This phenomenonmay be exploited by having one transformer
connectedY-Y feed a bridge recti¯er, and have another transformer connectedY-¢ feed a second
bridge recti¯er, then parallel the DC outputs of both recti¯ers. Sincethe ripple voltage waveforms
of the two recti¯ers' outputs are phase-shifted30o from one another, their superposition results in
lessripple than either recti¯er output consideredseparately: 12 pulsesper 360o instead of just six:
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+

-
DC output

3-phase
AC input

Primary

Secondary

Secondary

3Ph2W12P rectifier circuit

² REVIEW:

² Recti¯c ation is the conversion of alternating current (AC) to direct current (DC).

² A half-wave recti¯er is a circuit that allows only one half-cycle of the AC voltage waveform to
be applied to the load, resulting in one non-alternating polarit y acrossit. The resulting DC
delivered to the load "pulsates" signi¯cantly .

² A ful l-wave recti¯er is a circuit that converts both half-cyclesof the AC voltage waveform to
an unbroken seriesof voltage pulsesof the samepolarit y. The resulting DC delivered to the
load doesn't "pulsate" as much.

² Polyphase alternating current, when recti¯ed, gives a much "smoother" DC waveform (less
ripple voltage) than recti¯ed single-phaseAC.

3.5 Clipp er circuits

3.6 Clamp er circuits

3.7 Voltage multipliers

3.8 Inductor comm utating circuits

A popular use of diodes is for the mitigation of inductiv e "kic kback:" the pulses of high voltage
produced when direct current through an inductor is interrupted. Take for example this simple
circuit:



3.8. INDUCTOR COMMUT ATING CIRCUITS 57

When the pushbutton switch is actuated, current goes through the inductor, producing a mag-
netic ¯eld around it. When the switch is de-actuated, its contacts open, interrupting current through
the inductor, and causing the magnetic ¯eld to rapidly collapse. Becausethe voltage induced in a
coil of wire is directly proportional to the rate of changeover time of magnetic °ux (Faraday's Law:
e = Nd©/dt), this rapid collapseof magnetism around the coil producesa high voltage "spike."

If the inductor in question is an electromagnetcoil, such as might be seenin a solenoidor relay
(constructed for the purposeof creating a physical force via its magnetic ¯eld when energized),the
e®ectof inductiv e "kic kback" servesno useful purposeat all. In fact, it is quite detrimental to the
switch, as it will causeexcessive arcing at the contacts, greatly reducing their service life. There
are several practical methods of mitigating the high voltage transient created when the switch is
opened,but none so simple as the so-calledcommutating diode:

In this circuit, the diode is placed in parallel with the coil, in such a way that it will be reverse-
biasedwhen DC voltage is applied to the coil through the switch. Thus, when the coil is energized,
the diode conducts no current:

+

-

+

-

+

-

However, when the switch is opened,the coil's inductance responds to the decreasein current by
inducing a voltage of reversepolarit y, in an e®ort to maintain current at the samemagnitude and
in the samedirection. This sudden reversal of voltage polarit y acrossthe coil forward-biasesthe
diode, and the diode provides a current path for the inductor's current, so that its stored energy is
dissipated slowly rather than suddenly:
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+

- +

-

+

-

As a result, the voltage induced in the coil by its collapsing magnetic ¯eld is quite low: merely
the forward voltage drop of the diode, rather than hundreds of volts as before. Thus, the switch
contacts experiencea voltage drop equal to the battery voltage plus about 0.7 volts (if the diode is
silicon) during this discharge time.

In electronicsparlance,commutation refersto the reversalof voltagepolarit y or current direction.
Thus, the purposeof a commutating diode is to act whenever voltage reversespolarit y, in this case,
the voltage induced by the inductor coil when current through it is interrupted by the switch. A
lessformal term for a commutating diode is snubber, becauseit "snubs" or "squelches" the inductiv e
kickback.

A noteworthy disadvantage of this method is the extra time it imparts to the coil's discharge.
Becausethe inducedvoltage is clamped to a very low value, its rate of magnetic °ux changeover time
is comparatively slow. Remember that Faraday's Law describes the magnetic °ux rate-of-change
(d©/dt) as being proportional to the induced, instantaneousvoltage (e or v). If the instantaneous
voltage is limited to somelow ¯gure, then the rate of changeof magnetic °ux over time will likewise
be limited to a low (slow) ¯gure.

If an electromagnetcoil is "snubbed" with a commutating diode, the magnetic ¯eld will dissipate
at a relatively slow rate compared to the original scenario (no diode) where the ¯eld disappeared
almost instantly upon switch release.The amount of time in question will most likely be lessthan
one second,but it will be measurablyslower than without a commutating diode in place. This may
be an intolerable consequenceif the coil is used to actuate an electromechanical relay, becausethe
relay will possessa natural "time delay" upon coil de-energization,and an unwanted delay of even
a fraction of a secondmay wreak havoc in somecircuits.

Unfortunately, there is no way to eliminate the high-voltage transient of inductiv e kickback and
maintain fast de-magnetization of the coil: Faraday's Law will not be violated. However, if slow
de-magnetization is unacceptable,a compromisemay be struck betweentransient voltage and time
by allowing the coil's voltage to rise to somehigher level (but not sohigh aswithout a commutating
diode in place). The following schematic shows how this may be done:

A resistor placedin serieswith the commutating diode allows the coil's induced voltage to rise to
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a level greater than the diode's forward voltagedrop, thus hasteningthe processof de-magnetization.
This, of course,will place the switch contacts under greater stress,and so the resistor must be sized
to limit that transient voltage at an acceptablemaximum level.

3.9 Zener dio des

If we connect a diode and resistor in serieswith a DC voltage sourceso that the diode is forward-
biased, the voltage drop acrossthe diode will remain fairly constant over a wide range of power
supply voltages:

» 0.7 V

According to the "dio de equation," the current through a forward-biasedPN junction is propor-
tional to e raised to the power of the forward voltage drop. Becausethis is an exponential function,
current risesquite rapidly for modest increasesin voltage drop. Another way of considering this is
to say that voltage dropped acrossa forward-biaseddiode changeslittle for large variations in diode
current. In the circuit shown above, diode current is limited by the voltage of the power supply, the
seriesresistor, and the diode's voltage drop, which as we know doesn't vary much from 0.7 volts.
If the power supply voltage were to be increased,the resistor's voltage drop would increasealmost
the sameamount, and the diode's voltage drop just a little. Conversely, a decreasein power supply
voltage would result in an almost equal decreasein resistor voltage drop, with just a little decrease
in diode voltage drop. In a word, we could summarize this behavior by saying that the diode is
regulating the voltage drop at approximately 0.7 volts.

Voltage regulation is a useful diode property to exploit. Supposewe were building somekind of
circuit which could not tolerate variations in power supply voltage, but neededto be powered by
a chemical battery, whosevoltage changesover its lifetime. We could form a circuit as shown and
connect the circuit requiring steady voltage acrossthe diode, where it would receive an unchanging
0.7 volts.

This would certainly work, but most practical circuits of any kind require a power supply voltage
in excessof 0.7 volts to properly function. One way we could increaseour voltage regulation point
would be to connect multiple diodes in series, so that their individual forward voltage drops of
0.7 volts each would add to create a larger total. For instance, if we had ten diodes in series,the
regulated voltage would be ten times 0.7, or 7 volts:
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» 7.0 V

So long as the battery voltage never saggedbelow 7 volts, there would always be about 7 volts
dropped acrossthe ten-diode "stack."

If larger regulated voltagesare required, we could either usemore diodes in series(an inelegant
option, in my opinion), or try a fundamentally di®erent approach. We know that diode forward
voltage is a fairly constant ¯gure under a wide range of conditions, but so is reversebreakdown
voltage, and breakdown voltage is typically much, much greater than forward voltage. If we reversed
the polarit y of the diode in our single-diode regulator circuit and increasedthe power supply voltage
to the point where the diode "brok e down" (could no longer withstand the reverse-biasvoltage
impressedacrossit), the diode would similarly regulate the voltage at that breakdown point, not
allowing it to increasefurther:

150 V » 100 V

» 50 V

Diode Vbreakdown = 100 V

Unfortunately, when normal rectifying diodes "break down," they usually do so destructively.
However, it is possibleto build a special type of diode that can handle breakdown without failing
completely. This type of diode is called a zener diode, and its symbol looks like this:
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Zener diode

Anode

Cathode

When forward-biased, zener diodes behave much the sameas standard rectifying diodes: they
have a forward voltage drop which follows the "dio de equation" and is about 0.7 volts. In reverse-
bias mode, they do not conduct until the applied voltage reaches or exceedsthe so-called zener
voltage, at which point the diode is able to conduct substantial current, and in doing so will try to
limit the voltage dropped acrossit to that zenervoltage point. So long as the power dissipated by
this reversecurrent doesnot exceedthe diode's thermal limits, the diode will not be harmed.

Zenerdiodesaremanufactured with zenervoltagesranging anywherefrom a few volts to hundreds
of volts. This zenervoltage changesslightly with temperature, and like commoncarbon-composition
resistor values, may be anywhere from 5 percent to 10 percent in error from the manufacturer's
speci¯cations. However, this stabilit y and accuracy is generally good enoughfor the zenerdiode to
be usedas a voltage regulator device in common power supply circuit:

Diode Vzener = 12.6 V

» 12.6 V

Pleasetake note of the zenerdiode's orientation in the above circuit: the diode is reverse-biased,
and intentionally so. If we had oriented the diode in the "normal" way, so as to be forward-biased,
it would only drop 0.7 volts, just like a regular rectifying diode. If we want to exploit this diode's
reversebreakdown properties, we must operate it in its reverse-biasmode. So long as the power
supply voltage remains above the zener voltage (12.6 volts, in this example), the voltage dropped
acrossthe zenerdiode will remain at approximately 12.6 volts.

Like any semiconductordevice, the zenerdiode is sensitive to temperature. Excessive tempera-
ture will destroy a zenerdiode, and becauseit both drops voltage and conductscurrent, it produces
its own heat in accordancewith Joule's Law (P=IE). Therefore, one must be careful to design the
regulator circuit in such a way that the diode's power dissipation rating is not exceeded.Interest-
ingly enough, when zener diodes fail due to excessive power dissipation, they usually fail shorted
rather than open. A diode failed in this manner is easyto detect: it drops almost zerovoltage when
biasedeither way, like a pieceof wire.

Let's examinea zenerdiode regulating circuit mathematically, determining all voltages,currents,
and power dissipations. Taking the sameform of circuit shown earlier, we'll perform calculations
assuminga zenervoltage of 12.6volts, a power supply voltage of 45 volts, and a seriesresistor value
of 1000­ (we'll regard the zenervoltage to be exactly 12.6 volts so as to avoid having to qualify all
¯gures as "approximate"):
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Diode Vzener = 12.6 V

45 V

1 kW

12.6 V

If the zenerdiode's voltage is 12.6 volts and the power supply's voltage is 45 volts, there will be
32.4 volts dropped acrossthe resistor (45 volts - 12.6 volts = 32.4 volts). 32.4 volts dropped across
1000­ gives32.4 mA of current in the circuit:

45 V

1 kW

32.4 mA

32.4 mA

32.4 V

12.6 V

Power is calculated by multiplying current by voltage (P=IE), so we can calculate power dissi-
pations for both the resistor and the zenerdiode quite easily:

Presistor = (32.4 mA)(32.4 V)

Pdiode = (32.4 mA)(12.6 V)

Presistor = 1.0498 W

Pdiode = 408.24 mW

A zenerdiode with a power rating of 0.5 watt would be adequate,as would a resistor rated for
1.5 or 2 watts of dissipation.

If excessive power dissipation is detrimental, then why not designthe circuit for the least amount
of dissipation possible?Why not just sizethe resistor for a very high valueof resistance,thus severely
limiting current and keepingpower dissipation ¯gures very low? Take this circuit, for example,with
a 100k­ resistor instead of a 1 k­ resistor. Note that both the power supply voltage and the diode's
zenervoltage are identical to the last example:
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45 V

32.4 V

12.6 V

100 kW

324 mA

324 mA

With only 1/100 of the current wehad before(324¹ A insteadof 32.4mA), both power dissipation
¯gures should be 100 times smaller:

Presistor = (324 mA)(32.4 V)

Presistor = 10.498 mW

Pdiode = (324 mA)(12.6 V)

Pdiode = 4.0824 mW

Seemsideal, doesn't it? Lesspower dissipation meanslower operating temperatures for both the
diode and the resistor, and also lesswasted energy in the system, right? A higher resistancevalue
does reducepower dissipation levels in the circuit, but it unfortunately intro ducesanother problem.
Remember that the purposeof a regulator circuit is to provide a stable voltage for another circuit.
In other words, we're eventually going to power something with 12.6 volts, and this something will
have a current draw of its own. Consider our ¯rst regulator circuit, this time with a 500 ­ load
connectedin parallel with the zenerdiode:

45 V

1 kW

32.4 mA

32.4 mA

32.4 V

12.6 V
Rload

500 W

25.2 mA

25.2 mA

7.2 mA

If 12.6 volts is maintained acrossa 500 ­ load, the load will draw 25.2 mA of current. In order
for the 1 k­ series"dropping" resistor to drop 32.4 volts (reducing the power supply's voltage of 45
volts down to 12.6 acrossthe zener), it still must conduct 32.4 mA of current. This leaves7.2 mA
of current through the zenerdiode.

Now considerour "p ower-saving" regulator circuit with the 100 k­ dropping resistor, delivering
power to the same500­ load. What it is supposedto do is maintain 12.6volts acrossthe load, just
like the last circuit. However, as we will see,it cannot accomplishthis task:
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45 V
Rload

500 W

100 kW

224 mV

44.776 V

447.76 mA

447.76 mA 447.76 mA

447.76 mA

0 mA

With the larger value of dropping resistor in place, there will only be about 224 mV of voltage
acrossthe 500­ load, far lessthan the expectedvalue of 12.6volts! Why is this? If we actually had
12.6volts acrossthe load, it would draw 25.2mA of current, asbefore. This load current would have
to go through the seriesdropping resistor as it did before, but with a new (much larger!) dropping
resistor in place, the voltage dropped acrossthat resistor with 25.2 mA of current going through it
would be 2,520volts! Sincewe obviously don't have that much voltage supplied by the battery, this
cannot happen.

The situation is easierto comprehendif we temporarily remove the zenerdiode from the circuit
and analyze the behavior of the two resistorsalone:

45 V
Rload

500 W

100 kW

224 mV

44.776 V

447.76 mA

447.76 mA 447.76 mA

447.76 mA

Both the 100 k­ dropping resistor and the 500 ­ load resistanceare in serieswith each other,
giving a total circuit resistanceof 100.5k­. With a total voltage of 45 volts and a total resistance
of 100.5k­, Ohm's Law (I=E/R) tells us that the current will be 447.76¹ A. Figuring voltage drops
acrossboth resistors (E=IR), we arrive at 44.776 volts and 224 mV, respectively. If we were to
re-install the zener diode at this point, it would "see" 224 mV acrossit as well, being in parallel
with the load resistance. This is far below the zenerbreakdown voltage of the diode and so it will
not "break down" and conduct current. For that matter, at this low voltage the diode wouldn't
conduct even if it were forward-biased! Thus, the diode ceasesto regulate voltage, for it can do so
only when there is at least 12.6 volts dropped acrossto "activ ate" it.

The analytical technique of removing a zenerdiode from a circuit and seeingwhether or not there
is enoughvoltage present to make it conduct is a sound one. Just becausea zenerdiode happensto
be connectedin a circuit doesn't guarantee that the full zenervoltage will always be dropped across
it! Remember that zenerdiodeswork by limiting voltage to somemaximum level; they cannot make
up for a lack of voltage.

In summary, any zener diode regulating circuit will function so long as the load's resistanceis
equal to or greater than someminimum value. If the load resistanceis too low, it will draw too much
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current, dropping too much voltage acrossthe seriesdropping resistor, leaving insu±cient voltage
acrossthe zenerdiode to make it conduct. When the zenerdiode stops conducting current, it can
no longer regulate voltage, and the load voltage will fall below the regulation point.

Our regulator circuit with the 100 k­ dropping resistor must be good for some value of load
resistance, though. To ¯nd this acceptable load resistancevalue, we can use a table to calculate
resistancein the two-resistor seriescircuit (no diode), inserting the known values of total voltage
and dropping resistor resistance,and calculating for an expected load voltage of 12.6 volts:

E

I

R

Volts

Amps

Ohms

Rdropping Rload Total

100 k

4512.6

With 45 volts of total voltage and 12.6 volts acrossthe load, we should have 32.4 volts across
Rdr opping :

E

I

R

Volts

Amps

Ohms

Rdropping Rload Total

100 k

4512.632.4

With 32.4 volts acrossthe dropping resistor, and 100 k­ worth of resistancein it, the current
through it will be 324 ¹ A:

E

I

R

Volts

Amps

Ohms

Rdropping Rload Total

100 k

4512.632.4

324 m

Ohm's Law

I = E
R

Being a seriescircuit, the current is equal through all components at any given time:
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E

I

R

Volts

Amps

Ohms

Rdropping Rload Total

100 k

4512.632.4

324 m 324 m 324 m

Rule of series circuits:
ITotal = I1 = I2 = . . . In

Calculating load resistanceis now a simple matter of Ohm's Law (R = E/I), giving us 38.889
k­:

E

I

R

Volts

Amps

Ohms

Rdropping Rload Total

100 k

4512.632.4

324 m 324 m 324 m

38.889 k

Ohm's Law

R = E
I

Thus, if the load resistanceis exactly 38.889k­, there will be 12.6 volts acrossit, diode or no
diode. Any load resistancesmaller than 38.889k­ will result in a load voltage lessthan 12.6 volts,
diode or no diode. With the diode in place, the load voltage will be regulated to a maximum of 12.6
volts for any load resistancegreater than 38.889k­.

With the original value of 1 k­ for the dropping resistor, our regulator circuit was able to
adequately regulate voltage even for a load resistanceas low as 500 ­. What we seeis a tradeo®
betweenpower dissipation and acceptableload resistance. The higher-value dropping resistor gave
us lesspower dissipation, at the expenseof raising the acceptableminimum load resistancevalue.
If we wish to regulate voltage for low-value load resistances,the circuit must be prepared to handle
higher power dissipation.

Zenerdiodesregulate voltage by acting ascomplementary loads,drawing more or lesscurrent as
necessaryto ensurea constant voltagedrop acrossthe load. This is analogousto regulating the speed
of an automobile by braking rather than by varying the throttle position: not only is it wasteful,
but the brakes must be built to handle all the engine's power when the driving conditions don't
demand it. Despite this fundamental ine±ciency of design,zenerdiode regulator circuits are widely
employed due to their sheer simplicit y. In high-power applications where the ine±ciencies would
be unacceptable,other voltage-regulating techniquesare applied. But even then, small zener-based
circuits are often used to provide a "reference" voltage to drive a more e±cient ampli¯er-t ype of
circuit controlling the main power.

² REVIEW:
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² Zener diodes are designedto be operated in reverse-biasmode, providing a relatively low,
stable breakdown, or zener voltage at which they being to conduct substantial reversecurrent.

² A zener diode may function as a voltage regulator by acting as an accessoryload, drawing
more current from the sourceif the voltage is too high, and lessif it is too low.

3.10 Special-purp ose dio des

3.10.1 Schottky dio des

Schottkydiodes are constructed of a metal-to-N junction rather than a P-N semiconductorjunction.
Also known as hot-carrier diodes, Schottky diodes are characterized by fast switching times (low
reverse-recovery time), low forward voltage drop (t ypically 0.25 to 0.4 volts for a metal-silicon
junction), and low junction capacitance.

The schematic symbol for a Schottky diode is shown here:

Schottky diode

Anode

Cathode

In terms of forward voltage drop (V F ), reverse-recovery time (t r r ), and junction capacitance
(CJ ), Schottky diodesare closerto ideal than the average"rectifying" diode. This makesthem well
suited for high-frequencyapplications. Unfortunately, though, Schottky diodestypically have lower
forward current (I F ) and reversevoltage (V R R M and VD C ) ratings than rectifying diodes and are
thus unsuitable for applications involving substantial amounts of power.

Schottky diode technology ¯nds broad application in high-speed computer circuits, where the
fast switching time equatesto high speed capability, and the low forward voltage drop equatesto
lesspower dissipation when conducting.

3.10.2 Tunnel dio des

Tunnel diodes exploit a strange quantum phenomenoncalled resonant tunneling to provide inter-
esting forward-bias characteristics. When a small forward-bias voltage is applied acrossa tunnel
diode, it beginsto conduct current. As the voltage is increased,the current increasesand reachesa
peak value called the peak current (I P ). If the voltage is increaseda little more, the current actually
begins to decrease until it reaches a low point called the valley current (I V ). If the voltage is in-
creasedfurther yet, the current begins to increaseagain, this time without decreasinginto another
"valley." Both the schematic symbol and a current/v oltage plot for the tunnel diode are shown in
the following illustration:
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Anode

Cathode

Tunnel diode

Forward voltage

Forward
current

IP

IV

VP VV

The forward voltagesnecessaryto drive a tunnel diode to its peak and valley currents are known
as peak voltage (V P ) and valley voltage (V V ), respectively. The region on the graph where current
is decreasingwhile applied voltage is increasing (between VP and VV on the horizontal scale) is
known as the region of negative resistance.

Tunnel diodes, also known as Esaki diodes in honor of their Japaneseinventor Leo Esaki, are
able to transition betweenpeak and valley current levelsvery quickly, "switching" betweenhigh and
low states of conduction much faster than even Schottky diodes. Tunnel diode characteristics are
also relatively una®ectedby changesin temperature.

Unfortunately, tunnel diodesarenot good recti¯ers, asthey haverelatively high "leakage" current
when reverse-biased.Consequently , they ¯nd application only in special circuits where their unique
tunnel e®ecthas value. In order to exploit the tunnel e®ect,thesediodesare maintained at a bias
voltage somewherebetween the peak and valley voltage levels, always in a forward-biased polarit y
(anode positive, and cathode negative).

Perhaps the most common application of a tunnel diode is in simple high-frequency oscillator
circuits, where they allow a DC voltage source to contribute power to an LC "tank" circuit, the
diode conducting when the voltage acrossit reachesthe peak (tunnel) level and e®ectively insulating
at all other voltages.

3.10.3 Ligh t-emitting dio des

Diodes,like all semiconductordevices,are governedby the principles described in quantum physics.
One of these principles is the emissionof speci¯c-frequency radiant energy whenever electrons fall
from a higher energy level to a lower energy level. This is the same principle at work in a neon
lamp, the characteristic pink-orange glow of ionized neondue to the speci¯c energytransitions of its
electronsin the midst of an electric current. The unique color of a neonlamp's glow is due to the fact
that it's neon gasinside the tube, and not due to the particular amount of current through the tube
or voltage betweenthe two electrodes. Neon gasglows pinkish-orangeover a wide range of ionizing
voltages and currents. Each chemical element has its own "signature" emissionof radiant energy
when its electrons "jump" between di®erent, quantized energy levels. Hydrogen gas, for example,
glows red when ionized; mercury vapor glows blue. This is what makesspectrographic identi¯cation
of elements possible.

Electrons °owing through a PN junction experiencesimilar transitions in energy level, and emit
radiant energy as they do so. The frequency of this radiant energy is determined by the crystal
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structure of the semiconductor material, and the elements comprising it. Some semiconductor
junctions, composedof special chemical combinations, emit radiant energy within the spectrum of
visible light as the electrons transition in energy levels. Simply put, these junctions glow when
forward biased. A diode intentionally designedto glow like a lamp is called a light-emitting diode,
or LED.

Diodes made from a combination of the elements gallium, arsenic, and phosphorus (called
gallium-arsenide-phosphide) glow bright red, and are some of the most common LEDs manufac-
tured. By altering the chemical constituency of the PN junction, di®erent colors may be obtained.
Someof the currently available colors other than red are green, blue, and infra-red (invisible light
at a frequency lower than red). Other colors may be obtained by combining two or more primary-
color (red, green,and blue) LEDs together in the samepackage,sharing the sameoptical lens. For
instance, a yellow LED may be made by merging a red LED with a greenLED.

The schematic symbol for an LED is a regular diode shape inside of a circle, with two small
arrows pointing away (indicating emitted light):

Anode

Cathode

Light-emitting diode (LED)

This notation of having two small arrows pointing away from the device is common to the
schematic symbols of all light-emitting semiconductor devices. Conversely, if a device is light-
activated (meaning that incoming light stimulates it), then the symbol will have two small arrows
pointing toward it. It is interesting to note, though, that LEDs are capableof acting as light-sensing
devices: they will generatea small voltage when exposedto light, much like a solar cell on a small
scale. This property can be gainfully applied in a variety of light-sensingcircuits.

BecauseLEDs are made of di®erent chemical substancesthan normal rectifying diodes, their
forward voltage drops will be di®erent. Typically, LEDs have much larger forward voltage drops
than rectifying diodes,anywherefrom about 1.6volts to over 3 volts, dependingon the color. Typical
operating current for a standard-sizedLED is around 20 mA. When operating an LED from a DC
voltage sourcegreater than the LED's forward voltage, a series-connected"dropping" resistor must
be included to prevent full sourcevoltage from damaging the LED. Consider this examplecircuit:

6 V
Red LED,

VF = 1.6 V typical
IF = 20 mA typical

Rdropping

220 W

With the LED dropping 1.6 volts, there will be 4.4 volts dropped acrossthe resistor. Sizing the
resistor for an LED current of 20 mA is as simple as taking its voltage drop (4.4 volts) and dividing
by circuit current (20 mA), in accordancewith Ohm's Law (R=E/I). This givesus a ¯gure of 220­.
Calculating power dissipation for this resistor, we take its voltage drop and multiply by its current
(P=IE), and end up with 88 mW, well within the rating of a 1/8 watt resistor. Higher battery
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voltages will require larger-value dropping resistors, and possibly higher-power rating resistors as
well. Consider this example for a supply voltage of 24 volts:

Red LED,
VF = 1.6 V typical
IF = 20 mA typical

Rdropping

24 V
1.12 kW

Here, the dropping resistor must be increasedto a size of 1.12 k­ in order to drop 22.4 volts
at 20 mA so that the LED still receivesonly 1.6 volts. This also makes for a higher resistor power
dissipation: 448mW, nearly one-halfa watt of power! Obviously, a resistor rated for 1/8 watt power
dissipation or even 1/4 watt dissipation will overheat if usedhere.

Dropping resistor values need not be precisefor LED circuits. Supposewe were to use a 1 k­
resistor instead of a 1.12 k­ resistor in the circuit shown above. The result would be a slightly
greater circuit current and LED voltage drop, resulting in a brighter light from the LED and slightly
reducedservice life. A dropping resistor with too much resistance(say, 1.5 k­ instead of 1.12 k­)
will result in lesscircuit current, lessLED voltage, and a dimmer light. LEDs are quite tolerant of
variation in applied power, so you neednot strive for perfection in sizing the dropping resistor.

Also becauseof their unique chemicalmakeup, LEDs havemuch, much lower peak-inversevoltage
(PIV) ratings than ordinary rectifying diodes. A typical LED might only be rated at 5 volts in
reverse-biasmode. Therefore, when using alternating current to power an LED, you should connect
a protective rectifying diode in serieswith the LED to prevent reversebreakdown every other half-
cycle:

Red LED,
VF = 1.6 V typical
IF = 20 mA typical

Rdropping

1.12 kW
24 V

VR = 5 V maximum

rectifying diode
As lamps, LEDs are superior to incandescent bulbs in many ways. First and foremost is e±-

ciency: LEDs output far more light power per watt than an incandescent lamp. This is a signi¯cant
advantage if the circuit in question is battery-p owered, e±ciency translating to longer battery life.
Secondis the fact that LEDs are far more reliable, having a much greater service life than an in-
candescent lamp. This advantage is primarily due to the fact that LEDs are "cold" devices: they
operate at much cooler temperatures than an incandescent lamp with a white-hot metal ¯lament,
susceptibleto breakagefrom mechanical and thermal shock. Third is the high speedat which LEDs
may be turned on and o®. This advantage is also due to the "cold" operation of LEDs: they don't
have to overcomethermal inertia in transitioning from o®to on or vice versa. For this reason,LEDs
are used to transmit digital (on/o®) information as pulses of light, conducted in empty spaceor
through ¯b er-optic cable, at very high rates of speed(millions of pulsesper second).

One major disadvantage of using LEDs assourcesof illumination is their monochromatic (single-
color) emission. No onewants to read a book under the light of a red, green,or blue LED. However,
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if usedin combination, LED colors may be mixed for a more broad-spectrum glow.

3.10.4 Laser dio des

The laser diode is a further development upon the regular light-emitting diode, or LED. The term
"laser" itself is actually an acronym, despite the fact it's often written in lower-caseletters. "Laser"
stands for L ight A mpli¯cation by Stimulated Emission of R adiation, and refers to another strange
quantum processwhereby characteristic light emitted by electrons transitioning from high-level to
low-level energystatesin a material stimulate other electronsin a substanceto makesimilar "jumps,"
the result being a synchronized output of light from the material. This synchronization extends to
the actual phaseof the emitted light, so that all light waves emitted from a "lasing" material are
not just the samefrequency (color), but also the samephaseas each other, so that they reinforce
one another and are able to travel in a very tightly-con¯ned, nondispersing beam. This is why laser
light stays so remarkably focusedover long distances: each and every light wave coming from the
laser is in step with each other:

"white"
light

source

mono-
chromatic

light
source

laser
light

source

Incandescent lamps produce "white" (mixed-frequency, or mixed-color) light. Regular LEDs
producemonochromatic light: samefrequency(color), but di®erent phases,resulting in similar beam
dispersion. Laser LEDs produce coherent light : light that is both monochromatic (single-color) and
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monophasic(single-phase),resulting in precisebeam con¯nement.
Laser light ¯nds wide application in the modern world: everything from surveying, where a

straight and nondispersing light beamis very useful for precisesighting of measurement markers, to
the reading and writing of optical disks, where only the narrownessof a focusedlaser beam is able
to resolve the microscopic "pits" in the disk's surface comprising the binary 1's and 0's of digital
information.

Some laser diodes require special high-power "pulsing" circuits to deliver large quantities of
voltageand current in short bursts. Other laserdiodesmay be operated continuously at lower power.
In the latter case,laseraction occursonly within a certain rangeof diode current, necessitatingsome
form of current-regulator circuit. As laser diodesage, their power requirements may change(more
current required for lessoutput power), but it should be remembered that low-power laser diodes,
like LEDs, are fairly long-lived devices,with typical servicelives in the tens of thousandsof hours.

3.10.5 Photo dio des

3.10.6 Varactor dio des

3.10.7 Constan t-curren t dio des

A constant-current diode, also known as a current-limiting diode, or current-regulating diode, does
exactly what its name implies: it regulates current through it to somemaximum level. If you try
to force more current through a constant-current diode than its current-regulation point, it simply
"¯gh ts back" by dropping more voltage. If we were to build the following circuit and plot diode
current over diode current, we'd get a graph that rises normally at ¯rst and then levels o® at the
current regulation point:

Rdropping

constant-current
diode

Vdiode

Idiode

One interesting application for a constant-current diode is to automatically limit current through
an LED or laser diode over a wide range of power supply voltages, like this:
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constant-current
diode

LED or laser
diode

Of course,the constant-current diode's regulation point should be chosento match the LED or
laserdiode's optimum forward current. This is especially important for the laserdiode, not somuch
for the LED, as regular LEDs tend to be more tolerant of forward current variations.

Another application is in the charging of small secondary-cellbatteries, wherea constant charging
current leads to very predictable charging times. Of course, large secondary-cellbattery banks
might also bene¯t from constant-current charging, but constant-current diodes tend to be very
small devices,limited to regulating currents in the milliamp range.

3.11 Other dio de technologies

3.12 Con tributors

Contributors to this chapter are listed in chronological order of their contributions, from most recent
to ¯rst. SeeAppendix 2 (Contributor List) for dates and contact information.

Jered Wierzbic ki (December 2002): Pointed out error in diode equation { Boltzmann's con-
stant shown incorrectly.
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*** INCOMPLETE ***

4.1 In tro duction

The invention of the bipolar transistor in 1948 ushered in a revolution in electronics. Technical
feats previously requiring relatively large, mechanically fragile, power-hungry vacuum tubes were
suddenly achievable with tiny, mechanically rugged, power-thrift y specks of crystalline silicon. This
revolution made possiblethe designand manufacture of lightweight, inexpensive electronic devices
that we now take for granted. Understanding how transistors function is of paramount importance
to anyone interested in understanding modern electronics.

75
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My intent here is to focus as exclusively as possibleon the practical function and application of
bipolar transistors, rather than to explore the quantum world of semiconductortheory. Discussions
of holesand electronsare better left to another chapter in my opinion. Here I want to explore how
to use thesecomponents, not analyze their intimate internal details. I don't mean to downplay the
importance of understanding semiconductorphysics, but sometimesan intense focus on solid-state
physics detracts from understanding these devices' functions on a component level. In taking this
approach, however, I assumethat the readerpossessesa certain minimum knowledgeof semiconduc-
tors: the di®erencebetween"P" and "N" doped semiconductors,the functional characteristics of a
PN (diode) junction, and the meaningsof the terms "reversebiased" and "forw ard biased." If these
conceptsare unclear to you, it is best to refer to earlier chapters in this book beforeproceedingwith
this one.

A bipolar transistor consists of a three-layer "sandwich" of doped (extrinsic) semiconductor
materials, either P-N-P or N-P-N. Each layer forming the transistor has a speci¯c name, and each
layer is provided with a wire contact for connection to a circuit. Shown here are schematic symbols
and physical diagrams of thesetwo transistor types:

schematic symbol

N
P

P

emitter

base

collector

base

emitter

collector

PNP transistor

physical diagram

schematic symbol

N
P

emitter

base

collector

base

emitter

collector

physical diagram

NPN transistor

N
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The only functional di®erencebetween a PNP transistor and an NPN transistor is the proper
biasing (polarit y) of the junctions when operating. For any given state of operation, the current
directions and voltage polarities for each type of transistor are exactly opposite each other.

Bipolar transistors work as current-controlled current regulators. In other words, they restrict
the amount of current that can go through them according to a smaller, controlling current. The
main current that is controlled goesfrom collector to emitter, or from emitter to collector, depending
on the type of transistor it is (PNP or NPN, respectively). The small current that controls the main
current goes from base to emitter, or from emitter to base, once again depending on the type of
transistor it is (PNP or NPN, respectively). According to the confusingstandards of semiconductor
symbology, the arrow always points against the direction of electron °ow:

C
B

E

C
B

E

= small, controlling current

= large, controlled current

Bipolar transistors are called bipolar becausethe main °ow of electronsthrough them takesplace
in two typesof semiconductormaterial: P and N, as the main current goesfrom emitter to collector
(or vice versa). In other words, two types of charge carriers { electrons and holes { comprise this
main current through the transistor.

As you can see,the controlling current and the controlled current always meshtogether through
the emitter wire, and their electronsalways °ow against the direction of the transistor's arrow. This
is the ¯rst and foremost rule in the use of transistors: all currents must be going in the proper
directions for the device to work as a current regulator. The small, controlling current is usually
referred to simply as the base current becauseit is the only current that goes through the base
wire of the transistor. Conversely, the large, controlled current is referred to as the collector current
becauseit is the only current that goes through the collector wire. The emitter current is the sum
of the baseand collector currents, in compliancewith Kirc hho®'s Current Law.

If there is no current through the base of the transistor, it shuts o® like an open switch and
prevents current through the collector. If there is a basecurrent, then the transistor turns on like a
closedswitch and allows a proportional amount of current through the collector. Collector current
is primarily limited by the basecurrent, regardlessof the amount of voltage available to push it.
The next section will explore in more detail the useof bipolar transistors as switching elements.

² REVIEW:

² Bipolar transistors are so named becausethe controlled current must go through two types
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of semiconductor material: P and N. The current consistsof both electron and hole °ow, in
di®erent parts of the transistor.

² Bipolar transistors consistof either a P-N-P or an N-P-N semiconductor"sandwich" structure.

² The three leadsof a bipolar transistor are called the Emitter , Base, and Collector.

² Transistorsfunction ascurrent regulatorsby allowing a small current to control a larger current.
The amount of current allowed betweencollector and emitter is primarily determined by the
amount of current moving betweenbaseand emitter.

² In order for a transistor to properly function as a current regulator, the controlling (base)
current and the controlled (collector) currents must be going in the proper directions: meshing
additiv ely at the emitter and going against the emitter arrow symbol.

4.2 The transistor as a switc h

Becausea transistor's collector current is proportionally limited by its basecurrent, it can be usedas
a sort of current-controlled switch. A relatively small °ow of electronssent through the baseof the
transistor has the abilit y to exert control over a much larger °ow of electronsthrough the collector.

Supposewe had a lamp that we wanted to turn on and o®by meansof a switch. Such a circuit
would be extremely simple:

switch

For the sake of illustration, let's insert a transistor in place of the switch to show how it can
control the °ow of electrons through the lamp. Remember that the controlled current through a
transistor must go between collector and emitter. Since it's the current through the lamp that we
want to control, we must position the collector and emitter of our transistor where the two contacts
of the switch are now. We must also make sure that the lamp's current will move against the
direction of the emitter arrow symbol to ensurethat the transistor's junction bias will be correct:

transistor
NPN

In this exampleI happenedto choosean NPN transistor. A PNP transistor could alsohave been
chosenfor the job, and its application would look like this:
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transistor
PNP

The choicebetweenNPN and PNP is really arbitrary . All that matters is that the proper current
directions are maintained for the sake of correct junction biasing (electron °ow going against the
transistor symbol's arrow).

Going back to the NPN transistor in our example circuit, we are faced with the need to add
something more so that we can have basecurrent. Without a connection to the basewire of the
transistor, basecurrent will be zero, and the transistor cannot turn on, resulting in a lamp that is
always o®. Remember that for an NPN transistor, basecurrent must consist of electrons °owing
from emitter to base(against the emitter arrow symbol, just like the lamp current). Perhaps the
simplest thing to do would be to connect a switch between the base and collector wires of the
transistor like this:

switch

If the switch is open, the base wire of the transistor will be left "°oating" (not connected to
anything) and there will be no current through it. In this state, the transistor is said to be cuto®.
If the switch is closed,however, electronswill be able to °ow from the emitter through to the base
of the transistor, through the switch and up to the left side of the lamp, back to the positive side of
the battery. This basecurrent will enablea much larger °ow of electronsfrom the emitter through
to the collector, thus lighting up the lamp. In this state of maximum circuit current, the transistor
is said to be saturated.

switch

Of course, it may seempointless to use a transistor in this capacity to control the lamp. After
all, we're still using a switch in the circuit, aren't we? If we're still using a switch to control the
lamp { if only indirectly { then what's the point of having a transistor to control the current? Why
not just go back to our original circuit and usethe switch directly to control the lamp current?

There are a couple of points to be made here, actually. First is the fact that when used in
this manner, the switch contacts need only handle what little base current is necessaryto turn
the transistor on, while the transistor itself handles the majorit y of the lamp's current. This may
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be an important advantage if the switch has a low current rating: a small switch may be used
to control a relatively high-current load. Perhaps more importantly , though, is the fact that the
current-controlling behavior of the transistor enablesus to use something completely di®erent to
turn the lamp on or o®. Consider this example, where a solar cell is used to control the transistor,
which in turn controls the lamp:

solar
cell

Or, we could usea thermocouple to provide the necessarybasecurrent to turn the transistor on:

+
-

thermocouple

source of
heat

Even a microphone of su±cient voltage and current output could be usedto turn the transistor
on, provided its output is recti¯ed from AC to DC so that the emitter-base PN junction within the
transistor will always be forward-biased:

microphone

source of
sound

The point should be quite apparent by now: any su±cient sourceof DC current may be usedto
turn the transistor on, and that sourceof current needonly be a fraction of the amount of current
neededto energizethe lamp. Here we seethe transistor functioning not only as a switch, but as
a true ampli¯er : using a relatively low-power signal to control a relatively large amount of power.
Pleasenote that the actual power for lighting up the lamp comesfrom the battery to the right of
the schematic. It is not as though the small signal current from the solar cell, thermocouple, or
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microphone is being magically transformed into a greater amount of power. Rather, those small
power sourcesare simply controlling the battery's power to light up the lamp.

² REVIEW:

² Transistors may be usedas switching elements to control DC power to a load. The switched
(controlled) current goes between emitter and collector, while the controlling current goes
betweenemitter and base.

² When a transistor has zero current through it, it is said to be in a state of cuto® (fully
nonconducting).

² When a transistor has maximum current through it, it is said to be in a state of saturation
(fully conducting).

4.3 Meter check of a transistor

Bipolar transistors are constructed of a three-layer semiconductor"sandwich," either PNP or NPN.
As such, they register as two diodes connectedback-to-back when tested with a multimeter's "re-
sistance" or "dio de check" functions:

N
P

P

emitter

base

collector

base

emitter

collector

PNP transistor

COMA

V

V A

A
OFF

COMA

V

V A

A
OFF

+

-

+

-

Both meters show continuity (low
resistance) through collector-base
and emitter-base PN junctions.

Here I'm assuming the use of a multimeter with only a single continuit y range (resistance)
function to check the PN junctions. Somemultimeters are equipped with two separatecontinuit y
check functions: resistanceand "dio de check," each with its own purpose. If your meter has a



82 CHAPTER 4. BIPOLAR JUNCTION TRANSISTORS

designated"dio de check" function, use that rather than the "resistance" range, and the meter will
display the actual forward voltageof the PN junction and not just whether or not it conductscurrent.

N
P

P

emitter

base

collector

base

emitter

collector

PNP transistor

COMA

V

V A

A
OFF

COMA

V

V A

A
OFF

+

-

+

-

Both meters show non-continuity
(high resistance) through collector-

base and emitter-base PN junctions.

Meter readingswill be exactly opposite, of course,for an NPN transistor, with both PN junctions
facing the other way. If a multimeter with a "dio decheck" function is usedin this test, it will be found
that the emitter-base junction possessesa slightly greater forward voltage drop than the collector-
basejunction. This forward voltagedi®erenceis dueto the disparity in doping concentration between
the emitter and collector regionsof the transistor: the emitter is a much more heavily doped piece
of semiconductormaterial than the collector, causingits junction with the baseto producea higher
forward voltage drop.

Knowing this, it becomespossibleto determine which wire is which on an unmarked transistor.
This is important becausetransistor packaging, unfortunately, is not standardized. All bipolar
transistors have three wires, of course,but the positions of the three wires on the actual physical
packageare not arranged in any universal, standardized order.

Supposea technician ¯nds a bipolar transistor and proceedsto measurecontinuit y with a mul-
timeter set in the "dio de check" mode. Measuring betweenpairs of wires and recording the values
displayed by the meter, the technician obtains the following data:
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1

2 3

Unknown bipolar transistor

Which wires are emitter,
base, and collector?

² Meter touching wire 1 (+) and 2 (-): "OL"

² Meter touching wire 1 (-) and 2 (+): "OL"

² Meter touching wire 1 (+) and 3 (-): 0.655volts

² Meter touching wire 1 (-) and 3 (+): "OL"

² Meter touching wire 2 (+) and 3 (-): 0.621volts

² Meter touching wire 2 (-) and 3 (+): "OL"

The only combinations of test points giving conducting meter readings are wires 1 and 3 (red
test lead on 1 and black test lead on 3), and wires 2 and 3 (red test lead on 2 and black test lead on
3). These two readings must indicate forward biasing of the emitter-to-base junction (0.655 volts)
and the collector-to-basejunction (0.621 volts).

Now we look for the one wire common to both setsof conductive readings. It must be the base
connection of the transistor, becausethe baseis the only layer of the three-layer devicecommon to
both sets of PN junctions (emitter-base and collector-base). In this example, that wire is number
3, being common to both the 1-3 and the 2-3 test point combinations. In both those setsof meter
readings, the black (-) meter test lead was touching wire 3, which tells us that the base of this
transistor is made of N-type semiconductormaterial (black = negative). Thus, the transistor is an
PNP type with baseon wire 3, emitter on wire 1 and collector on wire 2:

1

2 3
Base

Emitter

Collector
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Pleasenote that the basewire in this example is not the middle lead of the transistor, as one
might expect from the three-layer "sandwich" model of a bipolar transistor. This is quite often
the case,and tends to confusenew students of electronics. The only way to be sure which lead is
which is by a meter check, or by referencingthe manufacturer's "data sheet" documentation on that
particular part number of transistor.

Knowing that a bipolar transistor behaves as two back-to-back diodes when tested with a con-
ductivit y meter is helpful for identifying an unknown transistor purely by meter readings. It is also
helpful for a quick functional check of the transistor. If the technician were to measurecontinuit y
in any more than two or any lessthan two of the six test lead combinations, he or shewould imme-
diately know that the transistor was defective (or elsethat it wasn't a bipolar transistor but rather
something else{ a distinct possibility if no part numbers can be referencedfor sure identi¯cation!).
However, the "t wo diode" model of the transistor fails to explain how or why it acts asan amplifying
device.

To better illustrate this paradox, let's examine one of the transistor switch circuits using the
physical diagram rather than the schematic symbol to represent the transistor. This way the two
PN junctions will be easierto see:

N
P

emitter
base
collector

N

solar
cell

A grey-colored diagonal arrow shows the direction of electron °ow through the emitter-base
junction. This part makes sense,since the electronsare °owing from the N-type emitter to the P-
type base: the junction is obviously forward-biased. However, the base-collectorjunction is another
matter entirely . Notice how the grey-colored thick arrow is pointing in the direction of electron
°ow (upwards) from base to collector. With the base made of P-type material and the collector
of N-type material, this direction of electron °ow is clearly backwards to the direction normally
associated with a PN junction! A normal PN junction wouldn't permit this "backward" direction of
°ow, at least not without o®eringsigni¯cant opposition. However, when the transistor is saturated,
there is very little opposition to electronsall the way from emitter to collector, as evidencedby the
lamp's illumination!

Clearly then, something is going on here that de¯es the simple "t wo-diode" explanatory model
of the bipolar transistor. When I was ¯rst learning about transistor operation, I tried to construct
my own transistor from two back-to-back diodes, like this:
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solar
cell

no light!

no current!

Back-to-back diodes don't act
like a transistor!

My circuit didn't work, and I was mysti¯ed. However useful the "t wo diode" description of a
transistor might be for testing purposes,it doesn't explain how a transistor canbehaveasa controlled
switch.

What happens in a transistor is this: the reverse bias of the base-collector junction prevents
collector current when the transistor is in cuto® mode (that is, when there is no base current).
However, when the base-emitter junction is forward biasedby the controlling signal, the normally-
blocking action of the base-collector junction is overridden and current is permitted through the
collector, despite the fact that electronsare going the "wrong way" through that PN junction. This
action is dependent on the quantum physics of semiconductor junctions, and can only take place
when the two junctions are properly spacedand the doping concentrations of the three layers are
properly proportioned. Two diodeswired in seriesfail to meet thesecriteria, and so the top diode
cannever "turn on" when it is reversedbiased,no matter how much current goesthrough the bottom
diode in the basewire loop.

That doping concentrations play a crucial part in the special abilities of the transistor is further
evidencedby the fact that collector and emitter are not interchangeable. If the transistor is merely
viewedastwo back-to-back PN junctions, or merely asa plain N-P-N or P-N-P sandwich of materials,
it may seemasthough either end of the transistor could serve ascollector or emitter. This, however,
is not true. If connected"backwards" in a circuit, a base-collectorcurrent will fail to control current
betweencollector and emitter. Despite the fact that both the emitter and collector layersof a bipolar
transistor are of the samedoping type (either N or P), they are de¯nitely not identical!

So, current through the emitter-base junction allows current through the reverse-biasedbase-
collector junction. The action of basecurrent can be thought of as "opening a gate" for current
through the collector. More speci¯cally, any given amount of emitter-to-base current permits a
limited amount of base-to-collectorcurrent. For every electron that passesthrough the emitter-base
junction and on through the basewire, there is allowed a certain, restricted number of electrons to
passthrough the base-collectorjunction and no more.

In the next section, this current-limiting behavior of the transistor will be investigated in more
detail.

² REVIEW:
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² Testedwith a multimeter in the "resistance" or "dio de check" modes,a transistor behaveslike
two back-to-back PN (diode) junctions.

² The emitter-base PN junction has a slightly greater forward voltage drop than the collector-
basePN junction, due to more concentrated doping of the emitter semiconductor layer.

² The reverse-biasedbase-collectorjunction normally blocks any current from going through the
transistor betweenemitter and collector. However, that junction begins to conduct if current
is drawn through the base wire. Base current can be thought of as "opening a gate" for a
certain, limited amount of current through the collector.

4.4 Activ e mo de operation

When a transistor is in the fully-o® state (lik e an open switch), it is said to be cuto®. Conversely,
when it is fully conductive between emitter and collector (passing as much current through the
collector as the collector power supply and load will allow), it is said to be saturated. Theseare the
two modesof operation explored thus far in using the transistor as a switch.

However, bipolar transistors don't have to be restricted to thesetwo extrememodesof operation.
As we learned in the previous section, basecurrent "opensa gate" for a limited amount of current
through the collector. If this limit for the controlled current is greater than zero but lessthan the
maximum allowed by the power supply and load circuit, the transistor will "throttle" the collector
current in a mode somewherebetween cuto® and saturation. This mode of operation is called the
active mode.

An automotive analogy for transistor operation is as follows: cuto® is the condition where there
is no motive force generatedby the mechanical parts of the car to make it move. In cuto®mode, the
brake is engaged(zero basecurrent), preventing motion (collector current). Active mode is when
the automobile is cruising at a constant, controlled speed(constant, controlled collector current) as
dictated by the driver. Saturation is when the automobile is driving up a steephill that prevents it
from going as fast as the driver would wish. In other words, a "saturated" automobile is one where
the accelerator pedal is pushed all the way down (base current calling for more collector current
than can be provided by the power supply/load circuit).

I'll set up a circuit for SPICE simulation to demonstrate what happens when a transistor is in
its active mode of operation:
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V1

I1

Q1

Vammeter

0 V

1

0 0 0

2 3

Current 
source

"Q" is the standard letter designation for a transistor in a schematic diagram, just as "R" is for
resistor and "C" is for capacitor. In this circuit, we have an NPN transistor powered by a battery
(V 1) and controlled by current through a current source (I 1). A current source is a device that
outputs a speci¯c amount of current, generating as much or as little voltage as necessaryacross
its terminals to ensure that exact amount of current through it. Current sourcesare notoriously
di±cult to ¯nd in nature (unlik e voltage sources,which by contrast attempt to maintain a constant
voltage, outputting asmuch or as little current in the ful¯llmen t of that task), but can be simulated
with a small collection of electronic components. As we are about to see,transistors themselvestend
to mimic the constant-current behavior of a current sourcein their abilit y to regulate current at a
¯xed value.

In the SPICE simulation, I'll set the current sourceat a constant value of 20 ¹ A, then vary the
voltage source (V 1) over a range of 0 to 2 volts and monitor how much current goes through it.
The "dummy" battery (V ammeter ) with its output of 0 volts serves merely to provide SPICE with
a circuit element for current measurement.

bipolar transistor simulation
i1 0 1 dc 20u
q1 2 1 0 mod1
vammeter 3 2 dc 0
v1 3 0 dc
.model mod1npn
.dc v1 0 2 0.05
.plot dc i(vammeter)
.end

type npn
is 1.00E-16
bf 100.000
nf 1.000
br 1.000
nr 1.000
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The constant basecurrent of 20 ¹ A setsa collector current limit of 2 mA, exactly 100 times as
much. Notice how °at the curve is for collector current over the range of battery voltage from 0
to 2 volts. The only exception to this featurelessplot is at the very beginning, where the battery
increasesfrom 0 volts to 0.25 volts. There, the collector current increasesrapidly from 0 amps to
its limit of 2 mA.

Let's seewhat happensif we vary the battery voltage over a wider range, this time from 0 to 50
volts. We'll keepthe basecurrent steady at 20 ¹ A:

bipolar transistor simulation
i1 0 1 dc 20u
q1 2 1 0 mod1
vammeter 3 2 dc 0
v1 3 0 dc
.model mod1npn
.dc v1 0 50 2
.plot dc i(vammeter)
.end

type npn
is 1.00E-16
bf 100.000
nf 1.000
br 1.000
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nr 1.000

Sameresult! The collector current holds absolutely steady at 2 mA despite the fact that the
battery (v1) voltage varies all the way from 0 to 50 volts. It would appear from our simulation
that collector-to-emitter voltage has little e®ectover collector current, exceptat very low levels (just
above 0 volts). The transistor is acting as a current regulator, allowing exactly 2 mA through the
collector and no more.

Now let's seewhat happensif we increasethe controlling (I 1) current from 20 ¹ A to 75 ¹ A, once
again sweepingthe battery (V 1) voltage from 0 to 50 volts and graphing the collector current:

bipolar transistor simulation
i1 0 1 dc 75u
q1 2 1 0 mod1
vammeter 3 2 dc 0
v1 3 0 dc
.model mod1npn
.dc v1 0 50 2
.plot dc i(vammeter)
.end

type npn
is 1.00E-16
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bf 100.000
nf 1.000
br 1.000
nr 1.000

Not surprisingly, SPICE gives us a similar plot: a °at line, holding steady this time at 7.5 mA
{ exactly 100 times the basecurrent { over the range of battery voltagesfrom just above 0 volts to
50 volts. It appearsthat the basecurrent is the deciding factor for collector current, the V 1 battery
voltage being irrelevant so long as it's above a certain minimum level.

This voltage/current relationship is entirely di®erent from what we're used to seeingacrossa
resistor. With a resistor, current increaseslinearly as the voltage acrossit increases.Here, with a
transistor, current from emitter to collector stays limited at a ¯xed, maximum value no matter how
high the voltage acrossemitter and collector increases.

Often it is useful to superimposeseveral collector current/v oltage graphs for di®erent basecur-
rents on the samegraph. A collection of curves like this { one curve plotted for each distinct level
of basecurrent { for a particular transistor is called the transistor's characteristic curves:



4.4. ACTIVE MODE OPERATION 91

Icollector

Ecollector-to-emitter

Ibase = 75 mA

Ibase = 40 mA

Ibase = 20 mA

Ibase = 5 mA

(mA)

0 1 2 3 4 9 105 6 7 8 11 12 13 14

0

1

2

3

4

5

6

7

8

9

(V)

Each curve on the graph re°ects the collector current of the transistor, plotted over a range of
collector-to-emitter voltages, for a given amount of basecurrent. Sincea transistor tends to act as
a current regulator, limiting collector current to a proportion set by the basecurrent, it is useful
to expressthis proportion as a standard transistor performancemeasure. Speci¯cally, the ratio of
collector current to basecurrent is known as the Beta ratio (symbolized by the Greek letter ¯ ):

b = 
Icollector

Ibase

b is also known as hfe

Sometimesthe ¯ ratio is designatedas "h f e," a label usedin a branch of mathematical semicon-
ductor analysis known as "hybrid parameters" which strives to achieve very precisepredictions of
transistor performancewith detailed equations. Hybrid parameter variables are many, but they are
all labeled with the general letter "h" and a speci¯c subscript. The variable "h f e" is just another
(standardized) way of expressingthe ratio of collector current to basecurrent, and is interchangeable
with " ¯ ." Like all ratios, ¯ is unitless.

¯ for any transistor is determined by its design: it cannot be altered after manufacture. However,
there are so many physical variables impacting ¯ that it is rare to have two transistors of the same
design exactly match. If a circuit design relies on equal ¯ ratios between multiple transistors,
"matched sets" of transistors may be purchasedat extra cost. However, it is generally considered
bad designpractice to engineercircuits with such dependencies.

It would be nice if the ¯ of a transistor remained stable for all operating conditions, but this
is not true in real life. For an actual transistor, the ¯ ratio may vary by a factor of over 3 within
its operating current limits. For example, a transistor with advertised ¯ of 50 may actually test
with Ic/I b ratios as low as 30 and as high as 100, depending on the amount of collector current,
the transistor's temperature, and frequency of ampli¯ed signal, among other factors. For tutorial
purposesit is adequateto assumea constant ¯ for any given transistor (which is what SPICE tends
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to do in a simulation), but just realize that real life is not that simple!

Sometimesit is helpful for comprehensionto "model" complex electronic components with a
collection of simpler, better-understood components. The following is a popular model shown in
many intro ductory electronics texts:

NPN diode-rheostat model

B

C

E

C

E

B

This model caststhe transistor asa combination of diodeand rheostat (variable resistor). Current
through the base-emitter diode controls the resistanceof the collector-emitter rheostat (as implied
by the dashed line connecting the two components), thus controlling collector current. An NPN
transistor is modeled in the ¯gure shown, but a PNP transistor would be only slightly di®erent
(only the base-emitter diode would be reversed). This model succeedsin illustrating the basic
concept of transistor ampli¯cation: how the basecurrent signal can exert control over the collector
current. However, I personally don't like this model becauseit tends to miscommunicate the notion
of a set amount of collector-emitter resistancefor a given amount of basecurrent. If this were true,
the transistor wouldn't regulate collector current at all like the characteristic curvesshow. Instead
of the collector current curves °attening out after their brief rise as the collector-emitter voltage
increases,the collector current would be directly proportional to collector-emitter voltage, rising
steadily in a straight line on the graph.

A better transistor model, often seenin more advancedtextb ooks, is this:
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B

C

E

C

E

B

NPN diode-current source model

It casts the transistor as a combination of diode and current source, the output of the current
source being set at a multiple (¯ ratio) of the base current. This model is far more accurate in
depicting the true input/output characteristics of a transistor: base current establishesa certain
amount of collector current, rather than a certain amount of collector-emitter resistance as the ¯rst
model implies. Also, this model is favored when performing network analysis on transistor circuits,
the current sourcebeing a well-understood theoretical component. Unfortunately, using a current
sourceto model the transistor's current-controlling behavior can be misleading: in no way will the
transistor ever act as a source of electrical energy, which the current source symbol implies is a
possibility.

My own personal suggestionfor a transistor model substitutes a constant-current diode for the
current source:
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B

C

E

C

E

B

NPN diode-regulating diode model

Sinceno diode ever acts asa source of electrical energy, this analogyescapesthe falseimplication
of the current sourcemodel as a sourceof power, while depicting the transistor's constant-current
behavior better than the rheostat model. Another way to describe the constant-current diode's
action would be to refer to it asa current regulator, so this transistor illustration of mine might also
be described asa diode-current regulator model. The greatestdisadvantage I seeto this model is the
relative obscurity of constant-current diodes. Many peoplemay be unfamiliar with their symbology
or even of their existence,unlike either rheostats or current sources,which are commonly known.

² REVIEW:

² A transistor is said to be in its active mode if it is operating somewherebetween fully on
(saturated) and fully o®(cuto®).

² Basecurrent tends to regulate collector current. By regulate, we mean that no more collector
current may exist than what is allowed by the basecurrent.

² The ratio betweencollector current and basecurrent is called "Beta" (¯ ) or "h f e".

² ¯ ratios are di®erent for every transistor, and they tend to change for di®erent operating
conditions.

4.5 The common-emitter ampli¯er

At the beginning of this chapter we saw how transistors could be used as switches, operating in
either their "saturation" or "cuto®" modes. In the last section we saw how transistors behave
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within their "activ e" modes, between the far limits of saturation and cuto®. Becausetransistors
are able to control current in an analog (in¯nitely divisible) fashion, they ¯nd useas ampli¯ers for
analog signals.

One of the simpler transistor ampli¯er circuits to study is the oneusedpreviously for illustrating
the transistor's switching abilit y:

solar
cell

It is called the common-emitter con¯guration because(ignoring the power supply battery) both
the signal sourceand the load sharethe emitter lead asa commonconnectionpoint. This is not the
only way in which a transistor may be used as an ampli¯er, as we will seein later sectionsof this
chapter:

solar
cell

V in

Vout

B

E

C Load

Before, this circuit wasshown to illustrate how a relatively small current from a solar cell could be
usedto saturate a transistor, resulting in the illumination of a lamp. Knowing now that transistors
are able to "throttle" their collector currents according to the amount of basecurrent supplied by
an input signal source, we should be able to seethat the brightness of the lamp in this circuit is
controllable by the solar cell's light exposure. When there is just a little light shoneon the solar
cell, the lamp will glow dimly. The lamp's brightnesswill steadily increaseas more light falls on the
solar cell.

Supposethat we were interested in using the solar cell as a light intensity instrument. We want
to be able to measurethe intensity of incident light with the solar cell by using its output current to
drive a meter movement. It is possibleto directly connect a meter movement to a solar cell for this
purpose. In fact, the simplest light-exposuremeters for photography work are designedlike this:

solar
cell

meter movement

+ -
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While this approach might work for moderate light intensity measurements, it would not work as
well for low light intensity measurements. Becausethe solar cell hasto supply the meter movement's
power needs,the system is necessarilylimited in its sensitivity. Supposing that our needhere is to
measurevery low-level light intensities, we are pressedto ¯nd another solution.

Perhaps the most direct solution to this measurement problem is to usea transistor to amplify
the solar cell's current so that more meter movement needle de°ection may be obtained for less
incident light. Consider this approach:

solar
cell

+-
+

-+
-

Current through the meter movement in this circuit will be ¯ times the solar cell current. With
a transistor ¯ of 100, this represents a substantial increasein measurement sensitivity. It is prudent
to point out that the additional power to move the meter needlecomesfrom the battery on the far
right of the circuit, not the solar cell itself. All the solar cell's current doesis control battery current
to the meter to provide a greater meter reading than the solar cell could provide unaided.

Becausethe transistor is a current-regulating device, and becausemeter movement indications
are basedon the amount of current through their movement coils, meter indication in this circuit
should depend only on the amount of current from the solar cell, not on the amount of voltage
provided by the battery. This means the accuracy of the circuit will be independent of battery
condition, a signi¯cant feature! All that is required of the battery is a certain minimum voltage and
current output abilit y to be able to drive the meter full-scale if needed.

Another way in which the common-emitter con¯guration may be used is to produce an output
voltage derived from the input signal, rather than a speci¯c output current. Let's replacethe meter
movement with a plain resistor and measurevoltage betweencollector and emitter:

solar
cell

+

-+
-

R

Voutput

With the solar cell darkened (no current), the transistor will be in cuto® mode and behave as
an open switch between collector and emitter. This will produce maximum voltage drop between
collector and emitter for maximum Voutput , equal to the full voltage of the battery.

At full power (maximum light exposure), the solar cell will drive the transistor into saturation
mode, making it behave like a closed switch between collector and emitter. The result will be
minimum voltage drop between collector and emitter, or almost zero output voltage. In actualit y,
a saturated transistor can never achieve zero voltage drop between collector and emitter due to
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the two PN junctions through which collector current must travel. However, this "collector-emitter
saturation voltage" will be fairly low, around several tenths of a volt, depending on the speci¯c
transistor used.

For light exposurelevels somewherebetweenzeroand maximum solar cell output, the transistor
will be in its active mode, and the output voltage will be somewherebetweenzero and full battery
voltage. An important quality to note here about the common-emitter con¯guration is that the
output voltage is inversely proportional to the input signal strength. That is, the output voltage
decreasesas the input signal increases.For this reason,the common-emitter ampli¯er con¯guration
is referred to as an inverting ampli¯er.

A quick SPICE simulation will verify our qualitativ e conclusionsabout this ampli¯er circuit:

+

-

R

VoutputI1

1

0

2

0 0

3
5 kW

V1 15 VQ1

common-emitter amplifier
i1 0 1 dc
q1 2 1 0 mod1
r 3 2 5000
v1 3 0 dc 15
.model mod1npn
.dc i1 0 50u 2u
.plot dc v(2,0)
.end

type npn
is 1.00E-16
bf 100.000
nf 1.000
br 1.000
nr 1.000
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At the beginningof the simulation wherethe current source(solar cell) is outputting zerocurrent,
the transistor is in cuto® mode and the full 15 volts from the battery is shown at the ampli¯er
output (between nodes 2 and 0). As the solar cell's current begins to increase,the output voltage
proportionally decreases,until the transistor reaches saturation at 30 ¹ A of base current (3 mA
of collector current). Notice how the output voltage trace on the graph is perfectly linear (1 volt
steps from 15 volts to 1 volt) until the point of saturation, where it never quite reacheszero. This
is the e®ectmentioned earlier, where a saturated transistor can never achieve exactly zero voltage
drop between collector and emitter due to internal junction e®ects. What we do see is a sharp
output voltage decreasefrom 1 volt to 0.2261volts as the input current increasesfrom 28 ¹ A to 30
¹ A, and then a continuing decreasein output voltage from then on (albeit in progressively smaller
steps). The lowest the output voltage ever gets in this simulation is 0.1299volts, asymptotically
approaching zero.

So far, we've seen the transistor used as an ampli¯er for DC signals. In the solar cell light
meter example, we were interested in amplifying the DC output of the solar cell to drive a DC
meter movement, or to produce a DC output voltage. However, this is not the only way in which
a transistor may be employed as an ampli¯er. In many cases,what is desired is an AC ampli¯er
for amplifying alternating current and voltage signals. One common application of this is in audio
electronics (radios, televisions, and public-addresssystems). Earlier, we saw an example where the
audio output of a tuning fork could be usedto activate a transistor as a switch. Let's seeif we can
modify that circuit to sendpower to a speaker rather than to a lamp:
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microphone

source of
sound

In the original circuit, a full-wave bridge recti¯er was used to convert the microphone's AC
output signal into a DC voltage to drive the input of the transistor. All we cared about here was
turning the lamp on with a sound signal from the microphone, and this arrangement su±ced for
that purpose. But now we want to actually reproduce the AC signal and drive a speaker. This
meanswe cannot rectify the microphone'soutput anymore, becausewe needundistorted AC signal
to drive the transistor! Let's remove the bridge recti¯er and replacethe lamp with a speaker:

microphone

source of
sound

speaker

Since the microphone may produce voltages exceedingthe forward voltage drop of the base-
emitter PN (diode) junction, I'v e placeda resistor in serieswith the microphone. Let's simulate this
circuit now in SPICE and seewhat happens:

speaker

V1 15 VQ1

R1

1 kW

8 W

1

0 0 0

2

3 4

V input

1.5 V
2 kHz

common-emitter amplifier
vinput 1 0 sin (0 1.5 2000 0 0)
r1 1 2 1k
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q1 3 2 0 mod1
rspkr 3 4 8
v1 4 0 dc 15
.model mod1npn
.tran 0.02m 0.74m
.plot tran v(1,0) i(v1)
.end

The simulation plots both the input voltage (an AC signal of 1.5 volt peak amplitude and 2000
Hz frequency) and the current through the 15 volt battery, which is the sameas the current through
the speaker. What we seehere is a full AC sine wave alternating in both positive and negative
directions, and a half-wave output current waveform that only pulsesin one direction. If we were
actually driving a speaker with this waveform, the sound produced would be horribly distorted.

What's wrong with the circuit? Why won't it faithfully reproduce the entire AC waveform
from the microphone? The answer to this question is found by close inspection of the transistor
diode-regulating diode model:
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B

C

E

C

E

B

NPN diode-regulating diode model

Collector current is controlled, or regulated, through the constant-current mechanism according
to the paceset by the current through the base-emitterdiode. Note that both current paths through
the transistor are monodirectional: one way only! Despite our intent to usethe transistor to amplify
an AC signal, it is essentially a DC device,capableof handling currents in a singledirection only. We
may apply an AC voltage input signalbetweenthe baseand emitter, but electronscannot °ow in that
circuit during the part of the cycle that reverse-biasesthe base-emitter diode junction. Therefore,
the transistor will remain in cuto®mode throughout that portion of the cycle. It will "turn on" in its
active mode only when the input voltage is of the correct polarit y to forward-bias the base-emitter
diode, and only when that voltage is su±ciently high to overcomethe diode's forward voltage drop.
Remember that bipolar transistors are current-controlled devices: they regulate collector current
basedon the existenceof base-to-emitter current, not base-to-emitter voltage.

The only way we can get the transistor to reproduce the entire waveform as current through the
speaker is to keep the transistor in its active mode the entire time. This meanswe must maintain
current through the baseduring the entire input waveform cycle. Consequently , the base-emitter
diode junction must be kept forward-biasedat all times. Fortunately, this can be accomplishedwith
the aid of a DC bias voltage added to the input signal. By connecting a su±cient DC voltage in
serieswith the AC signal source,forward-bias can be maintained at all points throughout the wave
cycle:
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speaker

V1 15 VQ1

R1

1 kW

8 W

1

0 0

2

3 4

V input

1.5 V
2 kHz

Vbias

5

2.3 V

+ -

common-emitter amplifier
vinput 1 5 sin (0 1.5 2000 0 0)
vbias 5 0 dc 2.3
r1 1 2 1k
q1 3 2 0 mod1
rspkr 3 4 8
v1 4 0 dc 15
.model mod1npn
.tran 0.02m 0.78m
.plot tran v(1,0) i(v1)
.end
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With the bias voltage source of 2.3 volts in place, the transistor remains in its active mode
throughout the entire cycle of the wave, faithfully reproducing the waveform at the speaker. Notice
that the input voltage (measuredbetween nodes 1 and 0) °uctuates between about 0.8 volts and
3.8 volts, a peak-to-peak voltage of 3 volts just as expected (sourcevoltage = 1.5 volts peak). The
output (speaker) current varies betweenzero and almost 300 mA, 180o out of phasewith the input
(microphone) signal.

The following illustration is another view of the samecircuit, this time with a few oscilloscopes
("scopemeters") connectedat crucial points to display all the pertinent signals:
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speaker

V1 15 VQ1

R1

1 kW

8 W

V input

1.5 V
2 kHz

Vbias

+ -

The need for biasing a transistor ampli¯er circuit to obtain full waveform reproduction is an
important consideration. A separatesection of this chapter will be devoted entirely to the subject
biasing and biasing techniques. For now, it is enoughto understand that biasing may be necessary
for proper voltage and current output from the ampli¯er.

Now that we have a functioning ampli¯er circuit, we can investigate its voltage, current, and
power gains. The generic transistor used in these SPICE analyseshas a ¯ of 100, as indicated by
the short transistor statistics printout included in the text output (thesestatistics werecut from the
last two analysesfor brevity's sake):

type npn
is 1.00E-16
bf 100.000
nf 1.000
br 1.000
nr 1.000

¯ is listed under the abbreviation "bf," which actually stands for " beta, f orward". If we wanted
to insert our own ¯ ratio for an analysis, we could have done so on the .model line of the SPICE
netlist.

Since¯ is the ratio of collector current to basecurrent, and we have our load connectedin series
with the collector terminal of the transistor and our sourceconnectedin serieswith the base, the
ratio of output current to input current is equal to beta. Thus, our current gain for this example
ampli¯er is 100, or 40 dB.

Voltage gain is a little more complicated to ¯gure than current gain for this circuit. As always,
voltage gain is de¯ned as the ratio of output voltage divided by input voltage. In order to experi-
mentally determine this, we need to modify our last SPICE analysis to plot output voltage rather
than output current so we have two voltage plots to compare:

common-emitter amplifier
vinput 1 5 sin (0 1.5 2000 0 0)
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vbias 5 0 dc 2.3
r1 1 2 1k
q1 3 2 0 mod1
rspkr 3 4 8
v1 4 0 dc 15
.model mod1npn
.tran 0.02m 0.78m
.plot tran v(1,0) v(4,3)
.end

Plotted on the same scale (from 0 to 4 volts), we seethat the output waveform ("+") has a
smaller peak-to-peak amplitude than the input waveform ("*"), in addition to being at a lower bias
voltage, not elevated up from 0 volts like the input. Sincevoltage gain for an AC ampli¯er is de¯ned
by the ratio of AC amplitudes, we can ignore any DC bias separating the two waveforms. Even so,
the input waveform is still larger than the output, which tells us that the voltage gain is lessthan 1
(a negative dB ¯gure).

To be honest, this low voltage gain is not characteristic to all common-emitter ampli¯ers. In this
caseit is a consequenceof the great disparity between the input and load resistances. Our input
resistance(R1) here is 1000 ­, while the load (speaker) is only 8 ­. Becausethe current gain of
this ampli¯er is determined solely by the ¯ of the transistor, and becausethat ¯ ¯gure is ¯xed, the
current gain for this ampli¯er won't changewith variations in either of theseresistances.However,
voltage gain is dependent on these resistances. If we alter the load resistance,making it a larger
value, it will drop a proportionately greater voltage for its range of load currents, resulting in a
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larger output waveform. Let's try another simulation, only this time with a 30 ­ load instead of an
8 ­ load:

common-emitter amplifier
vinput 1 5 sin (0 1.5 2000 0 0)
vbias 5 0 dc 2.3
r1 1 2 1k
q1 3 2 0 mod1
rspkr 3 4 30
v1 4 0 dc 15
.model mod1npn
.tran 0.02m 0.78m
.plot tran v(1,0) v(4,3)
.end

This time the output voltage waveform is signi¯cantly greater in amplitude than the input
waveform. Looking closely, we can seethat the output waveform ("+") crestsbetween0 and about
9 volts: approximately 3 times the amplitude of the input voltage.

We can perform another computer analysis of this circuit, only this time instructing SPICE to
analyze it from an AC point of view, giving us peak voltage ¯gures for input and output instead of
a time-basedplot of the waveforms:
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common-emitter amplifier
vinput 1 5 ac 1.5
vbias 5 0 dc 2.3
r1 1 2 1k
q1 3 2 0 mod1
rspkr 3 4 30
v1 4 0 dc 15
.model mod1npn
.ac lin 1 2000 2000
.print ac v(1,0) v(4,3)
.end

freq v(1) v(4,3)
2.000E+03 1.500E+00 4.418E+00

Peak voltage measurements of input and output show an input of 1.5 volts and an output of
4.418volts. This givesus a voltage gain ratio of 2.9453(4.418 V / 1.5 V), or 9.3827dB.

AV = 
Vout

V in

AV = 4.418 V
1.5 V

AV = 2.9453

AV(dB) = 20 log AV(ratio)

AV(dB) = 9.3827 dB

AV(dB) = 20 log 2.9453

Becausethe current gain of the common-emitter ampli¯er is ¯xed by ¯ , and since the input
and output voltages will be equal to the input and output currents multiplied by their respective
resistors,we can derive an equation for approximate voltage gain:
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AV = b
Rout

Rin

AV = (100) 30 W
1000 W

AV = 3

AV(dB) = 20 log AV(ratio)

AV(dB) = 20 log 3

AV(dB) = 9.5424 dB

As you can see,the predicted results for voltage gain are quite close to the simulated results.
With perfectly linear transistor behavior, the two setsof ¯gures would exactly match. SPICE does
a reasonablejob of accounting for the many "quirks" of bipolar transistor function in its analysis,
hencethe slight mismatch in voltage gain basedon SPICE's output.

These voltage gains remain the same regardlessof where we measure output voltage in the
circuit: acrosscollector and emitter, or acrossthe seriesload resistor as we did in the last analysis.
The amount of output voltage changefor any given amount of input voltage will remain the same.
Consider the two following SPICE analysesas proof of this. The ¯rst simulation is time-based, to
provide a plot of input and output voltages. You will notice that the two signals are 180o out of
phasewith each other. The secondsimulation is an AC analysis, to provide simple, peak voltage
readingsfor input and output:

common-emitter amplifier
vinput 1 5 sin (0 1.5 2000 0 0)
vbias 5 0 dc 2.3
r1 1 2 1k
q1 3 2 0 mod1
rspkr 3 4 30
v1 4 0 dc 15
.model mod1npn
.tran 0.02m 0.74m
.plot tran v(1,0) v(3,0)
.end
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common-emitter amplifier
vinput 1 5 ac 1.5
vbias 5 0 dc 2.3
r1 1 2 1k
q1 3 2 0 mod1
rspkr 3 4 30
v1 4 0 dc 15
.model mod1npn
.ac lin 1 2000 2000
.print ac v(1,0) v(3,0)
.end

freq v(1) v(3)
2.000E+03 1.500E+00 4.418E+00

We still have a peak output voltage of 4.418 volts with a peak input voltage of 1.5 volts. The
only di®erencefrom the last set of simulations is the phaseof the output voltage.

Sofar, the examplecircuits shown in this sectionhave all usedNPN transistors. PNP transistors
are just as valid to use as NPN in any ampli¯er con¯guration, so long as the proper polarit y and
current directions are maintained, and the common-emitter ampli¯er is no exception. The inverting
behavior and gain properties of a PNP transistor ampli¯er are the sameas its NPN counterpart,
just the polarities are di®erent:
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V input

Vbias

+-

² REVIEW:

² Common-emitter transistor ampli¯ers are so-called becausethe input and output voltage
points share the emitter lead of the transistor in common with each other, not considering
any power supplies.

² Transistors are essentially DC devices: they cannot directly handle voltages or currents that
reversedirection. In order to make them work for amplifying AC signals,the input signal must
be o®setwith a DC voltage to keep the transistor in its active mode throughout the entire
cycle of the wave. This is called biasing.

² If the output voltage is measuredbetweenemitter and collector on a common-emitter ampli¯er,
it will be 180o out of phasewith the input voltage waveform. For this reason, the common-
emitter ampli¯er is called an inverting ampli¯er circuit.

² The current gain of a common-emitter transistor ampli¯er with the load connectedin series
with the collector is equal to ¯ . The voltage gain of a common-emitter transistor ampli¯er is
approximately given here:

²
AV = b

Rout

Rin

² Where "R out " is the resistor connectedin serieswith the collector and "R in " is the resistor
connectedin serieswith the base.

4.6 The common-collector ampli¯er

Our next transistor con¯guration to study is a bit simpler in terms of gain calculations. Called the
common-collector con¯guration, its schematic diagram looks like this:
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Rload

V in
Vout

It is called the common-collector con¯guration because(ignoring the power supply battery) both
the signal sourceand the load sharethe collector lead as a common connection point:

Rload

V in
Vout

B
C

E

It should be apparent that the load resistor in the common-collector ampli¯er circuit receives
both the base and collector currents, being placed in serieswith the emitter. Since the emitter
lead of a transistor is the one handling the most current (the sum of baseand collector currents,
since base and collector currents always mesh together to form the emitter current), it would be
reasonableto presume that this ampli¯er will have a very large current gain (maximum output
current for minimum input current). This presumption is indeed correct: the current gain for a
common-collector ampli¯er is quite large, larger than any other transistor ampli¯er con¯guration.
However, this is not necessarilywhat sets it apart from other ampli¯er designs.

Let's proceedimmediately to a SPICE analysis of this ampli¯er circuit, and you will be able to
immediately seewhat is unique about this ampli¯er:

Rload
V in

V1 15 V

Q1

5 kW

1

0 0 0

1

2

3

2
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common-collector amplifier
vin 1 0
q1 2 1 3 mod1
v1 2 0 dc 15
rload 3 0 5k
.model mod1npn
.dc vin 0 5 0.2
.plot dc v(3,0)
.end

type npn
is 1.00E-16
bf 100.000
nf 1.000
br 1.000
nr 1.000

Unlike the common-emitter ampli¯er from the previous section, the common-collectorproduces
an output voltage in direct rather than inverse proportion to the rising input voltage. As the input
voltage increases,so doesthe output voltage. More than that, a closeexamination reveals that the
output voltage is nearly identical to the input voltage, lagging behind only about 0.77 volts.
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This is the unique quality of the common-collector ampli¯er: an output voltage that is nearly
equal to the input voltage. Examined from the perspective of output voltage change for a given
amount of input voltage change, this ampli¯er has a voltage gain of almost exactly unit y (1), or 0
dB. This holds true for transistors of any ¯ value, and for load resistorsof any resistancevalue.

It is simple to understand why the output voltage of a common-collector ampli¯er is always
nearly equal to the input voltage. Referring back to the diode-regulating diode transistor model,
we seethat the base current must go through the base-emitter PN junction, which is equivalent
to a normal rectifying diode. So long as this junction is forward-biased (the transistor conducting
current in either its active or saturated modes), it will have a voltage drop of approximately 0.7 volts,
assumingsilicon construction. This 0.7 volt drop is largely irrespective of the actual magnitude of
basecurrent, so we can regard it as being constant:

C

E

B

Rload

V in

0.7 V
+

-
+

-

Given the voltage polarities acrossthe base-emitter PN junction and the load resistor, we see
that they must add together to equal the input voltage, in accordancewith Kirc hho®'s Voltage Law.
In other words, the load voltage will always be about 0.7 volts less than the input voltage for all
conditions where the transistor is conducting. Cuto® occurs at input voltagesbelow 0.7 volts, and
saturation at input voltages in excessof battery (supply) voltage plus 0.7 volts.

Becauseof this behavior, the common-collector ampli¯er circuit is also known as the voltage-
follower or emitter-fol lower ampli¯er, in referenceto the fact that the input and load voltagesfollow
each other so closely.

Applying the common-collectorcircuit to the ampli¯cation of AC signalsrequiresthe sameinput
"biasing" usedin the common-emitter circuit: a DC voltage must be added to the AC input signal
to keep the transistor in its active mode during the entire cycle. When this is done, the result is a
non-inverting ampli¯er:
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Rload
V in

V1 15 V

Q1

5 kW

1

0 0

1

2

3

2

1.5 V
2 kHz

4
Vbias

+ -

2.3 V

common-collector amplifier
vin 1 4 sin(0 1.5 2000 0 0)
vbias 4 0 dc 2.3
q1 2 1 3 mod1
v1 2 0 dc 15
rload 3 0 5k
.model mod1npn
.tran .02m .78m
.plot tran v(1,0) v(3,0)
.end
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Here's another view of the circuit, this time with oscilloscopes connected to several points of
interest:

Rload
V in

V1 15 V

5 kW

1.5 V
2 kHz

+ -

Sincethis ampli¯er con¯guration doesn't provide any voltage gain (in fact, in practice it actually
hasa voltage gain of slightly less than 1), its only amplifying factor is current. The common-emitter
ampli¯er con¯guration examined in the previous section had a current gain equal to the ¯ of the
transistor, being that the input current went through the baseand the output (load) current went
through the collector, and ¯ by de¯nition is the ratio between the collector and basecurrents. In
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the common-collectorcon¯guration, though, the load is situated in serieswith the emitter, and thus
its current is equal to the emitter current. With the emitter carrying collector current and base
current, the load in this type of ampli¯er has all the current of the collector running through it plus
the input current of the base. This yields a current gain of ¯ plus 1:

AI = 
Iemitter

Ibase

AI = 
Ibase

Icollector+ Ibase

AI = 
Icollector

Ibase
+ 1

AI = b + 1

Once again, PNP transistors are just as valid to use in the common-collector con¯guration as
NPN transistors. The gain calculations are all the same, as is the non-inverting behavior of the
ampli¯er. The only di®erenceis in voltage polarities and current directions:

Rload
V in

+-

A popular application of the common-collector ampli¯er is for regulated DC power supplies,
wherean unregulated(varying) sourceof DC voltage is clippedat a speci¯ed level to supply regulated
(steady) voltage to a load. Of course,zenerdiodesalready provide this function of voltageregulation:

Rload
Unregulated
DC voltage

source

R

Regulated voltage
across load

Zener
diode
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However, when used in this direct fashion, the amount of current that may be supplied to the
load is usually quite limited. In essence,this circuit regulates voltage acrossthe load by keeping
current through the seriesresistor at a high enoughlevel to drop all the excesspower sourcevoltage
acrossit, the zenerdiode drawing more or lesscurrent as necessaryto keepthe voltage acrossitself
steady. For high-current loads, an plain zenerdiode voltage regulator would have to be capableof
shunting a lot of current through the diode in order to be e®ective at regulating load voltage in the
event of large load resistanceor voltage sourcechanges.

One popular way to increasethe current-handling abilit y of a regulator circuit like this is to use
a common-collector transistor to amplify current to the load, so that the zener diode circuit only
has to handle the amount of current necessaryto drive the baseof the transistor:

Rload
Unregulated
DC voltage

source

R

Zener
diode

There's really only one caveat to this approach: the load voltage will be approximately 0.7 volts
lessthan the zenerdiode voltage, due to the transistor's 0.7 volt base-emitter drop. However, since
this 0.7 volt di®erenceis fairly constant over a wide range of load currents, a zenerdiode with a 0.7
volt higher rating can be chosenfor the application.

Sometimes the high current gain of a single-transistor, common-collector con¯guration isn't
enoughfor a particular application. If this is the case,multiple transistors may be staged together
in a popular con¯guration known as a Darlington pair , just an extension of the common-collector
concept:

B

C

E

An NPN "Darlington pair"
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Darlington pairs essentially placeonetransistor asthe common-collectorload for another transis-
tor, thus multiplying their individual current gains. Basecurrent through the upper-left transistor is
ampli¯ed through that transistor's emitter, which is directly connectedto the baseof the lower-right
transistor, where the current is again ampli¯ed. The overall current gain is as follows:

AI = (b1 + 1)(b2 + 1)

Darlington pair current gain

Where,
b1 = Beta of first transistor
b2 = Beta of second transistor

Voltage gain is still nearly equal to 1 if the entire assembly is connectedto a load in common-
collector fashion, although the load voltage will be a full 1.4 volts lessthan the input voltage:

Rload

V in
Vout

Vout = Vin - 1.4

+

-

+
-0.7 V

+
-0.7 V

Darlington pairs may bepurchasedasdiscreteunits (two transistors in the samepackage),or may
be built up from a pair of individual transistors. Of course,if even more current gain is desiredthan
what may be obtained with a pair, Darlington triplet or quadruplet assemblies may be constructed.

² REVIEW:

² Common-collector transistor ampli¯ers are so-called becausethe input and output voltage
points share the collector lead of the transistor in common with each other, not considering
any power supplies.

² The output voltage on a common-collectorampli¯er will be in phasewith the input voltage,
making the common-collectora non-inverting ampli¯er circuit.

² The current gain of a common-collector ampli¯er is equal to ¯ plus 1. The voltage gain is
approximately equal to 1 (in practice, just a little bit less).

² A Darlington pair is a pair of transistors "piggybacked" on one another so that the emitter of
one feedscurrent to the baseof the other in common-collector form. The result is an overall
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current gain equal to the product (multiplication) of their individual common-collectorcurrent
gains (¯ plus 1).

4.7 The common-base ampli¯er

The ¯nal transistor ampli¯er con¯guration we needto study is the common-base. This con¯guration
is more complex than the other two, and is lesscommondue to its strangeoperating characteristics.

V in

Rload

It is called the common-base con¯guration because(DC power sourceaside), the signal source
and the load sharethe baseof the transistor as a common connection point:

V in

Rload

B
C

E

Vout

Perhaps the most striking characteristic of this con¯guration is that the input signal source
must carry the full emitter current of the transistor, as indicated by the heavy arrows in the ¯rst
illustration. As we know, the emitter current is greater than any other current in the transistor,
being the sum of baseand collector currents. In the last two ampli¯er con¯gurations, the signal
sourcewas connectedto the baselead of the transistor, thus handling the least current possible.

Becausethe input current exceedsall other currents in the circuit, including the output current,
the current gain of this ampli¯er is actually lessthan 1 (notice how Rl oad is connectedto the collector,
thus carrying slightly less current than the signal source). In other words, it attenuates current
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rather than amplifying it. With common-emitter and common-collector ampli¯er con¯gurations,
the transistor parameter most closely associated with gain was ¯ . In the common-basecircuit, we
follow another basic transistor parameter: the ratio betweencollector current and emitter current,
which is a fraction always less than 1. This fractional value for any transistor is called the alpha
ratio, or ® ratio.

Sinceit obviously can't boost signal current, it only seemsreasonableto expect it to boost signal
voltage. A SPICE simulation will vindicate that assumption:

V in

Rload

V1 15 V

Q1

5 kW

R1

100 W

0

1 2

3 4

common-baseamplifier
vin 0 1
r1 1 2 100
q1 4 0 2 mod1
v1 3 0 dc 15
rload 3 4 5k
.model mod1npn
.dc vin 0.6 1.2 .02
.plot dc v(3,4)
.end
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Notice how in this simulation the output voltage goesfrom practically nothing (cuto®) to 15.75
volts (saturation) with the input voltage being swept over a range of 0.6 volts to 1.2 volts. In fact,
the output voltage plot doesn't show a rise until about 0.7 volts at the input, and cuts o®(°attens)
at about 1.12 volts input. This represents a rather large voltage gain with an output voltage span
of 15.75volts and an input voltage span of only 0.42 volts: a gain ratio of 37.5, or 31.48dB. Notice
also how the output voltage (measuredacrossRl oad ) actually exceedsthe power supply (15 volts)
at saturation, due to the series-aidinge®ectof the the input voltage source.

A secondset of SPICE analyseswith an AC signal source(and DC bias voltage) tells the same
story: a high voltage gain.
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V in

Rload

V1 15 V

Q1

5 kW

R1

100 W

0

1

2

3 4

Vbias

5

0.12 V
2 kHz

0.95 V

Vout

common-baseamplifier
vin 0 1 sin (0 0.12 2000 0 0)
vbias 1 5 dc 0.95
r1 5 2 100
q1 4 0 2 mod1
v1 3 0 dc 15
rload 3 4 5k
.model mod1npn
.tran 0.02m 0.78m
.plot tran v(1,0) v(4,3)
.end
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As you can see,the input and output waveformsare in phasewith each other. This tells us that
the common-baseampli¯er is non-inverting.

common-baseamplifier
vin 0 1 ac 0.12
vbias 1 5 dc 0.95
r1 5 2 100
q1 4 0 2 mod1
v1 3 0 dc 15
rload 3 4 5k
.model mod1npn
.ac lin 1 2000 2000
.print ac v(1,0) v(3,4)
.end

freq v(1) v(3,4)
2.000E+03 1.200E-01 5.129E+00

Voltage ¯gures from the secondanalysis (AC mode) show a voltage gain of 42.742(5.129 V /
0.12 V), or 32.617dB:
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AV = 
Vout

V in

AV = 

AV = 

AV(dB) = 20 log AV(ratio)

5.129 V
0.12 V

42.742

AV(dB) = 20 log 42.742

AV(dB) = 32.617 dB

Here's another view of the circuit, showing the phaserelations and DC o®setsof various signals
in the circuit just simulated:

V in

Vbias

Rload

. . . and for a PNP transistor:
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V in

Vbias

Rload

Predicting voltage gain for the common-baseampli¯er con¯guration is quite di±cult, and in-
volvesapproximations of transistor behavior that are di±cult to measuredirectly. Unlike the other
ampli¯er con¯gurations, where voltage gain was either set by the ratio of two resistors (common-
emitter), or ¯xed at an unchangeablevalue (common-collector), the voltage gain of the common-base
ampli¯er dependslargely on the amount of DC bias on the input signal. As it turns out, the internal
transistor resistancebetweenemitter and baseplays a major role in determining voltage gain, and
this resistancechangeswith di®erent levels of current through the emitter.

While this phenomenonis di±cult to explain, it is rather easyto demonstrate through the useof
computer simulation. What I'm going to do hereis run several SPICE simulations on a common-base
ampli¯er circuit, changing the DC bias voltage slightly while keepingthe AC signal amplitude and
all other circuit parametersconstant. As the voltage gain changesfrom one simulation to another,
di®erent output voltage amplitudes will be noticed as a result.

Although these analyseswill all be conducted in the AC mode, they were ¯rst "pro ofed" in
the transient analysis mode (voltage plotted over time) to ensure that the entire wave was being
faithfully reproducedand not "clipp ed" due to improper biasing. No meaningful calculations of gain
can be basedon waveforms that are distorted:

common-baseamplifier DCbias = 0.85 volts
vin 0 1 ac 0.08
vbias 1 5 dc 0.85
r1 5 2 100
q1 4 0 2 mod1
v1 3 0 dc 15
rload 3 4 5k
.model mod1npn
.ac lin 1 2000 2000
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.print ac v(1,0) v(3,4)

.end

freq v(1) v(3,4)
2.000E+03 8.000E-02 3.005E+00

common-baseamplifier dc bias = 0.9 volts
vin 0 1 ac 0.08
vbias 1 5 dc 0.90
r1 5 2 100
q1 4 0 2 mod1
v1 3 0 dc 15
rload 3 4 5k
.model mod1npn
.ac lin 1 2000 2000
.print ac v(1,0) v(3,4)
.end

freq v(1) v(3,4)
2.000E+03 8.000E-02 3.264E+00

common-baseamplifier dc bias = 0.95 volts
vin 0 1 ac 0.08
vbias 1 5 dc 0.95
r1 5 2 100
q1 4 0 2 mod1
v1 3 0 dc 15
rload 3 4 5k
.model mod1npn
.ac lin 1 2000 2000
.print ac v(1,0) v(3,4)
.end

freq v(1) v(3,4)
2.000E+03 8.000E-02 3.419E+00

A trend should be evident here: with increasesin DC bias voltage, voltage gain increasesaswell.
We can seethat the voltage gain is increasingbecauseeach subsequent simulation producesgreater
output voltage for the exact sameinput signal voltage (0.08 volts). As you can see,the changesare
quite large, and they are causedby miniscule variations in bias voltage!

The combination of very low current gain (always less than 1) and somewhat unpredictable
voltage gain conspireagainst the common-basedesign, relegating it to few practical applications.

² REVIEW:
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² Common-base transistor ampli¯ers are so-calledbecausethe input and output voltage points
share the baselead of the transistor in common with each other, not considering any power
supplies.

² The current gain of a common-baseampli¯er is always less than 1. The voltage gain is a
function of input and output resistances,and also the internal resistanceof the emitter-base
junction, which is subject to changewith variations in DC bias voltage. Su±ce to say that the
voltage gain of a common-baseampli¯er can be very high.

² The ratio of a transistor's collector current to emitter current is called ®. The ® value for any
transistor is always lessthan unit y, or in other words, lessthan 1.

4.8 Biasing techniques

In the common-emitter sectionof this chapter, we saw a SPICE analysiswherethe output waveform
resembled a half-wave recti¯ed shape: only half of the input waveform was reproduced, with the
other half being completely cut o®. Since our purpose at that time was to reproduce the entire
waveshape, this constituted a problem. The solution to this problem wasto add a small bias voltage
to the ampli¯er input so that the transistor stayed in active mode throughout the entire wave cycle.
This addition was called a bias voltage.

There are applications, though, where a half-wave output is not problematic. In fact, some
applications may necessitate this very type of ampli¯cation. Becauseit is possible to operate an
ampli¯er in modes other than full-wave reproduction, and becausethere are speci¯c applications
requiring di®erent rangesof reproduction, it is useful to describe the degreeto which an ampli¯er
reproduces the input waveform by designating it according to class. Ampli¯er class operation is
categorizedby meansof alphabetical letters: A, B, C, and AB.

ClassA operation is where the entire input waveform is faithfully reproduced. Although I didn't
intro duce this conceptback in the common-emitter section, this is what we werehoping to attain in
our simulations. ClassA operation can only be obtained when the transistor spendsits entire time
in the active mode, never reaching either cuto® or saturation. To achieve this, su±cient DC bias
voltage is usually set at the level necessaryto drive the transistor exactly halfway between cuto®
and saturation. This way, the AC input signal will be perfectly "centered" between the ampli¯er's
high and low signal limit levels.
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V input

Vbias

Amplifier

Class A operation

ClassB operation is what we had the ¯rst time an AC signal wasapplied to the common-emitter
ampli¯er with no DC bias voltage. The transistor spent half its time in active mode and the other
half in cuto® with the input voltage too low (or even of the wrong polarit y!) to forward-bias its
base-emitter junction.

V input

Amplifier

Class B operation

Little or no
DC bias voltage

By itself, an ampli¯er operating in classB mode is not very useful. In most circumstances,the
severe distortion intro duced into the waveshape by eliminating half of it would be unacceptable.
However, classB operation is a useful mode of biasing if two ampli¯ers are operated as a push-pull
pair, each ampli¯er handling only half of the waveform at a time:
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Voutput

Input components
omitted for simplicity

Power
supply

Q1

Q2

Transistor Q1 "pushes" (driv esthe output voltage in a positive direction with respect to ground),
while transistor Q2 "pulls" the output voltage (in a negative direction, toward 0 volts with respect
to ground). Individually , each of these transistors is operating in class B mode, active only for
one-half of the input waveform cycle. Together, however, they function as a team to produce an
output waveform identical in shape to the input waveform.

A decidedadvantage of the classB (push-pull) ampli¯er designover the classA designis greater
output power capability. With a classA design,the transistor dissipatesa lot of energy in the form
of heat becauseit never stops conducting current. At all points in the wave cycle it is in the active
(conducting) mode, conducting substantial current and dropping substantial voltage. This means
there is substantial power dissipatedby the transistor throughout the cycle. In a classB design,each
transistor spendshalf the time in cuto® mode, where it dissipateszero power (zero current = zero
power dissipation). This gives each transistor a time to "rest" and cool while the other transistor
carries the burden of the load. Class A ampli¯ers are simpler in design, but tend to be limited to
low-power signal applications for the simple reasonof transistor heat dissipation.

There is another classof ampli¯er operation known as class AB, which is somewherebetween
classA and classB: the transistor spendsmore than 50%but lessthan 100%of the time conducting
current.

If the input signal bias for an ampli¯er is slightly negative (opposite of the bias polarit y for
classA operation), the output waveform will be further "clipp ed" than it was with classB biasing,
resulting in an operation where the transistor spendsthe majorit y of the time in cuto® mode:
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V input

Amplifier

Class C operation

Vbias

At ¯rst, this schememay seemutterly pointless. After all, how useful could an ampli¯er be if it
clips the waveform as badly as this? If the output is useddirectly with no conditioning of any kind,
it would indeed be of questionableutilit y. However, with the application of a tank circuit (parallel
resonant inductor-capacitor combination) to the output, the occasionaloutput surge produced by
the ampli¯er can set in motion a higher-frequencyoscillation maintained by the tank circuit. This
may be likenedto a machine wherea heavy °ywheel is given an occasional"kic k" to keepit spinning:

V input

Amplifier

Class C operation

Vbias

with resonant output

Called class C operation, this scheme also enjoys high power e±ciency due to the fact that
the transistor(s) spend the vast majorit y of time in the cuto® mode, where they dissipate zero
power. The rate of output waveform decay (decreasingoscillation amplitude between"kic ks" from
the ampli¯er) is exaggeratedhere for the bene¯t of illustration. Becauseof the tuned tank circuit
on the output, this type of circuit is usableonly for amplifying signalsof de¯nite, ¯xed frequency.

Another type of ampli¯er operation, signi¯cantly di®erent from Class A, B, AB, or C, is called
Class D. It is not obtained by applying a speci¯c measureof bias voltage as are the other classesof
operation, but requiresa radical re-designof the ampli¯er circuit itself. It's a little too early in this



4.8. BIASING TECHNIQUES 131

chapter to investigate exactly how a classD ampli¯er is built, but not too early to discussits basic
principle of operation.

A classD ampli¯er reproducesthe pro¯le of the input voltage waveform by generatinga rapidly-
pulsing squarewave output. The duty cycle of this output waveform (time "on" versustotal cycle
time) varies with the instantaneousamplitude of the input signal. The following plots demonstrate
this principle:

Input

Output

Class D operation

The greater the instantaneousvoltage of the input signal, the greater the duty cycleof the output
squarewave pulse. If there can be any goal stated of the classD design, it is to avoid active-mode
transistor operation. Sincethe output transistor of a classD ampli¯er is never in the active mode,
only cuto® or saturated, there will be little heat energy dissipated by it. This results in very high
power e±ciency for the ampli¯er. Of course,the disadvantage of this strategy is the overwhelming
presenceof harmonics on the output. Fortunately, since these harmonic frequenciesare typically
much greater than the frequency of the input signal, they can be ¯ltered out by a low-pass ¯lter
with relative ease,resulting in an output more closelyresembling the original input signal waveform.
ClassD technology is typically seenwhereextremely high power levelsand relatively low frequencies
are encountered, such as in industrial inverters (devicesconverting DC into AC power to run motors
and other large devices)and high-performanceaudio ampli¯ers.

A term you will likely come acrossin your studies of electronics is something called quiescent,
which is a modi¯er designating the normal, or zero input signal, condition of a circuit. Quiescent
current, for example,is the amount of current in a circuit with zeroinput signal voltageapplied. Bias
voltage in a transistor circuit forcesthe transistor to operate at a di®erent level of collector current
with zero input signal voltage than it would without that bias voltage. Therefore, the amount of
bias in an ampli¯er circuit determines its quiescent values.

In a classA ampli¯er, the quiescent current should be exactly half of its saturation value (halfway
betweensaturation and cuto®, cuto® by de¯nition being zero). ClassB and classC ampli¯ers have
quiescent current valuesof zero, since they are supposedto be cuto® with no signal applied. Class
AB ampli¯ers have very low quiescent current values,just above cuto®. To illustrate this graphically,
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a "load line" is sometimesplotted over a transistor's characteristic curves to illustrate its range of
operation while connectedto a load resistanceof speci¯c value:

Icollector

Ecollector-to-emitter

"Load line"

Vsupply

0

Ibase = 75 mA

Ibase = 40 mA

Ibase = 20 mA

Ibase = 5 mA

A load line is a plot of collector-to-emitter voltage over a range of basecurrents. At the lower-
right corner of the load line, voltage is at maximum and current is at zero, representing a condition
of cuto®. At the upper-left corner of the line, voltage is at zero while current is at a maximum,
representing a condition of saturation. Dots marking where the load line intersects the various
transistor curvesrepresent realistic operating conditions for those basecurrents given.

Quiescent operating conditions may be shown on this type of graph in the form of a single dot
along the load line. For a classA ampli¯er, the quiescent point will be in the middle of the load
line, like this:

Icollector

Ecollector-to-emitter

Vsupply

0

Quiescent point
for class A 
operation

Ibase = 75 mA

Ibase = 40 mA

Ibase = 20 mA

Ibase = 5 mA



4.8. BIASING TECHNIQUES 133

In this illustration, the quiescent point happens to fall on the curve representing a basecurrent
of 40 ¹ A. If we were to changethe load resistancein this circuit to a greater value, it would a®ect
the slope of the load line, sincea greater load resistancewould limit the maximum collector current
at saturation, but would not change the collector-emitter voltage at cuto®. Graphically, the result
is a load line with a di®erent upper-left point and the samelower-right point:

Icollector

Ecollector-to-emitter

Vsupply

0

Ibase = 75 mA

Ibase = 40 mA

Ibase = 20 mA

Ibase = 5 mA

The non-
horizontal
portion of
the curve
represents
transistor
saturation

Note how the new load line doesn't intercept the 75 ¹ A curvealong its °at portion asbefore. This
is very important to realize becausethe non-horizontal portion of a characteristic curve represents
a condition of saturation. Having the load line intercept the 75 ¹ A curve outside of the curve's
horizontal rangemeansthat the ampli¯er will besaturated at that amount of basecurrent. Increasing
the load resistor value is what causedthe load line to intercept the 75 ¹ A curve at this new point,
and it indicates that saturation will occur at a lesservalue of basecurrent than before.

With the old, lower-value load resistor in the circuit, a base current of 75 ¹ A would yield a
proportional collector current (base current multiplied by ¯ ). In the ¯rst load line graph, a base
current of 75 ¹ A gave a collector current almost twice what was obtained at 40 ¹ A, as the ¯ ratio
would predict. Now, however, there is only a marginal increasein collector current between base
current valuesof 75 ¹ A and 40 ¹ A, becausethe transistor beginsto losesu±cient collector-emitter
voltage to continue to regulate collector current.

In order to maintain linear (no-distortion) operation, transistor ampli¯ers shouldn't be operated
at points wherethe transistor will saturate; that is, in any casewherethe load line will not potentially
fall on the horizontal portion of a collector current curve. In this case,we'd have to add a few more
curvesto the graph beforewe could tell just how far we could "push" this transistor with increased
basecurrents before it saturates.
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Icollector

Ecollector-to-emitter

Vsupply

0

Ibase = 50 mA

Ibase = 40 mA

Ibase = 75 mA

Ibase = 20 mA

Ibase = 5 mA

Ibase = 60 mA

It appears in this graph that the highest-current point on the load line falling on the straight
portion of a curve is the point on the 50¹ A curve. This newpoint shouldbeconsideredthe maximum
allowable input signal level for classA operation. Also for classA operation, the bias should be set
so that the quiescent point is halfway betweenthis new maximum point and cuto®:

Icollector

Ecollector-to-emitter

Vsupply

0

Ibase = 50 mA

Ibase = 40 mA

Ibase = 75 mA

Ibase = 20 mA

Ibase = 5 mA

Ibase = 60 mA

New quiescent point

Now that we know a little more about the consequencesof di®erent DC bias voltage levels, it
is time to investigate practical biasing techniques. So far, I'v e shown a small DC voltage source
(battery) connected in serieswith the AC input signal to bias the ampli¯er for whatever desired
classof operation. In real life, the connection of a precisely-calibrated battery to the input of an
ampli¯er is simply not practical. Even if it were possible to customize a battery to produce just
the right amount of voltage for any given bias requirement, that battery would not remain at its
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manufactured voltage inde¯nitely . Once it started to discharge and its output voltage drooped, the
ampli¯er would begin to drift in the direction of classB operation.

Take this circuit, illustrated in the common-emitter section for a SPICE simulation, for instance:

speaker

V1 15 VQ1

R1

1 kW

8 W

1

0 0

2

3 4

V input

1.5 V
2 kHz

Vbias

5

2.3 V

+ -

That 2.3 volt "V bias " battery would not be practical to include in a real ampli¯er circuit. A far
more practical method of obtaining bias voltage for this ampli¯er would be to develop the necessary
2.3 volts using a voltage divider network connectedacrossthe 15 volt battery. After all, the 15 volt
battery is already there by necessity, and voltage divider circuits are very easyto designand build.
Let's seehow this might look:

speaker

V1 15 VQ1

R1

1 kW

8 W

1

0 0

2

3 4

V input

1.5 V
2 kHz

Vbias

4

0

R2

R3

0

If we choosea pair of resistor valuesfor R2 and R3 that will produce 2.3 volts acrossR3 from a
total of 15 volts (such as 8466­ for R2 and 1533­ for R3), we should have our desiredvalue of 2.3
volts between baseand emitter for biasing with no signal input. The only problem is, this circuit
con¯guration placesthe AC input signal sourcedirectly in parallel with R3 of our voltage divider.
This is not acceptable,as the AC sourcewill tend to overpower any DC voltage dropped acrossR3.
Parallel components must have the samevoltage, so if an AC voltage sourceis directly connected
acrossone resistor of a DC voltage divider, the AC sourcewill "win" and there will be no DC bias
voltage added to the signal.

One way to make this schemework, although it may not be obvious why it will work, is to place
a coupling capacitor betweenthe AC voltage sourceand the voltage divider like this:
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speaker

V1 15 VQ1

R1

1 kW

8 W

1

0 0

2

3 4

V input

1.5 V
2 kHz

4

0

R2

R3

0

5
C

5

8.466 kW

1.533 kW

The capacitor forms a high-pass¯lter betweenthe AC sourceand the DC voltage divider, passing
almost all of the AC signal voltage on to the transistor while blocking all DC voltage from being
shorted through the AC signal source. This makes much more senseif you understand the super-
position theorem and how it works. According to superposition, any linear, bilateral circuit can be
analyzed in a piecemealfashion by only consideringone power sourceat a time, then algebraically
adding the e®ectsof all power sourcesto ¯nd the ¯nal result. If we were to separatethe capacitor
and R2¡¡ R3 voltage divider circuit from the rest of the ampli¯er, it might be easierto understand
how this superposition of AC and DC would work.

With only the AC signal sourcein e®ect,and a capacitor with an arbitrarily low impedanceat
signal frequency, almost all the AC voltage appearsacrossR3:

V input

1.5 V
2 kHz

R2

R3
1.533

kW

8.466
kW

Due to the capacitor's very low impedance at

» 1.5 V
2 kHz

signal frequency, it behaves much like a straight
piece of wire and thus can be omitted for the 
purpose of this step in superposition analysis.

With only the DC sourcein e®ect,the capacitor appearsto be an open circuit, and thus neither
it nor the shorted AC signal sourcewill have any e®ecton the operation of the R2¡¡ R3 voltage
divider:
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R2

R3
1.533

kW

8.466
kW

V1 15 V

2.3 V

The capacitor appears to be an open circuit
as far as DC analysis is concerned

Combining thesetwo separateanalyses,we get a superposition of (almost) 1.5 volts AC and 2.3
volts DC, ready to be connectedto the baseof the transistor:

V1 15 V
V input

1.5 V
2 kHz

R2

R3

C

1.533
kW

8.466
kW

Enough talk { it's about time for a SPICE simulation of the whole ampli¯er circuit. I'll use a
capacitor value of 100 ¹ F to obtain an arbitrarily low (0.796 ­) impedanceat 2000Hz:

voltage divider biasing
vinput 1 0 sin (0 1.5 2000 0 0)
c1 1 5 100u
r1 5 2 1k
r2 4 5 8466
r3 5 0 1533
q1 3 2 0 mod1
rspkr 3 4 8
v1 4 0 dc 15
.model mod1npn
.tran 0.02m 0.78m
.plot tran v(1,0) i(v1)
.end
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Notice that there is substantial distortion in the output waveform here: the sine wave is being
clipped during most of the input signal's negative half-cycle. This tells us the transistor is entering
into cuto® mode when it shouldn't (I'm assuminga goal of classA operation as before). Why is
this? This new biasing technique should give us exactly the sameamount of DC bias voltage as
before, right?

With the capacitor and R2¡¡ R3 resistor network unloaded, it will provide exactly 2.3 volts
worth of DC bias. However, oncewe connect this network to the transistor, it is no longer unloaded.
Current drawn through the baseof the transistor will load the voltage divider, thus reducing the
DC bias voltage available for the transistor. Using the diode-regulating diode transistor model to
illustrate, the bias problem becomesevident:

speaker

V1

Q1

R1

V input

R2

R3

C

IR3

Ibias

IR3 + Ibias

IR3

A voltage divider's output dependsnot only on the sizeof its constituent resistors, but also on
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how much current is being divided away from it through a load. In this case,the base-emitter PN
junction of the transistor is a load that decreasesthe DC voltage dropped acrossR3, due to the fact
that the bias current joins with R3 's current to go through R2, upsetting the divider ratio formerly
set by the resistancevalues of R2 and R3. In order to obtain a DC bias voltage of 2.3 volts, the
values of R2 and/or R3 must be adjusted to compensatefor the e®ectof basecurrent loading. In
this case,we want to increase the DC voltage dropped acrossR3, so we can lower the value of R2,
raise the value of R3, or both.

voltage divider biasing
vinput 1 0 sin (0 1.5 2000 0 0)
c1 1 5 100u
r1 5 2 1k
r2 4 5 6k <--- R2 decreased to 6 k ohms
r3 5 0 4k <--- R3 increased to 4 k ohms
q1 3 2 0 mod1
rspkr 3 4 8
v1 4 0 dc 15
.model mod1npn
.tran 0.02m 0.78m
.plot tran v(1,0) i(v1)
.end
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As you can see,the new resistor values of 6 k­ and 4 k­ (R2 and R3, respectively) results in
classA waveform reproduction, just the way we wanted.

² REVIEW:

² Class A operation is where an ampli¯er is biased so as to be in the active mode throughout
the entire waveform cycle, thus faithfully reproducing the whole waveform.

² Class B operation is where an ampli¯er is biasedso that only half of the input waveform gets
reproduced: either the positive half or the negative half. The transistor spends half its time
in the active mode and half its time cuto®. Complementary pairs of transistors running in
classB operation are often used to deliver high power ampli¯cation in audio signal systems,
each transistor of the pair handling a separatehalf of the waveform cycle. ClassB operation
delivers better power e±ciency than a classA ampli¯er of similar output power.

² ClassAB operation is where an ampli¯er is biasedat a point somewherebetweenclassA and
classB.

² Class C operation is where an ampli¯er's bias forcesit to amplify only a small portion of the
waveform. A majorit y of the transistor's time is spent in cuto® mode. In order for there to
be a complete waveform at the output, a resonant tank circuit is often used as a "°ywheel"
to maintain oscillations for a few cycles after each "kic k" from the ampli¯er. Becausethe
transistor is not conducting most of the time, power e±ciencies are very high for a class C
ampli¯er.

² ClassD operation requiresan advancedcircuit design,and functions on the principle of repre-
senting instantaneousinput signal amplitude by the duty cycleof a high-frequencysquarewave.
The output transistor(s) never operate in active mode, only cuto®and saturation. Thus, there
is very little heat energydissipated and energye±ciency is high.

² DC bias voltage on the input signal, necessaryfor certain classesof operation (especially class
A and classC), may be obtained through the useof a voltage divider and coupling capacitor
rather than a battery connectedin serieswith the AC signal source.

4.9 Input and output coupling

To overcome the challenge of creating necessaryDC bias voltage for an ampli¯er's input signal
without resorting to the insertion of a battery in serieswith the AC signal source,we useda voltage
divider connectedacrossthe DC power source. To make this work in conjunction with an AC input
signal, we "coupled" the signal sourceto the divider through a capacitor, which acted asa high-pass
¯lter. With that ¯ltering in place, the low impedanceof the AC signal sourcecouldn't "short out"
the DC voltage dropped acrossthe bottom resistor of the voltage divider. A simple solution, but
not without any disadvantages.

Most obvious is the fact that using a high-pass ¯lter capacitor to couple the signal source to
the ampli¯er meansthat the ampli¯er can only amplify AC signals. A steady, DC voltage applied
to the input would be blocked by the coupling capacitor just as much as the voltage divider bias
voltage is blocked from the input source. Furthermore, since capacitive reactance is frequency-
dependent, lower-frequency AC signals will not be ampli¯ed as much as higher-frequency signals.



4.9. INPUT AND OUTPUT COUPLING 141

Non-sinusoidal signalswill tend to be distorted, as the capacitor responds di®erently to each of the
signal's constituent harmonics. An extreme example of this would be a low-frequency square-wave
signal:

V1

V input

R2

R3

C

Incidentally , this same problem occurs when oscilloscope inputs are set to the "A C coupling"
mode. In this mode, a coupling capacitor is inserted in serieswith the measuredvoltage signal to
eliminate any vertical o®setof the displayed waveform due to DC voltage combined with the signal.
This works ¯ne when the AC component of the measuredsignal is of a fairly high frequency, and the
capacitor o®erslittle impedanceto the signal. However, if the signal is of a low frequency, and/or
contains considerablelevels of harmonics over a wide frequency range, the oscilloscope's display of
the waveform will not be accurate.

trigger

timebase

s/div
DC GND AC

X

GNDDC
V/div

vertical

OSCILLOSCOPE

Y

AC

Hz

FUNCTION GENERATOR

1 10 100 1k 10k 100k 1M

outputDCfinecoarse

40.00

With DC coupling, the oscilloscope properly indicates the shape
of the square wave coming from the signal generator.
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trigger

timebase

s/div
DC GND AC

X

GNDDC
V/div

vertical

OSCILLOSCOPE

Y

AC

Hz

FUNCTION GENERATOR

1 10 100 1k 10k 100k 1M

outputDCfinecoarse

40.00

With AC coupling, the high-pass filtering of the coupling capacitor
distorts the square wave's shape so that what is seen is not
an accurate representation of the real voltage signal.

In applications wherethe limitations of capacitive coupling would be intolerable, another solution
may be used: direct coupling. Direct coupling avoids the use of capacitors or any other frequency-
dependent coupling component in favor of resistors. A direct-coupled ampli¯er circuit might look
something like this:

speaker

V1Q1
1

0 0

2

3 4

V input

4

0

R2

R3

0

Rinput

With no capacitor to ¯lter the input signal, this form of coupling exhibits no frequency depen-
dence. DC and AC signalsalike will be ampli¯ed by the transistor with the samegain (the transistor
itself may tend to amplify somefrequenciesbetter than others, but that is another subject entirely!).

If direct coupling works for DC as well as for AC signals, then why use capacitive coupling for
any application? One reasonmight be to avoid any unwanted DC bias voltage naturally present
in the signal to be ampli¯ed. Some AC signals may be superimposed on an uncontrolled DC
voltage right from the source,and an uncontrolled DC voltage would make reliable transistor biasing
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impossible. The high-pass¯ltering o®eredby a coupling capacitor would work well here to avoid
biasing problems.

Another reasonto use capacitive coupling rather than direct is its relative lack of signal atten-
uation. Direct coupling through a resistor has the disadvantage of diminishing, or attenuating, the
input signal so that only a fraction of it reaches the baseof the transistor. In many applications,
someattenuation is necessaryanyway to prevent normal signal levels from "overdriving" the transis-
tor into cuto®and saturation, soany attenuation inherent to the coupling network is useful anyway.
However, someapplications require that there be no signal loss from the input connection to the
transistor's basefor maximum voltage gain, and a direct coupling schemewith a voltage divider for
bias simply won't su±ce.

So far, we've discusseda couple of methods for coupling an input signal to an ampli¯er, but
haven't addressedthe issueof coupling an ampli¯er's output to a load. The examplecircuit usedto
illustrate input coupling will serve well to illustrate the issuesinvolved with output coupling.

In our examplecircuit, the load is a speaker. Most speakers are electromagnetic in design: that
is, they use the force generated by an lightweight electromagnet coil suspended within a strong
permanent-magnet ¯eld to move a thin paper or plastic cone,producing vibrations in the air which
our ears interpret as sound. An applied voltage of one polarit y moves the cone outward, while a
voltage of the opposite polarit y will move the coneinward. To exploit cone'sfull freedomof motion,
the speaker must receive true (unbiased) AC voltage. DC bias applied to the speaker coil tends to
o®setthe conefrom its natural center position, and this tends to limit the amount of back-and-forth
motion it can sustain from the applied AC voltage without overtraveling. However, our example
circuit applies a varying voltage of only one polarit y across the speaker, becausethe speaker is
connected in serieswith the transistor which can only conduct current one way. This situation
would be unacceptablein the caseof any high-power audio ampli¯er.

Somehow we needto isolate the speaker from the DC bias of the collector current so that it only
receivesAC voltage. One way to achieve this goal is to couple the transistor collector circuit to the
speaker through a transformer:
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speaker

V1Q1

V input

R
R

R

Voltage induced in the secondary(speaker-side) of the transformer will be strictly due to varia-
tions in collector current, becausethe mutual inductance of a transformer only works on changesin
winding current. In other words, only the AC portion of the collector current signal will be coupled
to the secondaryside for powering the speaker. The speaker will "see" true alternating current at
its terminals, without any DC bias.

Transformeroutput coupling works, and hasthe addedbene¯t of beingable to provide impedance
matching betweenthe transistor circuit and the speaker coil with custom winding ratios. However,
transformers tend to be large and heavy, especially for high-power applications. Also, it is di±cult
to engineera transformer to handle signalsover a wide range of frequencies,which is almost always
required for audio applications. To make matters worse, DC current through the primary winding
adds to the magnetization of the core in one polarit y only, which tends to make the transformer
core saturate more easily in one AC polarit y cycle than the other. This problem is reminiscent of
having the speaker directly connectedin serieswith the transistor: a DC bias current tends to limit
how much output signal amplitude the system can handle without distortion. Generally, though, a
transformer can be designedto handle a lot more DC bias current than a speaker without running
into trouble, so transformer coupling is still a viable solution in most cases.

Another method to isolate the speaker from DC bias in the output signal is to alter the circuit
a bit and usea coupling capacitor in a manner similar to coupling the input signal to the ampli¯er:
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speaker

V1Q1

V input

CR

R

R

R

This circuit resembles the more conventional form of common-emitter ampli¯er, with the tran-
sistor collector connectedto the battery through a resistor. The capacitor acts as a high-pass¯lter,
passing most of the AC voltage to the speaker while blocking all DC voltage. Again, the value
of this coupling capacitor is chosenso that its impedanceat the expected signal frequency will be
arbitrarily low.

The blocking of DC voltage from an ampli¯er's output, be it via a transformer or a capacitor,
is useful not only in coupling an ampli¯er to a load, but also in coupling one ampli¯er to another
ampli¯er. "Staged" ampli¯ers are often used to achieve higher power gains than what would be
possibleusing a single transistor:

V input
Voutput

First stage Second stage Third stage

Three-stage common-emitter amplifier

While it is possibleto directly couple each stageto the next (via a resistor rather than a capac-
itor), this makes the whole ampli¯er very sensitive to variations in the DC bias voltage of the ¯rst
stage,sincethat DC voltage will be ampli¯ed along with the AC signal until the last stage. In other
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words, the biasing of the ¯rst stagewill a®ectthe biasing of the secondstage,and so on. However,
if the stagesare capacitively coupled as shown in the above illustration, the biasing of one stage
has no e®ecton the biasing of the next, becauseDC voltage is blocked from passingon to the next
stage.

Transformer coupling between ampli¯er stagesis also a possibility, but less often seendue to
someof the problems inherent to transformers mentioned previously. One notable exception to this
rule is in the caseof radio-frequencyampli¯ers wherecoupling transformers are typically small, have
air cores(making them immune to saturation e®ects),and can be made part of a resonant circuit
so as to block unwanted harmonic frequenciesfrom passing on to subsequent stages. The use of
resonant circuits assumesthat the signal frequencyremains constant, of course,but this is typically
the casein radio circuitry . Also, the "°ywheel" e®ectof LC tank circuits allows for classC operation
for high e±ciency:

V input
Voutput

First stage Second stage Third stage

Three-stage tuned (RF) amplifier

Having said all this, it must be mentioned that it is possibleto usedirect coupling within a multi-
stagetransistor ampli¯er circuit. In caseswhere the ampli¯er is expected to handle DC signals,this
is the only alternativ e.

² REVIEW:

² Capacitive coupling acts like a high-pass¯lter on the input of an ampli¯er. This tends to make
the ampli¯er's voltage gain decreaseat lower signal frequencies.Capacitive-coupledampli¯ers
are all but unresponsive to DC input signals.

² Direct coupling with a series resistor instead of a series capacitor avoids the problem of
frequency-dependent gain, but has the disadvantage of reducing ampli¯er gain for all signal
frequenciesby attenuating the input signal.

² Transformers and capacitors may be used to couple the output of an ampli¯er to a load, to
eliminate DC voltage from getting to the load.

² Multi-stage ampli¯ers often make useof capacitive coupling betweenstagesto eliminate prob-
lems with the bias from one stagea®ectingthe bias of another.
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4.10 Feedback

If somepercentage of an ampli¯er's output signal is connectedto the input, so that the ampli¯er
ampli¯es part of its own output signal, we have what is known as feedback. Feedback comesin
two varieties: positive (also called regenerative), and negative (also called degenerative). Positive
feedback reinforces the direction of an ampli¯er's output voltage change, while negative feedback
does just the opposite.

A familiar exampleof feedback happensin public-address("PA") systemswhere someoneholds
the microphone too closeto a speaker: a high-pitched "whine" or "howl" ensues,becausethe audio
ampli¯er systemis detecting and amplifying its own noise. Speci¯cally, this is an exampleof positive
or regenerative feedback, as any sound detected by the microphone is ampli¯ed and turned into a
louder sound by the speaker, which is then detected by the microphone again, and so on . . . the
result being a noiseof steadily increasingvolume until the systembecomes"saturated" and cannot
produce any more volume.

Onemight wonderwhat possiblebene¯t feedback is to an ampli¯er circuit, givensuch an annoying
example as PA system "howl." If we intro duce positive, or regenerative, feedback into an ampli¯er
circuit, it hasthe tendencyof creating and sustaining oscillations, the frequencyof which determined
by the values of components handling the feedback signal from output to input. This is one way
to make an oscillator circuit to produce AC from a DC power supply. Oscillators are very useful
circuits, and so feedback has a de¯nite, practical application for us.

Negative feedback, on the other hand, has a "dampening" e®ecton an ampli¯er: if the output
signal happens to increasein magnitude, the feedback signal intro ducesa decreasingin°uence into
the input of the ampli¯er, thus opposing the change in output signal. While positive feedback
drivesan ampli¯er circuit toward a point of instabilit y (oscillations), negative feedback drivesit the
opposite direction: toward a point of stabilit y.

An ampli¯er circuit equipped with someamount of negative feedback is not only more stable,
but it tends to distort the input waveform to a lesserdegreeand is generally capableof amplifying a
wider rangeof frequencies.The tradeo®for theseadvantages(there just has to be a disadvantage to
negative feedback, right?) is decreasedgain. If a portion of an ampli¯er's output signal is "fed back"
to the input in such a way as to opposeany changesin the output, it will require a greater input
signal amplitude to drive the ampli¯er's output to the sameamplitude as before. This constitutes
a decreasedgain. However, the advantagesof stabilit y, lower distortion, and greater bandwidth are
worth the tradeo®in reducedgain for many applications.

Let's examine a simple ampli¯er circuit and seehow we might intro duce negative feedback into
it:
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Rload

V input

R1

R2

R3

Voutput

The ampli¯er con¯guration shown hereis a common-emitter, with a resistor bias network formed
by R1 and R2. The capacitor couplesV input to the ampli¯er so that the signal sourcedoesn't have
a DC voltage imposed on it by the R1/R 2 divider network. Resistor R3 serves the purpose of
controlling voltage gain. We could omit if for maximum voltage gain, but since baseresistors like
this are common in common-emitter ampli¯er circuits, we'll keepit in this schematic.

Like all common-emitter ampli¯ers, this one inverts the input signal as it is ampli¯ed. In other
words, a positive-going input voltage causesthe output voltage to decrease,or go in the direction
of negative, and vice versa. If we were to examine the waveforms with oscilloscopes, it would look
something like this:

Rload

V input

R1

R2

R3

Becausethe output is an inverted, or mirror-image, reproduction of the input signal, any con-
nection betweenthe output (collector) wire and the input (base) wire of the transistor will result in
negative feedback:



4.10. FEEDBA CK 149

Rload

V input

R1

R2

R3

Rfeedback

The resistancesof R1, R2, R3, and Rf eedback function together as a signal-mixing network so
that the voltage seenat the baseof the transistor (in referenceto ground) is a weighted averageof
the input voltage and the feedback voltage, resulting in signal of reducedamplitude going into the
transistor. As a result, the ampli¯er circuit will have reducedvoltage gain, but improved linearit y
(reduced distortion) and increasedbandwidth.

A resistor connectingcollector to baseis not the only way to intro ducenegative feedback into this
ampli¯er circuit, though. Another method, although more di±cult to understand at ¯rst, involves
the placement of a resistor betweenthe transistor's emitter terminal and circuit ground, like this:

Rload

V input

R1

R2

R3

Rfeedback

A different method of introducing
negative feedback into the circuit

This new feedback resistor drops voltage proportional to the emitter current through the transis-
tor, and it doessoin such a way asto opposethe input signal's in°uence on the base-emitterjunction
of the transistor. Let's take a closer look at the emitter-base junction and seewhat di®erencethis
new resistor makes:
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V input

+

-

Ibase

Iemitter

Icollector

+
-

VB-E

With no feedback resistor connecting the emitter to ground, whatever level of input signal
(V input ) makes it through the coupling capacitor and R1/R 2/R 3 resistor network will be impressed
directly acrossthe base-emitter junction as the transistor's input voltage (V B ¡ E ). In other words,
with no feedback resistor, VB ¡ E equals V input . Therefore, if V input increasesby 100 mV, then
VB ¡ E likewiseincreasesby 100 mV: a changein one is the sameas a changein the other, sincethe
two voltagesare equal to each other.

Now let's consider the e®ectsof inserting a resistor (R f eedback ) betweenthe transistor's emitter
lead and ground:

V input

+

-

Ibase

Iemitter

Icollector

+
-

VB-E

Rfeedback

+

-
Vfeedback

Note how the voltage dropped acrossRf eedback addswith VB ¡ E to equal V input . With Rf eedback

in the V input ¡¡ VB ¡ E loop, VB ¡ E will no longer be equal to V input . We know that Rf eedback

will drop a voltage proportional to emitter current, which is in turn controlled by the basecurrent,
which is in turn controlled by the voltage dropped acrossthe base-emitter junction of the transistor
(V B ¡ E ). Thus, if V input were to increasein a positive direction, it would increaseVB ¡ E , causing
more basecurrent, causingmore collector (load) current, causingmore emitter current, and causing
more feedback voltage to be dropped acrossRf eedback . This increaseof voltage drop across the
feedback resistor, though, subtracts from V input to reduce the VB ¡ E , so that the actual voltage
increasefor VB ¡ E will be lessthan the voltage increaseof V input . No longer will a 100mV increase
in V input result in a full 100 mV increasefor VB ¡ E , becausethe two voltagesare not equal to each
other.

Consequently , the input voltage has lesscontrol over the transistor than before,and the voltage
gain for the ampli¯er is reduced: just what we expected from negative feedback.

In practical common-emitter circuits, negative feedback isn't just a luxury; it's a necessity for
stable operation. In a perfect world, we could build and operate a common-emitter transistor
ampli¯er with no negative feedback, and have the full amplitude of V input impressedacross the
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transistor's base-emitter junction. This would give us a large voltage gain. Unfortunately, though,
the relationship between base-emitter voltage and base-emitter current changeswith temperature,
as predicted by the "dio de equation." As the transistor heats up, there will be less of a forward
voltage drop acrossthe base-emitter junction for any given current. This causesa problem for us, as
the R1/R 2 voltage divider network is designedto provide the correct quiescent current through the
baseof the transistor sothat it will operate in whatever classof operation we desire(in this example,
I'v e shown the ampli¯er working in class-A mode). If the transistor's voltage/current relationship
changeswith temperature, the amount of DC bias voltage necessaryfor the desiredclassof operation
will change. In this case,a hot transistor will draw more bias current for the sameamount of bias
voltage, making it heat up even more, drawing even more bias current. The result, if unchecked, is
called thermal runaway.

Common-collector ampli¯ers, however, do not su®erfrom thermal runaway. Why is this? The
answer has everything to do with negative feedback:

Rload
V input

R1

R2

R3

A common-collector amplifier

Note that the common-collector ampli¯er has its load resistor placed in exactly the samespot
as we had the Rf eedback resistor in the last circuit: between emitter and ground. This meansthat
the only voltage impressedacrossthe transistor's base-emitter junction is the di®erence between
V input and Voutput , resulting in a very low voltage gain (usually closeto 1 for a common-collector
ampli¯er). Thermal runaway is impossible for this ampli¯er: if basecurrent happens to increase
due to transistor heating, emitter current will likewise increase,dropping more voltage acrossthe
load, which in turn subtracts from V input to reduce the amount of voltage dropped between base
and emitter. In other words, the negative feedback a®ordedby placement of the load resistor makes
the problem of thermal runaway self-correcting. In exchangefor a greatly reducedvoltage gain, we
get superb stabilit y and immunit y from thermal runaway.

By adding a "feedback" resistor between emitter and ground in a common-emitter ampli¯er,
we make the ampli¯er behave a little less like an "ideal" common-emitter and a little more like a
common-collector. The feedback resistor value is typically quite a bit lessthan the load, minimizing
the amount of negative feedback and keepingthe voltage gain fairly high.

Another bene¯t of negative feedback, seenclearly in the common-collectorcircuit, is that it tends
to make the voltage gain of the ampli¯er less dependent on the characteristics of the transistor.
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Note that in a common-collectorampli¯er, voltage gain is nearly equal to unit y (1), regardlessof the
transistor's ¯ . This means,among other things, that we could replacethe transistor in a common-
collector ampli¯er with one having a di®erent ¯ and not seeany signi¯cant changesin voltage gain.
In a common-emitter circuit, the voltage gain is highly dependent on ¯ . If we were to replace the
transistor in a common-emitter circuit with another of di®ering ¯ , the voltage gain for the ampli¯er
would change signi¯cantly . In a common-emitter ampli¯er equipped with negative feedback, the
voltage gain will still be dependent upon transistor ¯ to somedegree,but not as much as before,
making the circuit more predictable despite variations in transistor ¯ .

The fact that we have to intro duce negative feedback into a common-emitter ampli¯er to avoid
thermal runaway is an unsatisfying solution. It would be nice, after all, to avoid thermal runaway
without having to suppress the ampli¯er's inherently high voltage gain. A best-of-both-worlds
solution to this dilemma is available to us if we closely examine the nature of the problem: the
voltage gain that we have to minimize in order to avoid thermal runaway is the DC voltage gain,
not the AC voltage gain. After all, it isn't the AC input signal that fuels thermal runaway: it's the
DC bias voltage required for a certain classof operation: that quiescent DC signal that we use to
"tric k" the transistor (fundamentally a DC device) into amplifying an AC signal. We can suppress
DC voltage gain in a common-emitter ampli¯er circuit without suppressingAC voltage gain if we
¯gure out a way to make the negative feedback function with DC only. That is, if we only feedback
an inverted DC signal from output to input, but not an inverted AC signal.

The Rf eedback emitter resistor provides negative feedback by dropping a voltage proportional to
load current. In other words, negative feedback is accomplishedby inserting an impedanceinto the
emitter current path. If we want to feed back DC but not AC, we needan impedancethat is high
for DC but low for AC. What kind of circuit presents a high impedanceto DC but a low impedance
to AC? A high-pass¯lter, of course!

By connecting a capacitor in parallel with the feedback resistor, we create the very situation we
need: a path from emitter to ground that is easierfor AC than it is for DC:

Rload

V input

R1

R2

R3

Rfeedback Cbypass

High AC voltage gain re-established
by adding Cbypass in parallel with Rfeedback

The new capacitor "bypasses"AC from the transistor's emitter to ground, sothat no appreciable
AC voltage will be dropped from emitter to ground to "feed back" to the input and suppressvoltage
gain. Direct current, on the other hand, cannot go through the bypasscapacitor, and somust travel
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through the feedback resistor, dropping a DC voltage betweenemitter and ground which lowers the
DC voltage gain and stabilizesthe ampli¯er's DC response,preventing thermal runaway. Becausewe
want the reactanceof this capacitor (X C ) to be as low aspossible,Cbypass should be sizedrelatively
large. Becausethe polarit y across this capacitor will never change, it is safe to use a polarized
(electrolytic) capacitor for the task.

Another approach to the problem of negative feedback reducing voltage gain is to use multi-
stageampli¯ers rather than single-transistor ampli¯ers. If the attenuated gain of a single transistor
is insu±cient for the task at hand, we can usemore than onetransistor to make up for the reduction
causedby feedback. Here is an examplecircuit showing negative feedback in a three-stagecommon-
emitter ampli¯er:

V input
Voutput

Rin

Rfeedback

Note how there is but one"path" for feedback, from the ¯nal output to the input through a single
resistor, Rf eedback . Since each stage is a common-emitter ampli¯er { and thus inverting in nature
{ and there are an odd number of stagesfrom input to output, the output signal will be inverted
with respect to the input signal, and the feedback will be negative (degenerative). Relatively large
amounts of feedback may be usedwithout sacri¯cing voltage gain, becausethe three ampli¯er stages
provide so much gain to begin with.

At ¯rst, this designphilosophy may seeminelegant and perhapseven counter-productive. Isn't
this a rather crude way to overcomethe loss in gain incurred through the useof negative feedback,
to simply recover gain by adding stage after stage? What is the point of creating a huge voltage
gain using three transistor stagesif we're just going to attenuate all that gain anyway with negative
feedback? The point, though perhapsnot apparent at ¯rst, is increasedpredictabilit y and stabilit y
from the circuit as a whole. If the three transistor stagesare designedto provide an arbitrarily high
voltage gain (in the tens of thousands,or greater) with no feedback, it will be found that the addition
of negative feedback causesthe overall voltage gain to becomelessdependent of the individual stage
gains,and approximately equal to the simple ratio Rf eedback /R in . The more voltage gain the circuit
has (without feedback), the more closely the voltage gain will approximate Rf eedback /R in once
feedback is established. In other words, voltage gain in this circuit is ¯xed by the values of two
resistors,and nothing more.

This advantage has profound impact on mass-production of electronic circuitry: if ampli¯ers
of predictable gain may be constructed using transistors of widely varied ¯ values, it makes the
selection and replacement of components very easyand inexpensive. It also meansthe ampli¯er's
gain varies little with changesin temperature. This principle of stable gain control through a high-
gain ampli¯er "tamed" by negative feedback is elevated almost to an art form in electronic circuits
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called operational ampli¯ers , or op-amps. You may read much more about thesecircuits in a later
chapter of this book!

² REVIEW:

² Feedback is the coupling of an ampli¯er's output to its input.

² Positive, or regenerative feedback has the tendency of making an ampli¯er circuit unstable, so
that it producesoscillations (AC). The frequencyof theseoscillations is largely determined by
the components in the feedback network.

² Negative, or degenerative feedback hasthe tendencyof making an ampli¯er circuit more stable,
sothat its output changeslessfor a given input signal than without feedback. This reducesthe
gain of the ampli¯er, but has the advantage of decreasingdistortion and increasingbandwidth
(the range of frequenciesthe ampli¯er can handle).

² Negative feedback may be intro duced into a common-emitter circuit by coupling collector to
base,or by inserting a resistor betweenemitter and ground.

² An emitter-to-ground "feedback" resistor is usually found in common-emitter circuits as a
preventativ e measureagainst thermal runaway.

² Negative feedback alsohas the advantage of making ampli¯er voltage gain more dependent on
resistor valuesand lessdependent on the transistor's characteristics.

² Common-collectorampli¯ers have a lot of negative feedback, due to the placement of the load
resistor betweenemitter and ground. This feedback accounts for the extremely stable voltage
gain of the ampli¯er, as well as its immunit y against thermal runaway.

² Voltage gain for a common-emitter circuit may be re-establishedwithout sacri¯cing immunit y
to thermal runaway, by connecting a bypass capacitor in parallel with the emitter "feedback
resistor."

² If the voltage gain of an ampli¯er is arbitrarily high (tens of thousands, or greater), and
negative feedback is usedto reducethe gain to reasonablelevels, it will be found that the gain
will approximately equal Rf eedback /R in . Changesin transistor ¯ or other internal component
valueswill have comparatively little e®ecton voltage gain with feedback in operation, resulting
in an ampli¯er that is stable and easyto design.

4.11 Ampli¯er imp edances

*** PENDING ***

² REVIEW:

²

²

²



4.12. CURRENT MIRR ORS 155

4.12 Curren t mirrors

An interesting and often-usedcircuit applying the bipolar junction transistor is the so-calledcurrent
mirr or, which servesas a simple current regulator, supplying nearly constant current to a load over
a wide range of load resistances.

We know that in a transistor operating in its active mode, collector current is equal to base
current multiplied by the ratio ¯ . We alsoknow that the ratio betweencollector current and emitter
current is called ®. Becausecollector current is equal to basecurrent multiplied by ¯ , and emitter
current is the sum of the baseand collector currents, ® should be mathematically derivable from ¯ .
If you do the algebra, you'll ¯nd that ® = ¯ /( ¯ +1) for any transistor.

We've seenalready how maintaining a constant basecurrent through an active transistor results
in the regulation of collector current, according to the ¯ ratio. Well, the ® ratio works similarly: if
emitter current is held constant, collector current will remain at a stable, regulated value so long
as the transistor has enough collector-to-emitter voltage drop to maintain it in its active mode.
Therefore, if we have a way of holding emitter current constant through a transistor, the transistor
will work to regulate collector current at a constant value.

Remember that the base-emitter junction of a BJT is nothing more than a PN junction, just like
a diode, and that the "dio de equation" speci¯es how much current will go through a PN junction
given forward voltage drop and junction temperature:

ID = IS (e
qVD/NkT - 1)

Where,

ID = Diode current in amps

IS = Saturation current in amps

e = Euler's constant (~ 2.718281828)
q = charge of electron (1.6 x 10-19 coulombs)

VD = Voltage applied across diode in volts

N = "Nonideality" or "emission" coefficient

(typically 1 x 10-12 amps)

(typically between 1 and 2)

T = Junction temperature in degrees Kelvin

k = Boltzmann's constant (1.38 x 10-23)

If both junction voltage and temperature are held constant, then the PN junction current will
likewisebe constant. Following this rationale, if we were to hold the base-emitter voltage of a tran-
sistor constant, then its emitter current should likewisebe constant, given a constant temperature:



156 CHAPTER 4. BIPOLAR JUNCTION TRANSISTORS

Rload

Vbase
(constant)

(constant)

b (constant)

Icollector
(constant)

Ibase

Iemitter
(constant)

a (constant)

This constant emitter current, multiplied by a constant ® ratio, givesa constant collector current
through Rl oad , provided that there is enoughbattery voltage to keepthe transistor in its active mode
for any changein Rl oad 's resistance.

Maintaining a constant voltage across the transistor's base-emitter junction is easy: use a
forward-biased diode to establish a constant voltage of approximately 0.7 volts, and connect it
in parallel with the base-emitter junction:

Rload

(constant)

Ibase
(constant)

b (constant)

Icollector
(constant)

0.7 V Idiode
(constant)

Iemitter
(constant)

a (constant)

Rbias

Now, here's where it gets interesting. The voltage dropped acrossthe diode probably won't be
0.7 volts exactly. The exact amount of forward voltage dropped acrossit depends on the current
through the diode, and the diode's temperature, all in accordancewith the diode equation. If
diode current is increased(say, by reducing the resistanceof Rbias ), its voltage drop will increase
slightly , increasingthe voltage drop acrossthe transistor's base-emitter junction, which will increase
the emitter current by the sameproportion, assumingthe diode's PN junction and the transistor's
base-emitter junction are well-matched to each other. In other words, transistor emitter current
will closely equal diode current at any given time. If you changethe diode current by changing the
resistancevalue of Rbias , then the transistor's emitter current will follow suit, becausethe emitter
current is described by the sameequation asthe diode's, and both PN junctions experiencethe same
voltage drop.

Remember, the transistor's collector current is almost equal to its emitter current, as the ® ratio
of a typical transistor is almost unit y (1). If we have control over the transistor's emitter current
by setting diode current with a simple resistor adjustment, then we likewisehave control over the
transistor's collector current. In other words, collector current mimics, or mirr ors, diode current.

Current through resistor Rl oad is therefore a function of current set by the bias resistor, the two
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being nearly equal. This is the function of the current mirror circuit: to regulate current through the
load resistor by conveniently adjusting the value of Rbias . It is very easyto create a set amount of
diode current, ascurrent through the diode is described by a simple equation: power supply voltage
minus diode voltage (almost a constant value), divided by the resistanceof Rbias .

To better match the characteristics of the two PN junctions (the diode junction and the transistor
base-emitter junction), a transistor may be usedin place of a regular diode, like this:

RloadRbias

A current mirror circuit
using two transistors

Becausetemperature is a factor in the "dio de equation," and we want the two PN junctions to
behave identically under all operating conditions, we should maintain the two transistors at exactly
the sametemperature. This is easily done using discrete components by gluing the two transistor
casesback-to-back. If the transistors are manufactured together on a single chip of silicon (as a
so-calledintegrated circuit, or IC ), the designersshould locate the two transistors very closeto one
another to facilitate heat transfer betweenthem.

The current mirror circuit shown with two NPN transistors is sometimescalled a current-sinking
type, becausethe regulating transistor conductscurrent to the load from ground ("sinking" current),
rather than from the positive side of the battery ("sourcing" current). If we wish to have a grounded
load, and a current sourcing mirror circuit, we could usePNP transistors like this:

RloadRbias

A current-sourcing  mirror circuit

² REVIEW:
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² A current mirr or is a transistor circuit that regulates current through a load resistance,the
regulation point being set by a simple resistor adjustment.

² Transistors in a current mirror circuit must be maintained at the sametemperature for pre-
cise operation. When using discrete transistors, you may glue their casestogether to help
accomplishthis.

² Current mirror circuits may be found in two basicvarieties: the current sinking con¯guration,
where the regulating transistor connectsthe load to ground; and the current sourcing con¯g-
uration, where the regulating transistor connectsthe load to the positive terminal of the DC
power supply.

4.13 Transistor ratings and packages

*** INCOMPLETE ***
Like all electrical and electronic components, transistors are limited in the amounts of voltage

and current they can handle without sustaining damage. Since transistors are a bit more complex
than someof the other components you're usedto seeingat this point, they tend to have more kinds
of ratings. What follows is an itemized description of sometypical transistor ratings.

Power dissipation : When a transistor conducts current between collector and emitter, it also
drops voltage between those two points. At any given time, the power dissipated by a transistor
is equal to the product (multiplication) of collector current and collector-emitter voltage. Just
like resistors, transistors are rated in terms of how many watts they can safely dissipate without
sustaining damage. High temperature is the mortal enemy of all semiconductordevices,and bipolar
transistors tend to be more susceptible to thermal damage than most. Power ratings are always
given in referenceto the temperature of ambient (surrounding) air. When transistors are to be
usedin hotter-than-normal environments, their power ratings must be derated to avoid a shortened
servicelife.

Reversevoltages: As with diodes, bipolar transistors are rated for maximum allowable reverse-
bias voltage acrosstheir PN junctions. This includes voltage ratings for the base-emitter junction,
base-collectorjunction, and alsofrom collector to emitter. The rating for maximum collector-emitter
voltage can be thought of in terms of the maximum voltage it can withstand while in full-cuto® mode
(no basecurrent). This rating is of particular importance whenusing a bipolar transistor asa switch.

Collector current: A maximum value for collector current will be given by the manufacturer in
amps. Understand that this maximum ¯gure assumesa saturated state (minimum collector-emitter
voltage drop). If the transistor is not saturated, and in fact is dropping substantial voltage between
collector and emitter, the maximum power dissipation rating will probably be exceededbefore the
maximum collector current rating will. Just something to keepin mind when designinga transistor
circuit!

Saturation voltages: Ideally, a saturated transistor acts as a closedswitch contact betweencol-
lector and emitter, dropping zero voltage at full collector current. In reality this is never true.
Manufacturers will specify the maximum voltage drop of a transistor at saturation, both between
the collector and emitter, and also between base and emitter (forward voltage drop of that PN
junction). Collector-emitter voltage drop at saturation is generally expected to be 0.3 volts or less,
but this ¯gure is of coursedependent on the speci¯c type of transistor. Base-emitter forward voltage
drop is very similar to that of an equivalent diode, which should comeas no surprise.
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Beta: The ratio of collector current to basecurrent, ¯ is the fundamental parameter character-
izing the amplifying abilit y of a bipolar transistor. ¯ is usually assumedto be a constant ¯gure
in circuit calculations, but unfortunately this is far from true in practice. As such, manufacturers
provide a set of ¯ (or "h f e") ¯gures for a given transistor over a wide rangeof operating conditions,
usually in the form of maximum/minim um/t ypical ratings. It may surprise you to seejust how
widely ¯ can be expected to vary within normal operating limits. One popular small-signal tran-
sistor, the 2N3903,is advertised as having a ¯ ranging from 15 to 150 depending on the amount of
collector current. Generally, ¯ is highest for medium collector currents, decreasingfor very low and
very high collector currents.

Alpha: the ratio of collector current to emitter current, ® may be derived from ¯ , being equal to
¯ /( ¯ +1).

Bipolar transistors come in a wide variety of physical packages. Package type is primarily de-
pendent upon the power dissipation of the transistor, much like resistors: the greater the maximum
power dissipation, the larger the devicehas to be to stay cool. There are several standardized pack-
age types for three-terminal semiconductor devices,any of which may be used to housea bipolar
transistor. This is an important fact to consider: there are many other semiconductordevicesother
than bipolar transistors which have three connection points. It is impossible to positively identify
a three-terminal semiconductor device without referencing the part number printed on it, and/or
subjecting it to a set of electrical tests.

² REVIEW:

²

²

²

4.14 BJT quirks

*** PENDING ***
Nonlinearity Temperature drift Thermal runaway Junction capacitanceNoiseMismatch (problem

with paralleling transistors) ¯ cuto® frequencyAlpha cuto® frequency

² REVIEW:

²

²

²
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*** INCOMPLETE ***

5.1 In tro duction

A transistor is a linear semiconductordevice that controls current with the application of a lower-
power electrical signal. Transistors may be roughly grouped into two major divisions: bipolar and
¯eld-e®ect. In the last chapter we studied bipolar transistors, which utilize a small current to control
a large current. In this chapter, we'll intro duce the general concept of the ¯eld-e®ect transistor {
a device utilizing a small voltage to control current { and then focus on one particular type: the
junction ¯eld-e®ecttransistor. In the next chapter we'll exploreanother typeof ¯eld-e®ecttransistor,
the insulated gate variety.

All ¯eld-e®ect transistors are unipolar rather than bipolar devices. That is, the main current
through them is comprisedeither of electronsthrough an N-type semiconductoror holesthrough a
P-type semiconductor. This becomesmore evident when a physical diagram of the device is seen:

161
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schematic symbol physical diagram

P Ngate

drain

source

drain

source

gate

N-channel  JFET

In a junction ¯eld-e®ect transistor, or JFET, the controlled current passesfrom sourceto drain,
or from drain to sourceas the casemay be. The controlling voltage is applied between the gate
and source. Note how the current doesnot have to crossthrough a PN junction on its way between
sourceand drain: the path (called a channel) is an uninterrupted block of semiconductormaterial.
In the image just shown, this channel is an N-type semiconductor. P-type channel JFETs are also
manufactured:

schematic symbol physical diagram

PNgate

drain

source

drain

source

gate

P-channel  JFET

Generally, N-channel JFETs are more commonly usedthan P-channel. The reasonsfor this have
to do with obscuredetails of semiconductortheory, which I'd rather not discussin this chapter. As
with bipolar transistors, I believe the best way to intro duce ¯eld-e®ect transistor usageis to avoid
theory whenever possibleand concentrate instead on operational characteristics. The only practical
di®erencebetweenN- and P-channel JFETs you needto concernyourself with now is biasing of the
PN junction formed betweenthe gate material and the channel.

With no voltageapplied betweengate and source,the channel is a wide-open path for electronsto
°ow. However, if a voltage is applied betweengate and sourceof such polarit y that it reverse-biases
the PN junction, the °ow betweensourceand drain connectionsbecomeslimited, or regulated, just
as it was for bipolar transistors with a set amount of basecurrent. Maximum gate-sourcevoltage



5.2. THE TRANSISTOR AS A SWITCH 163

"pinches o®" all current through sourceand drain, thus forcing the JFET into cuto® mode. This
behavior is due to the depletion region of the PN junction expandingunder the in°uence of a reverse-
bias voltage, eventually occupying the entire width of the channel if the voltage is great enough.
This action may be likenedto reducing the °ow of a liquid through a °exible hoseby squeezingit:
with enoughforce, the hosewill be constricted enoughto completely block the °ow.

water
hose nozzle

Hose constricted by squeezing,
water flow reduced or stopped

water

Note how this operational behavior is exactly opposite of the bipolar junction transistor. Bipolar
transistors are normally-o® devices: no current through the base,no current through the collector
or the emitter. JFETs, on the other hand, are normally-on devices: no voltage applied to the gate
allows maximum current through the sourceand drain. Also take note that the amount of current
allowed through a JFET is determinedby a voltagesignal rather than a current signalaswith bipolar
transistors. In fact, with the gate-sourcePN junction reverse-biased,there should be nearly zero
current through the gate connection. For this reason,we classify the JFET as a voltage-controlled
device, and the bipolar transistor as a current-controlled device.

If the gate-sourcePN junction is forward-biased with a small voltage, the JFET channel will
"open" a little more to allow greater currents through. However, the PN junction of a JFET is not
built to handle any substantial current itself, and thus it is not recommendedto forward-bias the
junction under any circumstances.

This is a very condensedoverview of JFET operation. In the next section, we'll explore the use
of the JFET as a switching device.

5.2 The transistor as a switc h

Like its bipolar cousin,the ¯eld-e®ecttransistor may beusedasan on/o® switch controlling electrical
power to a load. Let's begin our investigation of the JFET asa switch with our familiar switch/lamp
circuit:

switch
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Remembering that the controlled current in a JFET °owsbetweensourceand drain, wesubstitute
the sourceand drain connectionsof a JFET for the two endsof the switch in the above circuit:

If you haven't noticed by now, the sourceand drain connectionson a JFET look identical on the
schematic symbol. Unlike the bipolar junction transistor where the emitter is clearly distinguished
from the collector by the arrowhead, a JFET's sourceand drain lines both run perpendicular into
the bar representing the semiconductor channel. This is no accident, as the sourceand drain lines
of a JFET are often interchangeablein practice! In other words, JFETs are usually able to handle
channel current in either direction, from sourceto drain or from drain to source.

Now all we need in the circuit is a way to control the JFET's conduction. With zero applied
voltage between gate and source, the JFET's channel will be "open," allowing full current to the
lamp. In order to turn the lamp o®,we will needto connect another sourceof DC voltage between
the gate and sourceconnectionsof the JFET like this:

switch

Closing this switch will "pinch o®" the JFET's channel, thus forcing it into cuto® and turning
the lamp o®:

switch

Note that there is no current going through the gate. As a reverse-biasedPN junction, it ¯rmly
opposesthe °ow of any electrons through it. As a voltage-controlled device, the JFET requires
negligible input current. This is an advantageous trait of the JFET over the bipolar transistor:
there is virtually zero power required of the controlling signal.

Opening the control switch again should disconnectthe reverse-biasingDC voltage from the gate,
thus allowing the transistor to turn back on. Ideally, anyway, this is how it works. In practice this
may not work at all:
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switch

No lamp current after the switch opens!
Why is this? Why doesn't the JFET's channel open up again and allow lamp current through

like it did beforewith no voltage applied betweengate and source?The answer lies in the operation
of the reverse-biasedgate-sourcejunction. The depletion region within that junction acts as an
insulating barrier separatinggate from source. As such, it possessesa certain amount of capacitance
capableof storing an electric charge potential. After this junction has been forcibly reverse-biased
by the application of an external voltage, it will tend to hold that reverse-biasingvoltage asa stored
charge even after the source of that voltage has been disconnected. What is neededto turn the
JFET on again is to bleed o®that stored charge betweenthe gate and sourcethrough a resistor:

switch

Resistor bleeds off stored charge in
PN junction to allow transistor to

turn on once again.
This resistor's value is not very important. The capacitanceof the JFET's gate-sourcejunction

is very small, and soeven a rather high-value bleedresistor createsa fast RC time constant, allowing
the transistor to resumeconduction with little delay oncethe switch is opened.

Like the bipolar transistor, it matters little where or what the controlling voltage comesfrom.
We could usea solar cell, thermocouple,or any other sort of voltage-generatingdeviceto supply the
voltage controlling the JFET's conduction. All that is required of a voltage sourcefor JFET switch
operation is su±cient voltage to achieve pinch-o®of the JFET channel. This level is usually in the
realm of a few volts DC, and is termed the pinch-o® or cuto® voltage. The exact pinch-o®voltage
for any given JFET is a function of its unique design, and is not a universal ¯gure like 0.7 volts is
for a silicon BJT's base-emitter junction voltage.

² REVIEW:

² Field-e®ecttransistors control the current betweensourceand drain connectionsby a voltage
applied between the gate and source. In a junction ¯eld-e®ect transistor (JFET), there is
a PN junction between the gate and source which is normally reverse-biasedfor control of
source-draincurrent.

² JFETs are normally-on (normally-saturated) devices. The application of a reverse-biasing
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voltagebetweengateand sourcecausesthe depletion regionof that junction to expand, thereby
"pinching o®" the channel between source and drain through which the controlled current
travels.

² It may be necessaryto attach a "bleed-o®" resistor betweengate and sourceto discharge the
stored charge built up acrossthe junction's natural capacitancewhen the controlling voltage
is removed. Otherwise, a charge may remain to keepthe JFET in cuto® mode even after the
voltage sourcehas beendisconnected.

5.3 Meter check of a transistor

Testing a JFET with a multimeter might seemto be a relatively easytask, seeingashow it hasonly
one PN junction to test: either measuredbetweengate and source,or betweengate and drain.

COMA

V

V A

A
OFF

COMA

V

V A

A
OFF

+

-

+

-

N-channel transistor

gate

drain

source

physical diagram

P Ngate

drain

source

Both meters show non-continuity
(high resistance) through gate-
channel junction.
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N-channel transistor

gate

drain

source

physical diagram

P Ngate

drain

source

Both meters show continuity (low
resistance) through gate-channel
junction.

Testing continuit y through the drain-sourcechannel is another matter, though. Remember from
the last section how a stored charge acrossthe capacitanceof the gate-channel PN junction could
hold the JFET in a pinched-o®state without any external voltage being applied acrossit? This
can occur even when you're holding the JFET in your hand to test it! Consequently , any meter
reading of continuit y through that channel will be unpredictable, sinceyou don't necessarilyknow
if a charge is being stored by the gate-channel junction. Of course, if you know beforehandwhich
terminals on the device are the gate, source, and drain, you may connect a jumper wire between
gate and source to eliminate any stored charge and then proceed to test source-drain continuit y
with no problem. However, if you don't know which terminals are which, the unpredictabilit y of the
source-drainconnection may confuseyour determination of terminal identit y.

A good strategy to follow when testing a JFET is to insert the pins of the transistor into anti-
static foam (the material usedto ship and store static-sensitive electronic components) just prior to
testing. The conductivit y of the foam will make a resistive connection betweenall terminals of the
transistor when it is inserted. This connection will ensurethat all residual voltage built up across
the gate-channel PN junction will be neutralized, thus "opening up" the channel for an accurate
meter test of source-to-drain continuit y.

Sincethe JFET channel is a single,uninterrupted pieceof semiconductormaterial, there is usually
no di®erencebetweenthe sourceand drain terminals. A resistancecheck from sourceto drain should
yield the samevalue as a check from drain to source. This resistanceshould be relatively low (a few
hundred ohms at most) when the gate-sourcePN junction voltage is zero. By applying a reverse-
bias voltage betweengate and source,pinch-o® of the channel should be apparent by an increased
resistancereading on the meter.
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5.4 Activ e-mo de operation

JFETs, likebipolar transistors, areableto "throttle" current in a modebetweencuto®and saturation
called the active mode. To better understand JFET operation, let's set up a SPICE simulation
similar to the one usedto explore basic bipolar transistor function:

V1Q1

Vammeter

0 V

1

0 0 0

2 3

V in

jfet simulation
vin 0 1 dc 1
j1 2 1 0 mod1
vammeter 3 2 dc 0
v1 3 0 dc
.model mod1njf
.dc v1 0 2 0.05
.plot dc i(vammeter)
.end

Note that the transistor labeled "Q 1" in the schematic is represented in the SPICE netlist as
j1 . Although all transistor types are commonly referred to as "Q" devicesin circuit schematics {
just as resistors are referred to by "R" designations,and capacitors by "C" { SPICE needsto be
told what type of transistor this is by meansof a di®erent letter designation: q for bipolar junction
transistors, and j for junction ¯eld-e®ect transistors.
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Here, the controlling signal is a steady voltage of 1 volt, applied with negative towards the
JFET gate and positive toward the JFET source,to reverse-biasthe PN junction. In the ¯rst BJT
simulation of chapter 4, a constant-current sourceof 20 ¹ A was usedfor the controlling signal, but
remember that a JFET is a voltage-controlled device,not a current-controlled devicelike the bipolar
junction transistor.

Like the BJT, the JFET tends to regulate the controlled current at a ¯xed level above a certain
power supply voltage, no matter how high that voltage may climb. Of course,this current regulation
has limits in real life { no transistor can withstand in¯nite voltage from a power source{ and with
enoughdrain-to-source voltage the transistor will "break down" and drain current will surge. But
within normal operating limits the JFET keepsthe drain current at a steady level independent of
power supply voltage. To verify this, we'll run another computer simulation, this time sweepingthe
power supply voltage (V 1) all the way to 50 volts:

jfet simulation
vin 0 1 dc 1
j1 2 1 0 mod1
vammeter 3 2 dc 0
v1 3 0 dc
.model mod1njf
.dc v1 0 50 2
.plot dc i(vammeter)
.end
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Sureenough,the drain current remains steady at a value of 100 ¹ A (1.000E-04amps) no matter
how high the power supply voltage is adjusted.

Becausethe input voltage hascontrol over the constriction of the JFET's channel, it makessense
that changing this voltage should be the only action capableof altering the current regulation point
for the JFET, just like changing the basecurrent on a BJT is the only action capable of altering
collector current regulation. Let's decreasethe input voltage from 1 volt to 0.5 volts and seewhat
happens:

jfet simulation
vin 0 1 dc 0.5
j1 2 1 0 mod1
vammeter 3 2 dc 0
v1 3 0 dc
.model mod1njf
.dc v1 0 50 2
.plot dc i(vammeter)
.end
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As expected, the drain current is greater now than it was in the previous simulation. With less
reverse-biasvoltage impressedacrossthe gate-sourcejunction, the depletion region is not aswide as
it wasbefore, thus "opening" the channel for chargecarriers and increasingthe drain current ¯gure.

Pleasenote, however, the actual value of this new current ¯gure: 225¹ A (2.250E-04amps). The
last simulation showed a drain current of 100 ¹ A, and that was with a gate-sourcevoltage of 1 volt.
Now that we've reducedthe controlling voltage by a factor of 2 (from 1 volt down to 0.5 volts), the
drain current increased,but not by the same2:1 proportion! Let's reduce our gate-sourcevoltage
oncemore by another factor of 2 (down to 0.25 volts) and seewhat happens:

jfet simulation
vin 0 1 dc 0.25
j1 2 1 0 mod1
vammeter 3 2 dc 0
v1 3 0 dc
.model mod1njf
.dc v1 0 50 2
.plot dc i(vammeter)
.end
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With the gate-sourcevoltage set to 0.25 volts, one-half what it was before, the drain current
is 306.3 ¹ A. Although this is still an increaseover the 225 ¹ A from the prior simulation, it isn't
proportional to the changeof the controlling voltage.

To obtain a better understanding of what is going on here, we should run a di®erent kind of
simulation: one that keepsthe power supply voltage constant and instead varies the controlling
(voltage) signal. When this kind of simulation was run on a BJT, the result was a straight-line
graph, showing how the input current / output current relationship of a BJT is linear. Let's see
what kind of relationship a JFET exhibits:

jfet simulation
vin 0 1 dc
j1 2 1 0 mod1
vammeter 3 2 dc 0
v1 3 0 dc 25
.model mod1njf
.dc vin 0 2 0.1
.plot dc i(vammeter)
.end
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This simulation directly revealsan important characteristic of the junction ¯eld-e®ect transistor:
the control e®ectof gate voltage over drain current is nonlinear. Notice how the drain current does
not decreaselinearly as the gate-sourcevoltage is increased. With the bipolar junction transistor,
collector current was directly proportional to basecurrent: output signal proportionately followed
input signal. Not so with the JFET! The controlling signal (gate-sourcevoltage) has lessand less
e®ectover the drain current asit approachescuto®. In this simulation, most of the controlling action
(75 percent of drain current decrease{ from 400 ¹ A to 100 ¹ A) takesplace within the ¯rst volt of
gate-sourcevoltage (from 0 to 1 volt), while the remaining 25 percent of drain current reduction
takesanother whole volt worth of input signal. Cuto® occurs at 2 volts input.

Linearit y is generally important for a transistor becauseit allows it to faithfully amplify a wave-
form without distorting it. If a transistor is nonlinear in its input/output ampli¯cation, the shape of
the input waveform will becomecorrupted in someway, leading to the production of harmonics in
the output signal. The only time linearit y is not important in a transistor circuit is when it's being
operated at the extreme limits of cuto® and saturation (o® and on, respectively, like a switch).

A JFET's characteristic curves display the samecurrent-regulating behavior as for a BJT, and
the nonlinearity betweengate-to-sourcevoltage and drain current is evident in the disproportionate
vertical spacingsbetweenthe curves:
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Idrain

Edrain-to-source

Vgate-to-source = 

Vgate-to-source = 

Vgate-to-source = 

0 V

1 V

2 V = VP (pinch-off)

Vgate-to-source = 0.5 V

|VDS| = |VP| - |VGS|
Above pinch-offBelow pinch-off

Saturation region

O
hm

ic
 r

eg
io

n

Triode region

To better comprehendthe current-regulating behavior of the JFET, it might be helpful to draw
a model made up of simpler, more common components, just as we did for the BJT:

G

S

D

N-channel JFET diode-regulating diode model

S

D

G

In the caseof the JFET, it is the voltage acrossthe reverse-biasedgate-sourcediode which sets
the current regulation point for the pair of constant-current diodes. A pair of opposing constant-
current diodes is included in the model to facilitate current in either direction betweensourceand
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drain, a trait made possibleby the unipolar nature of the channel. With no PN junctions for the
source-drain current to traverse, there is no polarit y sensitivity in the controlled current. For this
reason,JFETs are often referred to as bilateral devices.

A contrast of the JFET's characteristic curvesagainst the curvesfor a bipolar transistor reveals
a notable di®erence:the linear (straight) portion of each curve's non-horizontal area is surprisingly
long comparedto the respective portions of a BJT's characteristic curves:

Idrain

Edrain-to-source

Vgate-to-source = 

Vgate-to-source = 

Vgate-to-source = 

0 V

1 V

2 V (pinch-off)

Vgate-to-source = 0.5 V

"Ohmic regions"

Icollector

Ecollector-to-emitter

Ibase = 75 mA

Ibase = 40 mA

Ibase = 20 mA

Ibase = 5 mA

A JFET transistor operated in the triode region tends to act very much like a plain resistor as
measuredfrom drain to source. Like all simple resistances,its current/v oltage graph is a straight
line. For this reason, the trio de region (non-horizontal) portion of a JFET's characteristic curve
is sometimesreferred to as the ohmic region. In this mode of operation where there isn't enough
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drain-to-sourcevoltage to bring drain current up to the regulated point, the drain current is directly
proportional to the drain-to-source voltage. In a carefully designedcircuit, this phenomenoncan be
usedto an advantage. Operated in this region of the curve, the JFET acts like a voltage-controlled
resistance rather than a voltage-controlled current regulator, and the appropriate model for the
transistor is di®erent:

N-channel JFET diode-rheostat model
(for saturation, or "ohmic," mode only!)

G

D

S

S

D

G

Here and here alone the rheostat (variable resistor) model of a transistor is accurate. It must
be remembered, however, that this model of the transistor holds true only for a narrow range of
its operation: when it is extremely saturated (far less voltage applied between drain and source
than what is neededto achieve full regulated current through the drain). The amount of resistance
(measuredin ohms) betweendrain and sourcein this mode is controlled by how much reverse-bias
voltage is applied between gate and source. The less gate-to-sourcevoltage, the less resistance
(steeper line on graph).

BecauseJFETs arevoltage-controlled current regulators (at leastwhen they're allowed to operate
in their active), their inherent ampli¯cation factor cannot be expressedas a unitless ratio as with
BJTs. In other words, there is no ¯ ratio for a JFET. This is true for all voltage-controlled active
devices,including other typesof ¯eld-e®ect transistors and even electron tubes. There is, however,
an expression of controlled (drain) current to controlling (gate-source) voltage, and it is called
transconductance. Its unit is Siemens,the sameunit for conductance(formerly known as the mho).

Why this choice of units? Becausethe equation takes on the general form of current (output
signal) divided by voltage (input signal).
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Where,

gfs = Transconductance in Siemens

gfs =
DID

DVGS

DID = Change in drain current
DVGS = Change in gate-source voltage

Unfortunately, the transconductance value for any JFET is not a stable quantit y: it varies
signi¯cantly with the amount of gate-to-sourcecontrol voltage applied to the transistor. As we
saw in the SPICE simulations, the drain current does not change proportionally with changesin
gate-sourcevoltage. To calculate drain current for any given gate-sourcevoltage, there is another
equation that may be used. It is obviously nonlinear upon inspection (note the power of 2), re°ecting
the nonlinear behavior we've already experiencedin simulation:

ID = IDSS ( 1 - 
VGS

VGS(cutoff)

)
2

Where,

ID = Drain current

IDSS = Drain current with gate shorted to source

VGS = Gate-to-source voltage

VGS(cutoff) = Pinch-off gate-to-source voltage

² REVIEW:

² In their active modes, JFETs regulate drain current according to the amount of reverse-bias
voltage applied betweengate and source,much like a BJT regulatescollector current according
to basecurrent. The mathematical ratio between drain current (output) and gate-to-source
voltage (input) is called transconductance, and it is measuredin units of Siemens.

² The relationship betweengate-source(control) voltage and drain (controlled) current is non-
linear: as gate-sourcevoltage is decreased,drain current increasesexponentially . That is to
say, the transconductanceof a JFET is not constant over its range of operation.

² In their trio de region, JFETs regulate drain-to-source resistance according to the amount of
reverse-biasvoltage applied between gate and source. In other words, they act like voltage-
controlled resistances.
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*** INCOMPLETE ***

6.1 In tro duction

As wasstated in the last chapter, there is more than onetype of ¯eld-e®ect transistor. The junction
¯eld-e®ect transistor, or JFET, usesvoltage applied acrossa reverse-biasedPN junction to control
the width of that junction's depletion region, which then controls the conductivit y of a semiconduc-
tor channel through which the controlled current moves. Another type of ¯eld-e®ect device { the
insulated gate ¯eld-e®ect transistor, or IGFET { exploits a similar principle of a depletion region
controlling conductivit y through a semiconductor channel, but it di®ersprimarily from the JFET
in that there is no direct connection between the gate lead and the semiconductor material itself.
Rather, the gate lead is insulated from the transistor body by a thin barrier, hencethe term insulated
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gate. This insulating barrier acts like the dielectric layer of a capacitor, and allows gate-to-source
voltage to in°uence the depletion region electrostatically rather than by direct connection.

In addition to a choice of N-channel versusP-channel design,IGFETs comein two major types:
enhancement and depletion. The depletion type is more closely related to the JFET, so we will
begin our study of IGFETs with it.

6.2 Depletion-t yp e IGFETs

Insulated gate ¯eld-e®ect transistors are unipolar devicesjust like JFETs: that is, the controlled
current does not have to cross a PN junction. There is a PN junction inside the transistor, but
its only purposeis to provide that nonconducting depletion region which is usedto restrict current
through the channel.

Here is a diagram of an N-channel IGFET of the "depletion" type:

schematic symbol physical diagram

PNgate

drain

source

drain

source

gate
substrate

N-channel, D-type IGFET

insulating
barrier

substrate

Notice how the sourceand drain leadsconnect to either end of the N channel, and how the gate
lead attachesto a metal plate separatedfrom the channel by a thin insulating barrier. That barrier
is sometimesmade from silicon dioxide (the primary chemical compound found in sand), which
is a very good insulator. Due to this M etal (gate) - Oxide (barrier) - Semiconductor (channel)
construction, the IGFET is sometimesreferred to as a MOSFET. There are other typesof IGFET
construction, though, and so "IGFET" is the better descriptor for this generalclassof transistors.

Notice alsohow there are four connectionsto the IGFET. In practice, the substrate lead is directly
connectedto the source lead to make the two electrically common. Usually, this connection is made
internally to the IGFET, eliminating the separatesubstrate connection,resulting in a three-terminal
devicewith a slightly di®erent schematic symbol:
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schematic symbol physical diagram

PNgate

drain

source

drain

source

gate

N-channel, D-type IGFET

insulating
barrier

substrate

With sourceand substrate commonto each other, the N and P layersof the IGFET end up being
directly connected to each other through the outside wire. This connection prevents any voltage
from being impressedacrossthe PN junction. As a result, a depletion region exists betweenthe two
materials, but it can never be expandedor collapsed. JFET operation is basedon the expansionof
the PN junction's depletion region, but herein the IGFET that cannot happen, soIGFET operation
must be basedon a di®erent e®ect.

Indeedit is, for when a controlling voltage is applied betweengate and source,the conductivit y of
the channel is changedas a result of the depletion region moving closerto or further away from the
gate. In other words, the channel's e®ective width changesjust as with the JFET, but this change
in channel width is due to depletion region displacement rather than depletion region expansion.

In an N-channel IGFET, a controlling voltage applied positive (+) to the gate and negative (-)
to the sourcehas the e®ectof repelling the PN junction's depletion region, expanding the N-type
channel and increasingconductivit y:

PN
gate

drain

source

Rload

controlling
voltage

Channel expands for greater conductivity

Reversingthe controlling voltage'spolarit y hasthe oppositee®ect,attracting the depletion region
and narrowing the channel, consequently reducing channel conductivit y:
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P
Ngate

drain

source

Rload

controlling
voltage

Channel narrows for less conductivity

The insulated gate allows for controlling voltages of any polarit y without danger of forward-
biasing a junction, as was the concern with JFETs. This type of IGFET, although it's called a
"depletion-t ype," actually hasthe capability of having its channeleither depleted(channelnarrowed)
or enhanced(channel expanded). Input voltage polarit y determineswhich way the channel will be
in°uenced.

Understanding which polarit y has which e®ect is not as di±cult as it may seem. The key is
to consider the type of semiconductordoping used in the channel (N-channel or P-channel?), then
relate that doping type to the sideof the input voltage sourceconnectedto the channel by meansof
the sourcelead. If the IGFET is an N-channel and the input voltage is connectedsothat the positive
(+) side is on the gate while the negative (-) side is on the source,the channel will be enhancedas
extra electronsbuild up on the channel side of the dielectric barrier. Think, "negative (-) correlates
with N -type, thus enhancingthe channelwith the right type of chargecarrier (electrons) and making
it more conductive." Conversely, if the input voltage is connectedto an N-channel IGFET the other
way, sothat negative (-) connectsto the gate while positive (+) connectsto the source,freeelectrons
will be "robb ed" from the channel as the gate-channel capacitor charges,thus depleting the channel
of majorit y charge carriers and making it lessconductive.

For P-channel IGFETs, the input voltage polarit y and channel e®ectsfollow the samerule. That
is to say, it takes just the opposite polarit y as an N-channel IGFET to either deplete or enhance:
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P N
gate

drain

source

Rload

controlling
voltage

Channel expands for greater conductivity

P
N

gate

drain

source

Rload

controlling
voltage

Channel narrows for less conductivity

Illustrating the proper biasing polarities with standard IGFET symbols:
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N-channel P-channel

Enhanced
(more drain

current)

Depleted
(less drain
current)

+

-

+

- +

-

+

-

When there is zero voltage applied between gate and source, the IGFET will conduct current
between sourceand drain, but not as much current as it would if it were enhancedby the proper
gate voltage. This placesthe depletion-type, or simply D-type, IGFET in a categoryof its own in the
transistor world. Bipolar junction transistors are normally-o® devices: with no basecurrent, they
block any current from going through the collector. Junction ¯eld-e®ect transistors are normally-on
devices:with zero applied gate-to-sourcevoltage, they allow maximum drain current (actually, you
can coax a JFET into greater drain currents by applying a very small forward-bias voltage between
gate and source, but this should never be done in practice for risk of damaging its fragile PN
junction). D-type IGFETs, however, are normally half-on devices: with no gate-to-sourcevoltage,
their conduction level is somewherebetween cuto® and full saturation. Also, they will tolerate
applied gate-sourcevoltagesof any polarit y, the PN junction being immune from damagedue to the
insulating barrier and especially the direct connectionbetweensourceand substrate preventing any
voltage di®erential acrossthe junction.

Ironically, the conduction behavior of a D-type IGFET is strikingly similar to that of an electron
tube of the trio de/tetro de/pentode variety. Thesedeviceswerevoltage-controlled current regulators
that likewise allowed current through them with zero controlling voltage applied. A controlling
voltage of one polarit y (grid negative and cathode positive) would diminish conductivit y through
the tube while a voltage of the other polarit y (grid positive and cathode negative) would enhance
conductivit y. I ¯nd it curious that one of the later transistor designsinvented exhibits the same
basic properties of the very ¯rst active (electronic) device.

A few SPICE analyseswill demonstratethe current-regulating behavior of D-type IGFETs. First,
a test with zero input voltage (gate shorted to source) and the power supply swept from 0 to 50
volts. The graph shows drain current:
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Q1
V1

Vammeter

0 V

0

0

0

1 2

n-channel igfet characteristic curve
m1 1 0 0 0 mod1
vammeter 2 1 dc 0
v1 2 0
.model mod1nmos vto=-1
.dc v1 0 50 2
.plot dc i(vammeter)
.end

As expected for any transistor, the controlled current holds steady at a regulated value over a
wide range of power supply voltages. In this case,that regulated point is 10 ¹ A (1.000E-05). Now
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let's seewhat happenswhen we apply a negative voltage to the gate (with referenceto the source)
and sweepthe power supply over the samerange of 0 to 50 volts:

Q1
V1

Vammeter

0 V

0 0

1 2

3

0.5 V

n-channel igfet characteristic curve
m1 1 3 0 0 mod1
vin 0 3 dc 0.5
vammeter 2 1 dc 0
v1 2 0
.model mod1nmos vto=-1
.dc v1 0 50 2
.plot dc i(vammeter)
.end
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Not surprisingly, the drain current is now regulated at a lower value of 2.5 ¹ A (down from 10
¹ A with zero input voltage). Now let's apply an input voltage of the other polarit y, to enhance the
IGFET:

Q1
V1

Vammeter

0 V

0 0

1 2

3

0.5 V

n-channel igfet characteristic curve
m1 1 3 0 0 mod1
vin 3 0 dc 0.5
vammeter 2 1 dc 0
v1 2 0
.model mod1nmos vto=-1
.dc v1 0 50 2
.plot dc i(vammeter)
.end



190 CHAPTER 6. INSULATED-GA TE FIELD-EFFECT TRANSISTORS

With the transistor enhancedby the small controlling voltage, the drain current is now at an
increasedvalue of 22.5 ¹ A (2.250E-05). It should be apparent from these three setsof voltage and
current ¯gures that the relationship of drain current to gate-sourcevoltage is nonlinear just as it
was with the JFET. With 1/2 volt of depleting voltage, the drain current is 2.5 ¹ A; with 0 volts
input the drain current goes up to 10 ¹ A; and with 1/2 volt of enhancing voltage, the current is
at 22.5 ¹ A. To obtain a better understanding of this nonlinearity, we can use SPICE to plot the
drain current over a range of input voltage values,sweepingfrom a negative (depleting) ¯gure to a
positive (enhancing) ¯gure, maintaining the power supply voltage of V1 at a constant value:

n-channel igfet
m1 1 3 0 0 mod1
vin 3 0
vammeter 2 1 dc 0
v1 2 0 dc 24
.model mod1nmos vto=-1
.dc vin -1 1 0.1
.plot dc i(vammeter)
.end



6.2. DEPLETION-TYPE IGFETS 191

Just as it was with JFETs, this inherent nonlinearity of the IGFET has the potential to cause
distortion in an ampli¯er circuit, asthe input signalwill not be reproducedwith 100percent accuracy
at the output. Also notice that a gate-sourcevoltage of about 1 volt in the depleting direction is
able to pinch o®the channel sothat there is virtually no drain current. D-type IGFETs, like JFETs,
have a certain pinch-o®voltage rating. This rating varies with the preciseunique of the transistor,
and may not be the sameas in our simulation here.

Plotting a set of characteristic curves for the IGFET, we seea pattern not unlike that of the
JFET:
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6.10 IGFET quirks { PENDING

² REVIEW:

²

²

²

6.11 MESFETs { PENDING

² REVIEW:

²

²

²

6.12 IGBTs

Becauseof their insulated gates,IGFETs of all typeshave extremely high current gain: there can be
no sustained gate current if there is no continuous gate circuit in which electrons may continually
°ow. The only current we seethrough the gate terminal of an IGFET, then, is whatever transient
(brief surge) may be required to charge the gate-channel capacitance and displace the depletion
region as the transistor switchesfrom an "on" state to an "o®" state, or vice versa.

This high current gain would at ¯rst seemto place IGFET technology at a decided advantage
over bipolar transistors for the control of very large currents. If a bipolar junction transistor is used
to control a large collector current, there must be a substantial base current sourced or sunk by
somecontrol circuitry , in accordancewith the ¯ ratio. To give an example, in order for a power
BJT with a ¯ of 20 to conduct a collector current of 100 amps, there must be at least 5 amps of
basecurrent, a substantial amount of current in itself for miniature discrete or integrated control
circuitry to handle:

b = 20

Rload

100 A

105 A

Control
circuitry

5 A
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It would be nice from the standpoint of control circuitry to have power transistors with high
current gain, so that far lesscurrent is neededfor control of load current. Of course, we can use
Darlington pair transistors to increasethe current gain, but this kind of arrangement still requires
far more controlling current than an equivalent power IGFET:

b = 20

Rload

100 A

105 A

Control
circuitry

5 A

0.238 A

Rload

100 A

Control
circuitry

100 A

» 0 A

Unfortunately, though, IGFETs have problems of their own controlling high current: they typi-
cally exhibit greater drain-to-source voltage drop while saturated than the collector-to-emitter volt-
agedrop of a saturated BJT. This greater voltage drop equatesto higher power dissipation for the
sameamount of load current, limiting the usefulnessof IGFETs as high-power devices. Although
somespecializeddesignssuch as the so-calledVMOS transistor have beendesignedto minimize this
inherent disadvantage, the bipolar junction transistor is still superior in its abilit y to switch high
currents.

An interesting solution to this dilemma leveragesthe best features of IGFETs with the best of
features of BJTs, in one device called an Insulated-Gate Bipolar Transistor, or IGBT . Also known
as an Bipolar-mode MOSFET, a Conductivity-Modulated Field-E®ect Transistor (COMFET ), or
simply as an Insulated-Gate Transistor (IGT ), it is equivalent to a Darlington pair of IGFET and
BJT:
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Insulated-Gate Bipolar Transistor (IGBT)

Schematic symbols Equivalent circuit

(N-channel)

Collector

Gate

Emitter

CollectorCollector

EmitterEmitter
Gate

Gate

In essence,the IGFET controls the basecurrent of a BJT, which handlesthe main load current
between collector and emitter. This way, there is extremely high current gain (since the insulated
gate of the IGFET draws practically no current from the control circuitry), but the collector-to-
emitter voltage drop during full conduction is as low as that of an ordinary BJT.

One disadvantage of the IGBT over a standard BJT is its slower turn-o® time. For fast switching
and high current-handling capacity, it's di±cult to beat the bipolar junction transistor. Faster turn-
o® times for the IGBT may be achieved by certain changesin design,but only at the expenseof a
higher saturated voltage drop between collector and emitter. However, the IGBT provides a good
alternativ e to IGFETs and BJTs for high-power control applications.
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*** INCOMPLETE ***

7.1 Hysteresis

Thyristors are a classof semiconductorcomponents exhibiting hysteresis, that property whereby a
systemfails to return to its original state after somecauseof state changehasbeenremoved. A very
simple exampleof hysteresisis the mechanical action of a toggle switch: when the lever is pushed,it
°ips to oneof two extreme states (positions) and will remain there even after the sourceof motion is
removed (after you remove your hand from the switch lever). To illustrate the absenceof hysteresis,
consider the action of a "momentary" pushbutton switch, which returns to its original state after
the button is no longer pressed: when the stimulus is removed (your hand), the system (switch)
immediately and fully returns to its prior state with no "latc hing" behavior.

Bipolar, junction ¯eld-e®ect, and insulated gate ¯eld-e®ect transistors are all non-hysteretic de-
vices. That is, they do not inherently "latc h" into a state after being stimulated by a voltage or
current signal. For any given input signal at any given time, a transistor will exhibit a predictable
output responseas de¯ned by its characteristic curve. Thyristors, on the other hand, are semicon-
ductor devicesthat tend to stay "on" once turned on, and tend to stay "o®" once turned o®. A
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momentary event is able to °ip thesedevicesinto either their on or o®stateswhere they will remain
that way on their own, even after the causeof the state change is taken away. As such, they are
useful only as on/o® switching devices{ much like a toggle switch { and cannot be usedas analog
signal ampli¯ers.

Thyristors are constructed using the sametechnology asbipolar junction transistors, and in fact
may be analyzed as circuits comprised of transistor pairs. How then, can a hysteretic device (a
thyristor) be madefrom non-hysteretic devices(transistors)? The answer to this question is positive
feedback, also known as regenerative feedback. As you should recall, feedback is the condition where
a percentage of the output signal is "fed back" to the input of an amplifying device. Negative, or
degenerative, feedback results in a diminishing of voltage gain with increasesin stabilit y, linearit y,
and bandwidth. Positive feedback, on the other hand, results in a kind of instabilit y where the
ampli¯er's output tends to "saturate." In the caseof thyristors, this saturating tendency equatesto
the device "wanting" to stay on onceturned on, and o®onceturned o®.

In this chapter we will explore several di®erent kinds of thyristors, most of which stem from a
single, basic two-transistor core circuit. Before we do that, though, it would be bene¯cial to study
the technological predecessorto thyristors: gasdischarge tubes.

7.2 Gas discharge tub es

If you've ever witnesseda lightning storm, you've seenelectrical hysteresisin action (and probably
didn't realize what you were seeing). The action of strong wind and rain accumulates tremendous
static electric chargesbetweencloud and earth, and betweenclouds as well. Electric charge imbal-
ancesmanifest themselves as high voltages, and when the electrical resistanceof air can no longer
hold these high voltages at bay, huge surgesof current travel between opposing poles of electrical
charge which we call "ligh tning."

The buildup of high voltagesby wind and rain is a fairly continuous process,the rate of charge
accumulation increasing under the proper atmospheric conditions. However, lightning bolts are
anything but continuous: they exist as relatively brief surgesrather than continuous discharges.
Why is this? Why don't we seesoft, glowing lightning arcs instead of violently brief lightning bolts?
The answer lies in the nonlinear (and hysteretic) resistanceof air.

Under ordinary conditions, air has an extremely high amount of resistance. It is so high, in
fact, that we typically treat its resistanceas in¯nite and electrical conduction through the air as
negligible. The presenceof water and/or dust in air lowers its resistancesome, but it is still an
insulator for most practical purposes. When a su±cient amount of high voltage is applied across
a distance of air, though, its electrical properties change: electrons become"stripp ed" from their
normal positions around their respective atoms and are liberated to constitute a current. In this
state, air is consideredto be ionized and is referred to as a plasma rather than a normal gas. This
usageof the word "plasma" is not to be confusedwith the medical term (meaning the °uid portion
of blood), but is a fourth state of matter, the other three being solid, liquid, and vapor (gas). Plasma
is a relatively good conductor of electricity, its speci¯c resistancebeing much lower than that of the
samesubstancein its gaseousstate.

As an electric current moves through the plasma, there is energy dissipated in the plasma in
the form of heat, just as current through a solid resistor dissipatesenergy in the form of heat. In
the caseof lightning, the temperatures involved are extremely high. High temperatures are also
su±cient to convert gaseousair into a plasmaor maintain plasma in that state without the presence
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of high voltage. As the voltage betweencloud and earth, or betweencloud and cloud, decreasesas
the charge imbalance is neutralized by the current of the lightning bolt, the heat dissipated by the
bolt maintains the air path in a plasmastate, keepingits resistancelow. The lightning bolt remains
a plasmauntil the voltage decreasesto too low a level to sustain enoughcurrent to dissipateenough
heat. Finally, the air returns to a normal, gaseousstate and stops conducting current, thus allowing
voltage to build up oncemore.

Note how throughout this cycle, the air exhibits hysteresis. When not conducting electricity, it
tends to remain an insulator until voltage builds up past a critical threshold point. Then, once it
changesstate and becomesa plasma, it tends to remain a conductor until voltage falls below a lower
critical threshold point. Once "turned on" it tends to stay "on," and once"turned o®" it tends to
stay "o®." This hysteresis,combined with a steady buildup of voltage due to the electrostatic e®ects
of wind and rain, explains the action of lightning as brief bursts.

In electronic terms, what we have here in the action of lightning is a simple relaxation oscillator.
Oscillators are electronic circuits that produce an oscillating (AC) voltage from a steady supply of
DC power. A relaxation oscillator is one that works on the principle of a charging capacitor that
is suddenly discharged every time its voltage reachesa critical threshold value. One of the simplest
relaxation oscillators in existence is comprised of three components (not counting the DC power
supply): a resistor, capacitor, and neon lamp:

R

C Neon lamp

Simple relaxation oscillator

Neon lamps are nothing more than two metal electrodesinside a sealedglassbulb, separatedby
the neongasinside. At room temperaturesand with no applied voltage, the lamp hasnearly in¯nite
resistance. However, oncea certain threshold voltage is exceeded(this voltage depends on the gas
pressureand geometry of the lamp), the neon gas will becomeionized (turned into a plasma) and
its resistancedramatically reduced. In e®ect,the neon lamp exhibits the samecharacteristics as air
in a lightning storm, complete with the emissionof light as a result of the discharge, albeit on a
much smaller scale.

The capacitor in the relaxation oscillator circuit shown above chargesat an inverseexponential
rate determined by the size of the resistor. When its voltage reaches the threshold voltage of the
lamp, the lamp suddenly "turns on" and quickly discharges the capacitor to a low voltage value.
Oncedischarged, the lamp "turns o®" and allows the capacitor to build up a chargeoncemore. The
result is a seriesof brief °ashesof light from the lamp, the rate of which dictated by battery voltage,
resistor resistance,capacitor capacitance,and lamp threshold voltage.

While gas-discharge lamps are more commonly used as sourcesof illumination, their hysteretic
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properties were leveraged in slightly more sophisticated variants known as thyratron tubes. Es-
sentially a gas-¯lled trio de tube (a trio de being a three-element vacuum electron tube performing
much a similar function to the N-channel, D-type IGFET), the thyratron tube could be turned
on with a small control voltage applied between grid and cathode, and turned o® by reducing the
plate-to-cathode voltage.

Rload

control
voltage

Thyratron
Tube high voltage

AC source

+

-

(Simple) Thyratron control circuit

In essence,thyratron tubeswerecontrolled versionsof neon lamps built speci¯cally for switching
current to a load. The dot inside the circle of the schematic symbol indicates a gas¯ll, as opposed
to the hard vacuum normally seenin other electron tube designs. In the circuit shown above, the
thyratron tube allows current through the load in one direction (note the polarit y acrossthe load
resistor) when triggered by the small DC control voltage connectedbetweengrid and cathode. Note
that the load's power source is AC, which provides a clue as to how the thyratron turns o® after
it's been triggered on: sinceAC voltage periodically passesthrough a condition of 0 volts between
half-cycles, the current through an AC-powered load must also periodically halt. This brief pause
of current betweenhalf-cyclesgivesthe tube's gastime to cool, letting it return to its normal "o®"
state. Conduction may resumeonly if there is enoughvoltage applied by the AC power source(some
other time in the wave's cycle) and if the DC control voltage allows it.

An oscilloscope display of load voltage in such a circuit would look something like this:

AC supply voltage

Load voltage

Threshold voltage

As the AC supply voltage climbs from zero volts to its ¯rst peak, the load voltage remains at
zero (no load current) until the threshold voltage is reached. At that point, the tube switches"on"
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and begins to conduct, the load voltage now following the AC voltage through the rest of the half
cycle. Notice how there is load voltage (and thus load current) even when the AC voltage waveform
has dropped below the threshold value of the tube. This is hysteresisat work: the tube stays in its
conductive mode past the point whereit ¯rst turned on, continuing to conduct until there the supply
voltage drops o® to almost zero volts. Becausethyratron tubes are one-way (diode) devices,there
is no voltage acrossthe load through the negative half-cycle of AC. In practical thyratron circuits,
multiple tubes arranged in someform of full-wave recti¯er circuit to facilitate full-wave DC power
to the load.

Although I'm not sure if this was ever done, someonecould have applied the thyratron tube
to a relaxation oscillator circuit and control the frequency with a small DC voltage between grid
and cathode, making a crude voltage-controlled oscillator, otherwise known as a VCO. Relaxation
oscillators tend to have poor frequency control, not to mention a very non-sinusoidal output, and
so they exist mostly as demonstration circuits (as is the casehere) or in applications where precise
frequency control isn't important. Consequently , this useof a thyratron tube would not have been
a very practical one.

R

C

Controlling
voltage

I speak of thyratron tubesin the past tensefor good reason: modern semiconductorcomponents
have obsoleted thyratron tube technology for all but a few very special applications. It is no co-
incidence that the word thyristor bears so much similarit y to the word thyratron, for this classof
semiconductorcomponents doesmuch the samething: usehyster etically switch current on and o®.
It is thesemodern devicesthat we now turn our attention to.

² REVIEW:

² Electrical hysteresis, the tendency for a component to remain "on" (conducting) after it begins
to conduct and to remain "o®" (nonconducting) after it ceasesto conduct, helps to explain
why lightning bolts exist as momentary surgesof current rather than continuous discharges
through the air.

² Simple gas-discharge tubessuch as neon lamps exhibit electrical hysteresis.

² More advancedgas-discharge tubeshave beenmadewith control elements so that their "turn-
on" voltage could be adjusted by an external signal. The most common of these tubes was
called the thyratron.

² Simple oscillator circuits called relaxation oscillators may be created with nothing more than
a resistor-capacitor charging network and a hysteretic deviceconnectedacrossthe capacitor.
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7.3 The Shockley Dio de

Our exploration of thyristors beginswith a devicecalled the four-layer diode, alsoknown asa PNPN
diode, or a Shockley diode after its inventor, William Shockley. This is not to be confusedwith a
Schottky diode, that two-layer metal-semiconductor device known for its high switching speed. A
crude illustration of the Shockley diode, often seenin textb ooks, is a four-layer sandwich of P-N-P-N
semiconductormaterial:

P

P

N

N

Shockley, or 4-layer,
diode

Anode

Cathode

Unfortunately, this simple illustration does nothing to enlighten the viewer on how it works or
why. Consider an alternativ e rendering of the device'sconstruction:

P

P

N

N

Shockley, or 4-layer,
diode

Anode

Cathode

N

P

Shown like this, it appears to be a set of interconnected bipolar transistors, one PNP and the
other NPN. Drawn usingstandard schematic symbols, and respecting the layer doping concentrations
not shown in the last image, the Shockley diode looks like this:
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P

P

N

N

Anode

N

P

Cathode Cathode

Anode

Physical diagram Equivalent schematic Schematic symbol

Let's connect one of thesedevicesto a sourceof variable voltage and seewhat happens:

Shockley diode
equivalent circuit

With no voltage applied, of course there will be no current. As voltage is initially increased,
there will still be no current becauseneither transistor is able to turn on: both will be in cuto®
mode. To understand why this is, consider what it takes to turn a bipolar junction transistor on:
current through the base-emitter junction. As you can seein the diagram, basecurrent through
the lower transistor is controlled by the upper transistor, and the basecurrent through the upper
transistor is controlled by the lower transistor. In other words, neither transistor can turn on until
the other transistor turns on. What we have here, in vernacular terms, is known as a Catch-22.

So how can a Shockley diode ever conduct current, if its constituent transistors stubbornly
maintain themselves in a state of cuto®? The answer lies in the behavior of real transistors as
opposedto ideal transistors. An ideal bipolar transistor will never conduct collector current if there
is no basecurrent, no matter how much or little voltage we apply between collector and emitter.
Real transistors, on the other hand, have de¯nite limits to how much collector-emitter voltage they
can withstand before they break down and conduct. If two real transistors are connectedtogether
in this fashion to form a Shockley diode, they wil l be able to conduct if there is su±cient voltage
applied by the battery betweenanode and cathode to causeone of them to break down. Once one
transistor breaksdown and beginsto conduct, it will allow basecurrent through the other transistor,
causingit to turn on in a normal fashion, which then allows basecurrent through the ¯rst transistor.
The end result is that both transistors will be saturated, now keepingeach other turned on instead
of o®.

So, we can force a Shockley diode to turn on by applying su±cient voltage betweenanode and
cathode. As wehaveseen,this will inevitably causeoneof the transistors to turn on, which then turns
the other transistor on, ultimately "latc hing" both transistors on where they will tend to remain.
But how do we now get the two transistors to turn o®again? Even if the applied voltage is reduced



204 CHAPTER 7. THYRISTORS

to a point well below what it took to get the Shockley diode conducting, it will remain conducting
becauseboth transistors now have base current to maintain regular, controlled conduction. The
answer to this is to reducethe applied voltage to a much lower point where there is too little current
to maintain transistor bias, at which point one of the transistors will cuto®, which then halts base
current through the other transistor, sealingboth transistors in the "o®" state as they were before
any voltage was applied at all.

If we graph this sequenceof events and plot the results on an I/V graph, the hysteresisis very
evident. First, we will observe the circuit as the DC voltage source(battery) is set to zero voltage:

Applied voltage

Circuit
current

Zero applied voltage; zero current

Next, we will steadily increasethe DC voltage. Current through the circuit is at or nearly at
zero, as the breakdown limit has not beenreached for either transistor:

Applied voltage

Circuit
current

Some voltage applied, still no appreciable current

When the voltage breakdown limit of one transistor is reached, it will begin to conduct collector
current even though no base current has gone through it yet. Normally, this sort of treatment
would destroy a bipolar junction transistor, but the PNP junctions comprising a Shockley diode are
engineeredto take this kind of abuse, similar to the way a Zener diode is built to handle reverse
breakdown without sustaining damage. For the sake of illustration I'll assumethe lower transistor
breaks down ¯rst, sendingcurrent through the baseof the upper transistor:
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Applied voltage

Circuit
current

More voltage applied; lower transistor breaks down

As the upper transistor receives basecurrent, it turns on as expected. This action allows the
lower transistor to conduct normally, the two transistors "sealing" themselvesin the "on" state. Full
current is very quickly seenin the circuit:

Applied voltage

Circuit
current

Transistors now fully conducting

The positive feedback mentioned earlier in this chapter is clearly evident here. When one tran-
sistor breaks down, it allows current through the device structure. This current may be viewed as
the "output" signal of the device. Once an output current is established, it works to hold both
transistors in saturation, thus ensuring the continuation of a substantial output current. In other
words, an output current "feeds back" positively to the input (transistor basecurrent) to keepboth
transistors in the "on" state, thus reinforcing (or regenerating) itself.

With both transistors maintained in a state of saturation with the presenceof amplebasecurrent,
they will continue to conduct even if the applied voltage is greatly reducedfrom the breakdown level.
The e®ectof positive feedback is to keep both transistors in a state of saturation despite the loss
of input stimulus (the original, high voltage neededto break down one transistor and causea base
current through the other transistor):
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Applied voltage

Circuit
current

Current maintained even when voltage is reduced

If the DC voltage sourceis turned down too far, though, the circuit will eventually reach a point
where there isn't enoughcurrent to sustain both transistors in saturation. As one transistor passes
lessand lesscollector current, it reducesthe basecurrent for the other transistor, thus reducing base
current for the ¯rst transistor. The vicious cycle continues rapidly until both transistors fall into
cuto®:

Applied voltage

Circuit
current

If the voltage drops too low, both transistors shut off

Here, positive feedback is again at work: the fact that the cause/e®ectcycle betweenboth tran-
sistors is "vicious" (a decreasein current through one works to decreasecurrent through the other,
further decreasingcurrent through the ¯rst transistor) indicates a positive relationship between
output (controlled current) and input (controlling current through the transistors' bases).

The resulting curve on the graph is classiclyhysteretic: as the input signal (voltage) is increased
and decreased,the output (current) doesnot follow the samepath going down as it did going up:

Applied voltage

Circuit
current
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Put in simple terms, the Shockley diode tends to stay on once it's turned on, and stay o® once
it's turned o®. There is no "in-b etween" or "activ e" mode in its operation: it is a purely on or o®
device,as are all thyristors.

There are a few special terms applied to Shockley diodes and all other thyristor devicesbuilt
upon the Shockley diode foundation. First is the term usedto describe its "on" state: latched. The
word "latc h" is reminiscent of a door lock mechanism, which tends to keep the door closedonce it
has beenpushedshut. The term ¯ring refers to the initiation of a latched state. In order to get a
Shockley diode to latch, the applied voltage must be increaseduntil breakover is attained. Despite
the fact that this action is best described in terms of transistor breakdown, the term breakover
is used instead becausethe end result is a pair of transistors in mutual saturation rather than
destruction as would be the casewith a normal transistor. A latched Shockley diode is re-set back
into its nonconducting state by reducing current through it until low-current dropout occurs.

It should be noted that Shockley diodes may be ¯red in a way other than breakover: excessive
voltage rise, or dv/dt . This is when the applied voltage acrossthe diode increasesat a high rate of
change. This is able to causelatching (turning on) of the diode due to inherent junction capacitances
within the transistors. Capacitors, as you may recall, oppose changes in voltage by drawing or
supplying current. If the applied voltage acrossa Shockley diode rises at too fast a rate, those
tiny capacitanceswill draw enoughcurrent during that time to activate the transistor pair, turning
them both on. Usually, this form of latching is undesirable,and can be minimized by ¯ltering high-
frequency (fast voltage rises) from the diode with seriesinductors and/or parallel resistor-capacitor
networks called snubbers:

RC "snubber"

Series inductor

Both the series inductor and the parallel
resistor-capacitor "snubber" circuit help
minimize the Shockley diode's exposure
to excessively rising voltages.

Shockley
diode

The voltage rise limit of a Shockley diode is referred to as the critic al rate of voltage rise.
Manufacturers usually provide this speci¯cation for the devicesthey sell.

² REVIEW:

² Shockley diodesare four-layer PNPN semiconductordevices. They behave as a pair of inter-
connectedPNP and NPN transistors.
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² Like all thyristors, Shockley diodestend to stay on oncethey've beenturned on (latched), and
stay o®oncethey've beenturned o®.

² There are two ways to latch a Shockley diode: exceedthe anode-to-cathode breakover voltage,
or exceedthe anode-to-cathode critic al rate of voltagerise.

² There is only one way to causea Shockley diode to stop conducting, and that is to reducethe
current going through it to a level below its low-current dropout threshold.

7.4 The DIA C

Like all diodes,Shockley diodesare unidirectional devices;that is, they only conduct current in one
direction. If bidirectional (AC) operation is desired, two Shockley diodesmay be joined in parallel
facing di®erent directions to form a new kind of thyristor, the DIA C :

DIAC equivalent circuit DIAC schematic symbol

A DIA C operated with a DC voltage acrossit behaves exactly the sameas a Shockley diode.
With AC, however, the behavior is di®erent from what one might expect. Becausealternating
current repeatedly reversesdirection, DIA Cs will not stay latched longer than one-half cycle. If a
DIA C becomeslatched, it will continue to conduct current only as long as there is voltage available
to push enough current in that direction. When the AC polarit y reverses,as it must twice per
cycle, the DIA C will drop out due to insu±cient current, necessitatinganother breakover before it
conducts again. The result is a current waveform that looks like this:

AC supply voltage

DIAC current

Breakover voltage

Breakover voltage

DIA Cs are almost never usedalone, but in conjunction with other thyristor devices.
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7.5 The Silicon-Con trolled Recti¯er (SCR)

Shockley diodes are curious devices, but rather limited in application. Their usefulnessmay be
expanded,however, by equipping them with another meansof latching. In doing so, they become
true amplifying devices (if only in an on/o® mode), and we refer to them as silicon-controlled
recti¯ers , or SCRs.

The progressionfrom Shockley diode to SCR is achievedwith onesmall addition, actually nothing
more than a third wire connection to the existing PNPN structure:

P

P

N

N

Anode

N

P

Cathode Cathode

Anode

Physical diagram Equivalent schematic Schematic symbol

Gate
Gate

The Silicon-Controlled Rectifier (SCR)

Cathode

Gate

Anode

If an SCR's gate is left °oating (disconnected), it behaves exactly as a Shockley diode. It may
be latched by breakover voltage or by exceedingthe critical rate of voltage rise betweenanode and
cathode, just as with the Shockley diode. Dropout is accomplishedby reducing current until one or
both internal transistors fall into cuto® mode, also like the Shockley diode. However, becausethe
gate terminal connectsdirectly to the baseof the lower transistor, it may be usedas an alternativ e
meansto latch the SCR. By applying a small voltage betweengate and cathode, the lower transistor
will be forced on by the resulting basecurrent, which will causethe upper transistor to conduct,
which then suppliesthe lower transistor's basewith current sothat it no longer needsto be activated
by a gate voltage. The necessarygate current to initiate latch-up, of course, will be much lower
than the current through the SCR from cathode to anode, so the SCR does achieve a measureof
ampli¯cation.

This method of securingSCR conduction is called triggering, and it is by far the most common
way that SCRsare latched in actual practice. In fact, SCRsareusually chosensothat their breakover
voltage is far beyond the greatestvoltage expected to be experiencedfrom the power source,so that
it can be turned on only by an intentional voltage pulse applied to the gate.

It should be mentioned that SCRs may sometimesbe turned o®by directly shorting their gate
and cathode terminals together, or by "reverse-triggering" the gate with a negative voltage (in
referenceto the cathode), so that the lower transistor is forced into cuto®. I say this is "sometimes"
possible becauseit involves shunting all of the upper transistor's collector current past the lower
transistor's base. This current may be substantial, making triggered shut-o® of an SCR di±cult at
best. A variation of the SCR, called a Gate-Turn-O® thyristor, or GTO, makes this task easier.
But even with a GTO, the gate current required to turn it o®may be as much as 20% of the anode
(load) current! The schematic symbol for a GTO is shown in the following illustration:
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Gate Turn-Off thyristor (GTO)

Anode

Gate
Cathode

SCRsand GTOs share the sameequivalent schematics (two transistors connectedin a positive-
feedback fashion), the only di®erencesbeing details of construction designed to grant the NPN
transistor a greater ¯ than the PNP. This allows a smaller gate current (forward or reverse)to exert
a greater degreeof control over conduction from cathode to anode, with the PNP transistor's latched
state being more dependent upon the NPN's than vice versa. The Gate-Turn-O® thyristor is also
known by the name of Gate-Controlled Switch, or GCS.

A rudimentary test of SCR function, or at least terminal identi¯cation, may be performed with
an ohmmeter. Becausethe internal connection betweengate and cathode is a single PN junction, a
meter should indicate continuit y betweentheseterminals with the red test lead on the gate and the
black test lead on the cathode like this:

COMA

V

V A

A
OFF

gate
cathode

All other continuit y measurements performedon an SCR will show "open" ("OL" on somedigital
multimeter displays). It must be understood that this test is very crude and doesnot constitute a
comprehensive assessment of the SCR. It is possiblefor an SCR to give good ohmmeter indications
and still be defective. Ultimately , the only way to test an SCR is to subject it to a load current.

If you are using a multimeter with a "dio de check" function, the gate-to-cathode junction voltage
indication you get may or may not correspond to what's expected of a silicon PN junction (approx-
imately 0.7 volts). In somecases,you will read a much lower junction voltage: mere hundredths
of a volt. This is due to an internal resistor connectedbetween the gate and cathode incorporated
within someSCRs. This resistor is added to make the SCR lesssusceptible to false triggering by
spurious voltage spikes, from circuit "noise" or from static electric discharge. In other words, hav-
ing a resistor connected acrossthe gate-cathode junction requires that a strong triggering signal
(substantial current) be applied to latch the SCR. This feature is often found in larger SCRs, not
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on small SCRs. Bear in mind that an SCR with an internal resistor connectedbetween gate and
cathode will indicate continuit y in both directions betweenthose two terminals:

Cathode

Anode

Gate

Gate-to-Cathode
resistor

"Normal" SCRs, lacking this internal resistor, are sometimesreferred to as sensitive gate SCRs
due to their abilit y to be triggered by the slightest positive gate signal.

The test circuit for an SCR is both practical asa diagnostic tool for checking suspectedSCRsand
alsoan excellent aid to understandingbasicSCRoperation. A DC voltagesourceis usedfor powering
the circuit, and two pushbutton switchesare usedto latch and unlatch the SCR, respectively:

SCR under
test

on

off

SCR testing circuit

Actuating the normally-open "on" pushbutton switch connectsthe gate to the anode, allowing
current from the negative terminal of the battery, through the cathode-gatePN junction, through
the switch, through the load resistor, and back to the battery. This gate current should force the
SCR to latch on, allowing current to go directly from cathode to anode without further triggering
through the gate. When the "on" pushbutton is released,the load should remain energized.

Pushing the normally-closed"o®" pushbutton switch breaks the circuit, forcing current through
the SCR to halt, thus forcing it to turn o®(low-current dropout).

If the SCR fails to latch, the problem may be with the load and not the SCR. There is a certain
minimum amount of load current required to hold the SCR latched in the "on" state. This minimum
current level is called the holding current. A load with too great a resistancevalue may not draw
enoughcurrent to keep an SCR latched when gate current ceases,thus giving the false impression
of a bad (unlatchable) SCR in the test circuit. Holding current values for di®erent SCRs should
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be available from the manufacturers. Typical holding current values range from 1 milliamp to 50
milliamps or more for larger units.

For the test to be fully comprehensive, more than the triggering action needsto be tested. The
forward breakover voltage limit of the SCR could be tested by increasing the DC voltage supply
(with no pushbuttons actuated) until the SCR latchesall on its own. Beware that a breakover test
may require very high voltage: many power SCRs have breakover voltage ratings of 600 volts or
more! Also, if a pulse voltage generator is available, the critical rate of voltage rise for the SCR
could be tested in the sameway: subject it to pulsing supply voltagesof di®erent V/time rates with
no pushbutton switchesactuated and seewhen it latches.

In this simple form, the SCR test circuit could su±ce as a start/stop control circuit for a DC
motor, lamp, or other practical load:

SCR under
test

on

offMotor

DC motor start/stop
control circuit

Another practical usefor the SCRin a DC circuit is asa crowbar devicefor overvoltageprotection.
A "crowbar" circuit consistsof an SCR placed in parallel with the output of a DC power supply,
for the purposeof placing a direct short-circuit on the output of that supply to prevent excessive
voltage from reaching the load. Damageto the SCR and power supply is prevented by the judicious
placement of a fuse or substantial seriesresistanceaheadof the SCR to limit short-circuit current:

Transformer

Rectifier

Filter

AC
power
source

Fuse

Crowbar

Load

(triggering circuit
omitted for simplicity)

Crowbar as used in an AC-DC power supply

Somedevice or circuit sensingthe output voltage will be connectedto the gate of the SCR, so
that when an overvoltage condition occurs, voltage will be applied between the gate and cathode,
triggering the SCR and forcing the fuse to blow. The e®ectwill be approximately the same as
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dropping a solid steel crowbar directly acrossthe output terminals of the power supply, hencethe
name of the circuit.

Most applications of the SCR are for AC power control, despitethe fact that SCRsare inherently
DC (unidirectional) devices. If bidirectional circuit current is required, multiple SCRsmay be used,
with one or more facing each direction to handle current through both half-cyclesof the AC wave.
The primary reasonSCRs are usedat all for AC power control applications is the unique response
of a thyristor to an alternating current. As we saw in the caseof the thyratron tube (the electron
tube version of the SCR) and the DIA C, a hysteretic device triggered on during a portion of an
AC half-cycle will latch and remain on throughout the remainder of the half-cycle until the AC
current decreasesto zero, as it must to begin the next half-cycle. Just prior to the zero-crossover
point of the current waveform, the thyristor will turn o® due to insu±cient current (this behavior
is also known as natural commutation) and must be ¯red again during the next cycle. The result is
a circuit current equivalent to a "chopped up" sine wave. For review, here is the graph of a DIA C's
responseto an AC voltage whosepeak exceedsthe breakover voltage of the DIA C:

AC supply voltage

DIAC current

Breakover voltage

Breakover voltage

With the DIA C, that breakover voltage limit was a ¯xed quantit y. With the SCR, we have
control over exactly when the device becomeslatched by triggering the gate at any point in time
along the waveform. By connecting a suitable control circuit to the gate of an SCR, we can "chop"
the sine wave at any point to allow for time-proportioned power control to a load.

Take the following circuit asan example. Here, an SCR is positioned in a circuit to control power
to a load from an AC source:

Load

AC
source SCR

Being a unidirectional (one-way) device, at most we can only deliver half-wave power to the
load, in the half-cycle of AC wherethe supply voltage polarit y is positive on the top and negative on
the bottom. However, for demonstrating the basic concept of time-proportional control, this simple
circuit is better than one controlling full-wave power (which would require two SCRs).

With no triggering to the gate, and the AC sourcevoltagewell below the SCR'sbreakover voltage
rating, the SCR will never turn on. Connecting the SCR gate to the anode through a normal
rectifying diode (to prevent reverse current through the gate in the event of the SCR containing
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a built-in gate-cathode resistor), will allow the SCR to be triggered almost immediately at the
beginning of every positive half-cycle:

Load

AC
source

AC source voltage

Load current

Gate connected directly to anode through a diode;
nearly complete half-wave current through load

We can delay the triggering of the SCR, however, by inserting some resistance into the gate
circuit, thus increasing the amount of voltage drop required before there is enoughgate current to
trigger the SCR. In other words, if we make it harder for electrons to °ow through the gate by
adding a resistance,the AC voltage will have to reach a higher point in its cycle before there will
be enoughgate current to turn the SCR on. The result looks like this:

Load

AC
source

AC source voltage

Load current

Resistance inserted in gate circuit;
less than half-wave current through load

With the half-sine wave chopped up to a greater degreeby delayed triggering of the SCR, the
load receives lessaveragepower (power is delivered for less time throughout a cycle). By making
the seriesgate resistor variable, we can make adjustments to the time-proportioned power:
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Load

AC
source

trigger
threshold

Increasing the resistance raises the threshold level,
causing less power to be delivered to the load.

Decreasing the resistance lowers the threshold level,
causing more power to be delivered to the load.

Unfortunately, this control schemehasa signi¯cant limitation. In using the AC sourcewaveform
for our SCR triggering signal, we limit control to the ¯rst half of the waveform's half-cycle. In other
words, there is no way for us to wait until after the wave's peak to trigger the SCR. This meanswe
can turn down the power only to the point where the SCR turns on at the very peak of the wave:

Load

AC
source

trigger
threshold

Circuit at minimum power setting

Raising the trigger threshold any more will causethe circuit to not trigger at all, sincenot even
the peak of the AC power voltage will be enoughto trigger the SCR. The result will be no power to
the load.

An ingenioussolution to this control dilemma is found in the addition of a phase-shiftingcapacitor
to the circuit:
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Load

AC
source

Capacitor voltage

The smaller waveform shown on the graph is voltage across the capacitor. For the sake of
illustrating the phaseshift, I'm assuminga condition of maximum control resistancewhere the SCR
is not triggering at all and there is no load current, save for what little current goes through the
control resistor and capacitor. This capacitor voltage will be phase-shiftedanywhere from 0o to
90o lagging behind the power sourceAC waveform. When this phase-shiftedvoltage reachesa high
enoughlevel, the SCR will trigger.

Assuming there is periodically enough voltage acrossthe capacitor to trigger the SCR, the re-
sulting load current waveform will look something like this:

Load

AC
source

Capacitor voltage

trigger
thresholdload

current

Becausethe capacitor waveform is still rising after the main AC power waveform has reached its
peak, it becomespossibleto trigger the SCR at a threshold level beyond that peak, thus chopping
the load current wave further than it was possiblewith the simpler circuit. In reality, the capacitor
voltage waveform is a bit more complex that what is shown here, its sinusoidal shape distorted every
time the SCR latcheson. However, what I'm trying to illustrate here is the delayed triggering action
gained with the phase-shifting RC network, and so a simpli¯ed, undistorted waveform serves the
purposewell.

SCRs may also be triggered, or "¯red," by more complex circuits. While the circuit previously
shown is su±cient for a simple application like a lamp control, large industrial motor controls often
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rely on more sophisticated triggering methods. Sometimes,pulse transformers are used to couple
a triggering circuit to the gate and cathode of an SCR to provide electrical isolation between the
triggering and power circuits:

. . .

. . .

to triggering
circuit

. . .

. . .

to power
circuit

pulse
transformer

SCR

When multiple SCRsare usedto control power, their cathodesare often not electrically common,
making it di±cult to connect a single triggering circuit to all SCRs equally. An example of this is
the controlled bridge recti¯er shown here:

Load

Controlled bridge rectifier

SCR1

SCR2 SCR3

SCR4

In any bridge recti¯er circuit, the rectifying diodes (or in this case,the rectifying SCRs) must
conduct in opposite pairs. SCR1 and SCR3 must be ¯red simultaneously, and likewiseSCR2 and
SCR4 must be ¯red together as a pair. As you will notice, though, thesepairs of SCRsdo not share
the samecathode connections,meaning that it would not work to simply parallel their respective
gate connectionsand connect a single voltage sourceto trigger both:
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Load

SCR1

SCR2 SCR3

SCR4

This strategy will not  work for 
triggering SCR2 and SCR4
together as a pair!

triggering
voltage

(pulse voltage
source)

Although the triggering voltage sourceshown will trigger SCR4, it will not trigger SCR2 properly
becausethe two thyristors do not share a common cathode connection to referencethat triggering
voltage. Pulsetransformersconnectingthe two thyristor gatesto a commontriggering voltagesource
wil l work, however:

Load

SCR1

SCR2 SCR3

SCR4 pulse
voltage
source

Bear in mind that this circuit only shows the gate connections for two out of the four SCRs.
Pulse transformers and triggering sourcesfor SCR1 and SCR3, as well as the details of the pulse
sourcesthemselves,have beenomitted for the sake of simplicit y.

Controlled bridge recti¯ers are not limited to single-phasedesigns. In most industrial control
systems,AC power is available in three-phaseform for maximum e±ciency, and solid-state control
circuits are built to take advantage of that. A three-phasecontrolled recti¯er circuit built with
SCRs,without pulse transformers or triggering circuitry shown, would look like this:
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Load

3-phase source

Controlled
rectifier

+

-

² REVIEW:

² A Silicon-Controlled Recti¯er , or SCR, is essentially a Shockley diode with an extra terminal
added. This extra terminal is called the gate, and it is usedto trigger the deviceinto conduction
(latch it) by the application of a small voltage.

² To trigger, or ¯r e, an SCR, voltage must be applied betweenthe gate and cathode, positive to
the gate and negative to the cathode. When testing an SCR, a momentary connectionbetween
the gate and anode is su±cient in polarit y, intensity, and duration to trigger it.

² SCRsmay be ¯red by intentional triggering of the gate terminal, excessivevoltage (breakdown)
between anode and cathode, or excessive rate of voltage rise between anode and cathode.
SCRsmay be turned o®by anode current falling below the holding current value (low-current
dropout), or by "reverse-¯ring" the gate (applying a negative voltage to the gate). Reverse-
¯ring is only sometimese®ective, and always involveshigh gate current.

² A variant of the SCR, called a Gate-Turn-O® thyristor (GTO), is speci¯cally designedto be
turned o® by meansof reverse triggering. Even then, reverse triggering requires fairly high
current: typically 20% of the anode current.

² SCR terminals may be identi¯ed by a continuit y meter: the only two terminals showing any
continuit y between them at all should be the gate and cathode. Gate and cathode terminals
connect to a PN junction inside the SCR, so a continuit y meter should obtain a diode-like
reading betweenthesetwo terminals with the red (+) lead on the gate and the black (-) lead
on the cathode. Beware, though, that some large SCRs have an internal resistor connected
betweengate and cathode, which will a®ectany continuit y readingstaken by a meter.

² SCRs are true recti¯ers : they only allow current through them in one direction. This means
they cannot be usedalone for full-wave AC power control.

² If the diodes in a recti¯er circuit are replacedby SCRs, you have the makings of a controlled
recti¯er circuit, whereby DC power to a load may be time-proportioned by triggering the SCRs
at di®erent points along the AC power waveform.
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7.6 The TRIA C

SCRs are unidirectional (one-way) current devices, making them useful for controlling DC only.
If two SCRs are joined in back-to-back parallel fashion just like two Shockley diodes were joined
together to form a DIA C, we have a new deviceknown as the TRIA C :

TRIAC equivalent circuit TRIAC schematic symbol

Gate

Main Terminal 1

Main Terminal 2
(MT2)

(MT1)

Main Terminal 2
(MT2)

Main Terminal 1
(MT1)

Gate

Becauseindividual SCRs are more °exible to use in advanced control systems, they are more
commonly seenin circuits like motor drives, while TRIA Cs are usually seenin simple, low-power
applications like householddimmer switches. A simple lamp dimmer circuit is shown here,complete
with the phase-shifting resistor-capacitor network necessaryfor after-peak ¯ring.

AC
source

Lamp

TRIA Cs are notorious for not ¯ring symmetrically. This means they usually won't trigger at
the exact same gate voltage level for one polarit y as for the other. Generally speaking, this is
undesirable, becauseunsymmetrical ¯ring results in a current waveform with a greater variety of
harmonic frequencies.Waveformsthat aresymmetrical aboveand below their averagecenterlines are
comprisedof only odd-numberedharmonics. Unsymmetrical waveforms,on the other hand, contain
even-numbered harmonics (which may or may not be accompaniedby odd-numbered harmonics as
well).

In the interest of reducing total harmonic content in power systems,the fewer and lessdiversethe
harmonics, the better { onemore reasonwhy individual SCRsare favored over TRIA Cs for complex,
high-power control circuits. One way to make the TRIA C's current waveform more symmetrical is
to use a device external to the TRIA C to time the triggering pulse. A DIA C placed in serieswith
the gate doesa fair job of this:
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AC
source

Lamp

DIA C breakover voltages tend to be much more symmetrical (the samein one polarit y as the
other) than TRIA C triggering voltage thresholds. Since the DIA C prevents any gate current until
the triggering voltage has reached a certain, repeatable level in either direction, the ¯ring point of
the TRIA C from one half-cycle to the next tends to be more consistent, and the waveform more
symmetrical above and below its centerline.

Practically all the characteristics and ratings of SCRs apply equally to TRIA Cs, except that
TRIA Cs of courseare bidirectional (can handle current in both directions). Not much more needs
to be said about this deviceexcept for an important caveat concerningits terminal designations.

From the equivalent circuit diagram shown earlier, one might think that main terminals 1 and 2
wereinterchangeable.They are not! Although it is helpful to imagine the TRIA C asbeing composed
of two SCRsjoined together, it in fact is constructed from a singlepieceof semiconductingmaterial,
appropriately doped and layered. The actual operating characteristics may di®er slightly from that
of the equivalent model.

This is mademost evident by contrasting two simple circuit designs,onethat works and onethat
doesn't. The following two circuits are a variation of the lamp dimmer circuit shown earlier, the
phase-shiftingcapacitor and DIA C removed for simplicit y's sake. Although the resulting circuit lacks
the ¯ne control abilit y of the more complex version (with capacitor and DIA C), it does function:

AC
source

Lamp

Suppose we were to swap the two main terminals of the TRIA C around. According to the
equivalent circuit diagram shown earlier in this section, the swap should make no di®erence. The
circuit ought to work:

AC
source

Lamp

This circuit will not work !
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However, if this circuit is built, it will be found that it doesnot work! The load will receive no
power, the TRIA C refusing to ¯re at all, no matter how low or high a resistancevalue the control
resistor is set to. The key to successfullytriggering a TRIA C is to make sure the gate receives its
triggering current from the main terminal 2 side of the circuit (the main terminal on the opposite
side of the TRIA C symbol from the gate terminal). Identi¯cation of the MT 1 and MT 2 terminals
must be done via the TRIA C's part number with referenceto a data sheetor book.

² REVIEW:

² A TRIA C acts much like two SCRsconnectedback-to-back for bidirectional (AC) operation.

² TRIA C controls are more often seenin simple, low-power circuits than complex, high-power
circuits. In large power control circuits, multiple SCRstend to be favored.

² When usedto control AC power to a load, TRIA Cs areoften accompaniedby DIA Cs connected
in serieswith their gate terminals. The DIA C helps the TRIA C ¯re more symmetrically (more
consistently from one polarit y to another).

² Main terminals 1 and 2 on a TRIA C are not interchangeable.

² To successfullytrigger a TRIA C, gate current must come from the main terminal 2 (MT 2)
side of the circuit!

7.7 Optoth yristors

Like bipolar transistors, SCRs and TRIA Cs are also manufactured as light-sensitive devices, the
action of impinging light replacing the function of triggering voltage.

Optically-controlled SCRs are often known by the acronym LASCR, or L ight A ctivated SCR .
Its symbol, not surprisingly, looks like this:

Light Activated SCR

LASCR

Optically-controlled TRIA Cs don't receive the honor of having their own acronym, but instead
are humbly known as opto-TRIA Cs. Their schematic symbol looks like this:

Opto-TRIAC

Optothyristors (a general term for either the LASCR or the opto-TRIA C) are commonly found
inside sealed"optoisolator" modules.
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7.8 The Unijunction Transistor (UJT) { PENDING

Programmable Unijunction Transistors (PUTs).

² REVIEW:

²

²

²

7.9 The Silicon-Con trolled Switc h (SCS)

If we take the equivalent circuit for an SCR and add another external terminal, connectedto the
baseof the top transistor and the collector of the bottom transistor, we have a device known as a
silicon-controlled-switch, or SCS:

P

P

N

N

Anode

N

P

Cathode Cathode

Anode

Physical diagram Equivalent schematic Schematic symbol

Gate

Cathode

Anode

The Silicon-Controlled Switch (SCS)

Cathode Gate
Anode

Cathode
Gate

Anode
Gate

Cathode
Gate

Anode
Gate

This extra terminal allows more control to be exerted over the device, particularly in the mode
of forced commutation, where an external signal forcesit to turn o®while the main current through
the devicehas not yet fallen below the holding current value. Consider the following circuit:
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on

off

Motor

DC motor start/stop
circuit using an SCS

R1

R2

on

off

Motor

R1 R2

Equivalent schematic 
with two transistors

SCS

SCS

When the "on" pushbutton switch is actuated, there is a voltage applied between the cathode
gate and the cathode, forward-biasing the lower transistor's base-emitter junction, and turning it
on. The top transistor of the SCS is ready to conduct, having been supplied with a current path
from its emitter terminal (the SCS'sanode terminal) through resistor R2 to the positive side of the
power supply. As in the caseof the SCR, both transistors turn on and maintain each other in the
"on" mode. When the lower transistor turns on, it conductsthe motor's load current, and the motor
starts and runs.

The motor may be stopped by interrupting the power supply, as with an SCR, and this is called
natural commutation. However, the SCS provides us with another means of turning o®: forced
commutation by shorting the anode terminal to the cathode. If this is done (by actuating the "o®"
pushbutton switch), the upper transistor within the SCS will lose its emitter current, thus halting
current through the baseof the lower transistor. When the lower transistor turns o®, it breaks the
circuit for basecurrent through the top transistor (securing its "o®" state), and the motor (making
it stop). The SCSwill remain in the o®condition until such time that the "on" pushbutton switch
is re-actuated.

² REVIEW:

² A silicon-controlled switch, or SCS, is essentially an SCR with an extra gate terminal.

² Typically, the load current through an SCSis carried by the anode gate and cathode terminals,
with the cathode gate and anode terminals su±cing as control leads.

² An SCS is turned on by applying a positive voltage between the cathode gate and cathode
terminals. It may be turned o®(forced commutation) by applying a negative voltage between
the anode and cathode terminals, or simply by shorting those two terminals together. The
anode terminal must be kept positive with respect to the cathode in order for the SCS to
latch.
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7.10 Field-e®ect-con trolled th yristors

Two relatively recent technologiesdesignedto reduce the "driving" (gate trigger current) require-
ments of classicthyristor devicesare the MOS-gated thyristor and the MOS Controlled Thyristor ,
or MCT .

The MOS-gated thyristor uses a MOSFET to initiate conduction through the upper (PNP)
transistor of a normal thyristor structure, thus triggering the device. Since a MOSFET requires
negligible current to "driv e" (causeit to saturate), this makesthe thyristor as a whole very easyto
trigger:

Cathode

Anode

Gate

MOS-gated thyristor
equivalent circuit

Given the fact that ordinary SCRs are quite easyto "driv e" as it is, the practical advantage of
using an even more sensitive device (a MOSFET) to initiate triggering is debatable. Also, placing
a MOSFET at the gate input of the thyristor now makes it impossible to turn it o® by a reverse-
triggering signal. Only low-current dropout can make this device stop conducting after it has been
latched.

A deviceof arguably greater value would be a fully-controllable thyristor, whereby a small gate
signal could both trigger the thyristor and force it to turn o®. Such a device does exist, and it is
called the MOS Controlled Thyristor , or MCT . It usesa pair of MOSFETs connectedto a common
gate terminal, one to trigger the thyristor and the other to "untrigger" it:
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Cathode

Anode

Gate

MOS Controlled Thyristor
(MCT) equivalent circuit

A positive gate voltage (with respect to the cathode) turns on the upper (N-channel) MOSFET,
allowing basecurrent through the upper (PNP) transistor, which latches the transistor pair in an
"on" state. Once both transistors are fully latched, there will be little voltage dropped between
anode and cathode, and the thyristor will remain latched so long as the controlled current exceeds
the minimum (holding) current value. However, if a negative gate voltage is applied (with respect
to the anode, which is at nearly the samevoltage as the cathode in the latched state), the lower
MOSFET will turn on and "short" betweenthe lower (NPN) transistor's baseand emitter terminals,
thus forcing it into cuto®. Once the NPN transistor cuts o®, the PNP transistor will drop out of
conduction, and the whole thyristor turns o®. Gate voltage has full control over conduction through
the MCT: to turn it on and to turn it o®.

This deviceis still a thyristor, though. If there is zerovoltage applied betweengate and cathode,
neither MOSFET will turn on. Consequently , the bipolar transistor pair will remain in whatever
state it was last in (hysteresis). So, a brief positive pulse to the gate turns the MCT on, a brief
negative pulse forcesit o®,and no applied gate voltage lets it remain in whatever state it is already
in. In essence,the MCT is a latching version of the IGBT (Insulated Gate Bipolar Transistor).

² REVIEW:

² A MOS-gated thyristor usesan N-channel MOSFET to trigger a thyristor, resulting in an
extremely low gate current requirement.

² A MOS Controlled Thyristor , or MCT , uses two MOSFETS to exert full control over the
thyristor. A positive gate voltage triggers the device,while a negative gate voltage forcesit to
turn o®. Zero gate voltage allows the thyristor to remain in whatever state it was previously
in (o®, or latched on).
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8.1 In tro duction

The operational ampli¯er is arguably the most useful single device in analog electronic circuitry .
With only a handful of external components, it can be made to perform a wide variety of analog
signal processingtasks. It is also quite a®ordable,most general-purposeampli¯ers selling for under
a dollar apiece. Modern designshave beenengineeredwith durabilit y in mind as well: several "op-
amps" are manufactured that can sustain direct short-circuits on their outputs without damage.

227
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One key to the usefulnessof these little circuits is in the engineering principle of feedback,
particularly negative feedback, which constitutes the foundation of almost all automatic control
processes. The principles presented here in operational ampli¯er circuits, therefore, extend well
beyond the immediate scope of electronics. It is well worth the electronics student's time to learn
theseprinciples and learn them well.

8.2 Single-ended and di®eren tial ampli¯ers

For easeof drawing complex circuit diagrams, electronic ampli¯ers are often symbolized by a simple
triangle shape, where the internal components are not individually represented. This symbology is
very handy for caseswhere an ampli¯er's construction is irrelevant to the greater function of the
overall circuit, and it is worthy of familiarization:

Input Output

+Vsupply

-Vsupply

General amplifier circuit symbol

The +V and -V connections denote the positive and negative sides of the DC power supply,
respectively. The input and output voltage connectionsare shown assingleconductors,becauseit is
assumedthat all signal voltagesare referencedto a commonconnection in the circuit called ground.
Often (but not always!), onepole of the DC power supply, either positive or negative, is that ground
referencepoint. A practical ampli¯er circuit (showing the input voltage source,load resistance,and
power supply) might look like this:

Rload

V input

Input Output

+V

-V

30 V
+

-

Without having to analyze the actual transistor designof the ampli¯er, you can readily discern
the whole circuit's function: to take an input signal (V in ), amplify it, and drive a load resistance
(R l oad ). To complete the above schematic, it would be good to specify the gains of that ampli¯er
(A V , A I , AP ) and the Q (bias) point for any neededmathematical analysis.

If it is necessaryfor an ampli¯er to be able to output true AC voltage (reversing polarit y) to
the load, a split DC power supply may be used,whereby the ground point is electrically "centered"
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between+V and -V. Sometimesthe split power supply con¯guration is referred to as a dual power
supply.

Rload

V input

Input Output

+V

-V

+

-

+

-

15 V

15 V

The ampli¯er is still being supplied with 30 volts overall, but with the split voltage DC power
supply, the output voltage acrossthe load resistor can now swing from a theoretical maximum of
+15 volts to -15 volts, instead of +30 volts to 0 volts. This is an easyway to get true alternating
current (AC) output from an ampli¯er without resorting to capacitive or inductiv e (transformer)
coupling on the output. The peak-to-peak amplitude of this ampli¯er's output betweencuto® and
saturation remains unchanged.

By signifying a transistor ampli¯er within a larger circuit with a triangle symbol, we easethe
task of studying and analyzing more complex ampli¯ers and circuits. One of these more complex
ampli¯er types that we'll be studying is called the di®erential ampli¯er . Unlike normal ampli¯ers,
which amplify a single input signal (often called single-ended ampli¯ers), di®erential ampli¯ers
amplify the voltage di®erencebetween two input signals. Using the simpli¯ed triangle ampli¯er
symbol, a di®erential ampli¯er looks like this:

-

+

Input
1

Input2

+Vsupply

-Vsupply

Output

Differential amplifier

The two input leads can be seenon the left-hand side of the triangular ampli¯er symbol, the
output lead on the right-hand side, and the +V and -V power supply leadson top and bottom. As
with the other example, all voltages are referencedto the circuit's ground point. Notice that one
input lead is marked with a (-) and the other is marked with a (+). Becausea di®erential ampli¯er
ampli¯es the di®erencein voltage betweenthe two inputs, each input in°uences the output voltage
in opposite ways. Consider the following table of input/output voltages for a di®erential ampli¯er
with a voltage gain of 4:
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Output

(-) Input1

(+) Input2

0

0

0

0 0 0 1 2.5 7

0 0 01 2.5 7

4 10 28 -4 -10 -28

3

3

-3

3

0 24

-2

-7

-20

Voltage output equation: Vout = AV(Input2 - Input1)
or

Vout = AV(Input(+) - Input(-))

An increasinglypositive voltage on the (+) input tends to drive the output voltage more positive,
and an increasinglypositive voltage on the (-) input tends to drive the output voltage more negative.
Likewise,an increasingly negative voltage on the (+) input tends to drive the output negative as
well, and an increasingly negative voltage on the (-) input does just the opposite. Becauseof this
relationship between inputs and polarities, the (-) input is commonly referred to as the inverting
input and the (+) as the noninverting input.

It may be helpful to think of a di®erential ampli¯er as a variable voltage sourcecontrolled by a
sensitive voltmeter, as such:

G

-

+

+V

-V

-

+

Bear in mind that the above illustration is only a model to aid in understanding the behavior of a
di®erential ampli¯er. It is not a realistic schematic of its actual design. The "G" symbol represents
a galvanometer, a sensitive voltmeter movement. The potentiometer connectedbetween+V and -V
provides a variable voltage at the output pin (with referenceto one side of the DC power supply),
that variable voltage set by the reading of the galvanometer. It must be understood that any load
poweredby the output of a di®erential ampli¯er getsits current from the DC power source(battery),
not the input signal. The input signal (to the galvanometer) merely controls the output.

This concept may at ¯rst be confusing to students new to ampli¯ers. With all these polarities
and polarit y markings (- and +) around, it's easyto get confusedand not know what the output of
a di®erential ampli¯er will be. To addressthis potential confusion,here'sa simple rule to remember:
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-

+

Differential
input voltage

-

+

+

-
Output
voltage

Differential
input voltage

-

+ -

+
+

-

voltage
Output

When the polarit y of the di®erential voltage matchesthe markings for inverting and noninverting
inputs, the output will be positive. When the polarit y of the di®erential voltage clasheswith the
input markings, the output will be negative. This bears somesimilarit y to the mathematical sign
displayed by digital voltmeters basedon input voltage polarit y. The red test lead of the voltmeter
(often called the "p ositive" lead becauseof the color red's popular association with the positive side
of a power supply in electronic wiring) is more positive than the black, the meter will display a
positive voltage ¯gure, and vice versa:

Differential
input voltage

-

+

Differential
input voltage

-

+

6 V

6 V

-

+

-

+red

blk

blk

red

Digital Voltmeter

Digital Voltmeter

+ 6.00 V

- 6.00 V

Just as a voltmeter will only display the voltage between its two test leads,an ideal di®erential
ampli¯er only ampli¯es the potential di®erencebetween its two input connections,not the voltage
betweenany oneof thoseconnectionsand ground. The output polarit y of a di®erential ampli¯er, just
like the signedindication of a digital voltmeter, dependson the relative polarities of the di®erential
voltage betweenthe two input connections.

If the input voltagesto this ampli¯er represented mathematical quantities (as is the casewithin
analogcomputer circuitry), or physical processmeasurements (as is the casewithin analogelectronic
instrumentation circuitry), you can seehow a device such as a di®erential ampli¯er could be very
useful. We could use it to compare two quantities to seewhich is greater (by the polarit y of the
output voltage), or perhaps we could compare the di®erencebetween two quantities (such as the
level of liquid in two tanks) and °ag an alarm (basedon the absolutevalue of the ampli¯er output) if
the di®erencebecametoo great. In basic automatic control circuitry , the quantit y being controlled
(called the process variable) is compared with a target value (called the setpoint ), and decisions
are made as to how to act basedon the discrepancy between these two values. The ¯rst step in
electronically controlling such a schemeis to amplify the di®erencebetweenthe processvariable and
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the setpoint with a di®erential ampli¯er. In simple controller designs,the output of this di®erential
ampli¯er can be directly utilized to drive the ¯nal control element (such as a valve) and keep the
processreasonablycloseto setpoint.

² REVIEW:

² A "shorthand" symbol for an electronic ampli¯er is a triangle, the wide end signifying the
input side and the narrow end signifying the output. Power supply lines are often omitted in
the drawing for simplicit y.

² To facilitate true AC output from an ampli¯er, we can usewhat is called a split or dual power
supply, with two DC voltagesourcesconnectedin serieswith the middle point grounded,giving
a positive voltage to ground (+V) and a negative voltage to ground (-V). Split power supplies
like this are frequently usedin di®erential ampli¯er circuits.

² Most ampli¯ers have one input and one output. Di®erential ampli¯ers have two inputs and
one output, the output signal being proportional to the di®erencein signalsbetween the two
inputs.

² The voltage output of a di®erential ampli¯er is determined by the following equation: V out =
AV (V noninv - V inv )

8.3 The "op erational" ampli¯er

Long before the advent of digital electronic technology, computers were built to electronically per-
form calculations by employing voltages and currents to represent numerical quantities. This was
especially useful for the simulation of physical processes.A variable voltage, for instance,might rep-
resent velocity or force in a physical system. Through the useof resistive voltagedividers and voltage
ampli¯ers, the mathematical operations of division and multiplication could be easily performed on
thesesignals.

The reactive properties of capacitors and inductors lend themselves well to the simulation of
variables related by calculus functions. Remember how the current through a capacitor was a
function of the voltage's rate of change,and how that rate of changewas designatedin calculus as
the derivative? Well, if voltage acrossa capacitor were made to represent the velocity of an object,
the current through the capacitor would represent the force required to accelerateor deceleratethat
object, the capacitor's capacitancerepresenting the object's mass:

iC = C dv
dt

F = m dv
dt

Where, Where,

iC = 

C =
dv
dt

=

Instantaneous current 
through capacitor
Capacitance in farads

Rate of change of 
voltage over time

F =

m =
dv
dt

=

Force applied to object

Mass of object

Rate of change of 
velocity over time



8.3. THE "OPERA TIONAL" AMPLIFIER 233

This analog electronic computation of the calculus derivative function is technically known as
di®erentiation, and it is a natural function of a capacitor's current in relation to the voltage applied
across it. Note that this circuit requires no "programming" to perform this relatively advanced
mathematical function as a digital computer would.

Electronic circuits are very easyand inexpensive to createcomparedto complexphysical systems,
so this kind of analog electronic simulation was widely used in the research and development of
mechanical systems. For realistic simulation, though, ampli¯er circuits of high accuracy and easy
con¯gurabilit y were neededin theseearly computers.

It was found in the courseof analog computer designthat di®erential ampli¯ers with extremely
high voltage gains met theserequirements of accuracy and con¯gurabilit y better than single-ended
ampli¯ers with custom-designedgains. Using simple components connectedto the inputs and output
of the high-gain di®erential ampli¯er, virtually any gain and any function could be obtained from the
circuit, overall, without adjusting or modifying the internal circuitry of the ampli¯er itself. These
high-gain di®erential ampli¯ers cameto be known as operational ampli¯ers , or op-amps, becauseof
their application in analog computers' mathematical operations.

Modern op-amps, like the popular model 741, are high-performance,inexpensive integrated cir-
cuits. Their input impedancesare quite high, the inputs drawing currents in the range of half
a microamp (maximum) for the 741, and far less for op-amps utilizing ¯eld-e®ect input transis-
tors. Output impedanceis typically quite low, about 75 ­ for the model 741, and many models
have built-in output short circuit protection, meaning that their outputs can be directly shorted
to ground without causing harm to the internal circuitry . With direct coupling between op-amps'
internal transistor stages,they can amplify DC signals just as well as AC (up to certain maximum
voltage-risetime limits). It would cost far more in money and time to designa comparablediscrete-
transistor ampli¯er circuit to match that kind of performance, unless high power capability was
required. For these reasons,op-amps have all but obsoleteddiscrete-transistor signal ampli¯ers in
many applications.

The following diagram shows the pin connectionsfor singleop-amps(741 included) when housed
in an 8-pin DIP (D ual I nline Package) integrated circuit:
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Typical 8-pin "DIP" op-amp
integrated circuit

8 7 6

1 2 3 4

5

- +
+V

-V

Output
No

connection
Offset

null

Offset
null

Somemodels of op-amp cometwo to a package, including the popular models TL082 and 1458.
These are called "dual" units, and are typically housedin an 8-pin DIP package as well, with the
following pin connections:

8 7 6

1 2 3 4

5

Dual op-amp in 8-pin DIP

+V

-V

-

+

-

+

Operational ampli¯ers are also available four to a package,usually in 14-pin DIP arrangements.
Unfortunately, pin assignments aren't as standard for these "quad" op-amps as they are for the
"dual" or single units. Consult the manufacturer datasheet(s) for details.

Practical operational ampli¯er voltage gains are in the range of 200,000or more, which makes
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them almost uselessas an analogdi®erential ampli¯er by themselves. For an op-amp with a voltage
gain (A V ) of 200,000and a maximum output voltage swing of +15V/-15V, all it would take is a
di®erential input voltage of 75 ¹ V (microvolts) to drive it to saturation or cuto®! Before we take
a look at how external components are used to bring the gain down to a reasonablelevel, let's
investigate applications for the "bare" op-amp by itself.

One application is called the comparator. For all practical purposes,we can say that the output
of an op-amp will be saturated fully positive if the (+) input is more positive than the (-) input,
and saturated fully negative if the (+) input is less positive than the (-) input. In other words,
an op-amp's extremely high voltage gain makes it useful as a device to compare two voltages and
changeoutput voltage states when one input exceedsthe other in magnitude.

-

+

+V

-V

LEDV in

In the above circuit, we have an op-amp connectedasa comparator, comparing the input voltage
with a referencevoltage set by the potentiometer (R1). If V in drops below the voltage set by R1,
the op-amp's output will saturate to +V, thereby lighting up the LED. Otherwise, if V in is above
the referencevoltage, the LED will remain o®. If V in is a voltage signal produced by a measuring
instrument, this comparator circuit could function as a "low" alarm, with the trip-p oint set by R1.
Instead of an LED, the op-amp output could drive a relay, a transistor, an SCR, or any other device
capable of switching power to a load such as a solenoid valve, to take action in the event of a low
alarm.

Another application for the comparator circuit shown is a square-wave converter. Supposethat
the input voltage applied to the inverting (-) input was an AC sine wave rather than a stable DC
voltage. In that case, the output voltage would transition between opposing states of saturation
whenever the input voltage was equal to the referencevoltage produced by the potentiometer. The
result would be a squarewave:
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-

+

+V

-V

VoutV in

V in Vout

Adjustments to the potentiometer setting would change the referencevoltage applied to the
noninverting (+) input, which would changethe points at which the sinewave would cross,changing
the on/o® times, or duty cycle of the squarewave:

-

+

+V

-V

VoutV in

V in Vout

It should be evident that the AC input voltage would not have to be a sine wave in particular
for this circuit to perform the samefunction. The input voltage could be a triangle wave, sawtooth
wave, or any other sort of wave that ramped smoothly from positive to negative to positive again.
This sort of comparator circuit is very useful for creating squarewavesof varying duty cycle. This
technique is sometimesreferred to as pulse-width modulation, or PWM (varying, or modulating a
waveform according to a controlling signal, in this casethe signal produced by the potentiometer).

Another comparator application is that of the bargraph driver. If we had several op-amps
connectedascomparators, each with its own referencevoltage connectedto the inverting input, but
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each onemonitoring the samevoltage signal on their noninverting inputs, we could build a bargraph-
style meter such aswhat is commonly seenon the faceof stereotuners and graphic equalizers.As the
signal voltage (representing radio signal strength or audio sound level) increased,each comparator
would "turn on" in sequenceand sendpower to its respective LED. With each comparator switching
"on" at a di®erent level of audio sound, the number of LED's illuminated would indicate how strong
the signal was.

-

+

-

+

-

+

-

+

+V

-V

V in

-V

LED1

LED2

LED3

LED4

Simple bargraph driver circuit

In the circuit shown above, LED 1 would be the ¯rst to light up as the input voltage increasedin
a positive direction. As the input voltage continued to increase,the other LED's would illuminate
in succession,until all were lit.

This very sametechnology is used in someanalog-to-digital signal converters, namely the °ash
converter, to translate an analogsignal quantit y into a seriesof on/o® voltagesrepresenting a digital
number.

² REVIEW:

² A triangle shape is the generic symbol for an ampli¯er circuit, the wide end signifying the
input and the narrow end signifying the output.

² Unlessotherwisespeci¯ed, all voltagesin ampli¯er circuits are referencedto a commonground
point, usually connected to one terminal of the power supply. This way, we can speak of
a certain amount of voltage being "on" a single wire, while realizing that voltage is always
measuredbetweentwo points.
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² A di®erential ampli¯er is one amplifying the voltage di®erence betweentwo signal inputs. In
such a circuit, one input tends to drive the output voltage to the samepolarit y of the input
signal, while the other input doesjust the opposite. Consequently , the ¯rst input is called the
noninverting (+) input and the secondis called the inverting (-) input.

² An operational ampli¯er (or op-amp for short) is a di®erential ampli¯er with an extremely high
voltage gain (A V = 200,000or more). Its name hails from its original usein analog computer
circuitry (performing mathematical operations).

² Op-amps typically have very high input impedancesand fairly low output impedances.

² Sometimesop-ampsare usedassignal comparators, operating in full cuto®or saturation mode
depending on which input (inverting or noninverting) has the greatest voltage. Comparators
are useful in detecting "greater-than" signal conditions (comparing one to the other).

² One comparator application is called the pulse-width modulator, and is made by comparing a
sine-wave AC signal against a DC referencevoltage. As the DC referencevoltage is adjusted,
the square-wave output of the comparator changes its duty cycle (positive versus negative
times). Thus, the DC referencevoltage controls, or modulates the pulse width of the output
voltage.

8.4 Negativ e feedback

If we connect the output of an op-amp to its inverting input and apply a voltage signal to the
noninverting input, we ¯nd that the output voltage of the op-amp closely follows that input voltage
(I'v e neglectedto draw in the power supply, +V/-V wires, and ground symbol for simplicit y):

-

+V in

Vout

As V in increases,Vout will increasein accordancewith the di®erential gain. However, as Vout

increases,that output voltage is fed back to the inverting input, thereby acting to decreasethe
voltage di®erential betweeninputs, which acts to bring the output down. What will happen for any
given voltage input is that the op-amp will output a voltage very nearly equal to V in , but just low
enoughso that there's enoughvoltage di®erenceleft betweenV in and the (-) input to be ampli¯ed
to generatethe output voltage.

The circuit will quickly reach a point of stabilit y (known as equilibrium in physics), where the
output voltage is just the right amount to maintain the right amount of di®erential, which in turn
produces the right amount of output voltage. Taking the op-amp's output voltage and coupling
it to the inverting input is a technique known as negative feedback, and it is the key to having a
self-stabilizing system(this is true not only of op-amps,but of any dynamic systemin general). This
stabilit y gives the op-amp the capacity to work in its linear (active) mode, as opposed to merely
being saturated fully "on" or "o®" as it was when usedas a comparator, with no feedback at all.

Becausethe op-amp'sgain is sohigh, the voltageon the inverting input canbe maintained almost
equal to V in . Let's say that our op-amp has a di®erential voltage gain of 200,000. If V in equals
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6 volts, the output voltage will be 5.999970000149999volts. This creates just enough di®erential
voltage (6 volts - 5.999970000149999volts = 29.99985¹ V) to cause5.999970000149999volts to be
manifestedat the output terminal, and the systemholds there in balance. As you can see,29.99985
¹ V is not a lot of di®erential, sofor practical calculations, we can assumethat the di®erential voltage
betweenthe two input wires is held by negative feedback exactly at 0 volts.

-

+

6 V

5.999970000149999 V

29.99985 mV

The effects of negative feedback

-

+

6 V

The effects of negative feedback

0 V

6 V

(rounded figures)

One great advantage to using an op-amp with negative feedback is that the actual voltage gain of
the op-amp doesn't matter, so long as it's very large. If the op-amp's di®erential gain were 250,000
instead of 200,000,all it would mean is that the output voltage would hold just a little closerto V in

(lessdi®erential voltage neededbetweeninputs to generatethe required output). In the circuit just
illustrated, the output voltage would still be (for all practical purposes)equal to the non-inverting
input voltage. Op-amp gains, therefore,do not have to be preciselyset by the factory in order for the
circuit designerto build an ampli¯er circuit with precisegain. Negative feedback makesthe system
self-correcting. The above circuit as a whole will simply follow the input voltage with a stable gain
of 1.

Going back to our di®erential ampli¯er model, we can think of the operational ampli¯er as
being a variable voltage sourcecontrolled by an extremely sensitive null detector, the kind of meter
movement or other sensitive measurement device used in bridge circuits to detect a condition of
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balance(zero volts). The "p otentiometer" inside the op-amp creating the variable voltage will move
to whatever position it must to "balance" the inverting and noninverting input voltagesso that the
"null detector" has zero voltage acrossit:

null

-

+

+V

-V

6 V

6 V

0 V

As the "p otentiometer" will move to provide an output voltage necessaryto satisfy the "null
detector" at an "indication" of zero volts, the output voltage becomesequal to the input voltage:
in this case,6 volts. If the input voltage changesat all, the "p otentiometer" inside the op-amp will
changeposition to hold the "null detector" in balance(indicating zero volts), resulting in an output
voltage approximately equal to the input voltage at all times.

This will hold true within the range of voltages that the op-amp can output. With a power
supply of +15V/-15V, and an ideal ampli¯er that can swing its output voltage just as far, it will
faithfully "follow" the input voltage betweenthe limits of +15 volts and -15 volts. For this reason,
the above circuit is known as a voltage follower. Like its one-transistor counterpart, the common-
collector ("emitter-follo wer") ampli¯er, it has a voltage gain of 1, a high input impedance,a low
output impedance,and a high current gain. Voltage followers are also known as voltage bu®ers,
and are used to boost the current-sourcing abilit y of voltage signals too weak (too high of source
impedance)to directly drive a load. The op-amp model shown in the last illustration depicts how
the output voltage is essentially isolated from the input voltage, so that current on the output pin
is not supplied by the input voltage sourceat all, but rather from the power supply powering the
op-amp.

It should be mentioned that many op-ampscannot swing their output voltagesexactly to +V/-V
power supply rail voltages. The model 741 is one of those that cannot: when saturated, its output
voltage peaks within about one volt of the +V power supply voltage and within about 2 volts of
the -V power supply voltage. Therefore, with a split power supply of +15/-15 volts, a 741op-amp's
output may go as high as +14 volts or as low as -13 volts (approximately), but no further. This is
due to its bipolar transistor design. These two voltage limits are known as the positive saturation
voltage and negative saturation voltage, respectively. Other op-amps, such as the model 3130with
¯eld-e®ect transistors in the ¯nal output stage,have the abilit y to swing their output voltageswithin
milliv olts of either power supply rail voltage. Consequently , their positive and negative saturation
voltagesare practically equal to the supply voltages.

² REVIEW:
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² Connecting the output of an op-amp to its inverting (-) input is called negative feedback. This
term can be broadly applied to any dynamic system where the output signal is "fed back" to
the input somehow so as to reach a point of equilibrium (balance).

² When the output of an op-amp is directly connectedto its inverting (-) input, a voltagefollower
will be created. Whatever signal voltage is impressedupon the noninverting (+) input will be
seenon the output.

² An op-amp with negative feedback will try to drive its output voltage to whatever level nec-
essaryso that the di®erential voltage between the two inputs is practically zero. The higher
the op-amp di®erential gain, the closer that di®erential voltage will be to zero.

² Someop-ampscannot producean output voltage equal to their supply voltage when saturated.
The model 741is oneof these. The upper and lower limits of an op-amp'soutput voltage swing
are known as positive saturation voltage and negative saturation voltage, respectively.

8.5 Divided feedback

If we add a voltage divider to the negative feedback wiring so that only a fraction of the output
voltage is fed back to the inverting input instead of the full amount, the output voltage will be a
multiple of the input voltage (pleasebear in mind that the power supply connectionsto the op-amp
have beenomitted onceagain for simplicit y's sake):

-

+

6 V

The effects of divided negative feedback

R1 R2

1 kW 1 kW

0 V

6 V

6 V
12 V

All voltage figures shown in
reference to ground

6 mA 6 mA

If R1 and R2 are both equaland V in is 6 volts, the op-amp will output whatever voltage is needed
to drop 6 volts acrossR1 (to make the inverting input voltage equal to 6 volts, as well, keepingthe
voltage di®erencebetweenthe two inputs equal to zero). With the 2:1 voltage divider of R1 and R2,
this will take 12 volts at the output of the op-amp to accomplish.

Another way of analyzing this circuit is to start by calculating the magnitude and direction of
current through R1, knowing the voltage on either side (and therefore, by subtraction, the voltage
acrossR1), and R1 's resistance.Sincethe left-hand side of R1 is connectedto ground (0 volts) and
the right-hand side is at a potential of 6 volts (due to the negative feedback holding that point equal
to V in ), we can seethat we have 6 volts acrossR1. This givesus 6 mA of current through R1 from
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left to right. Becausewe know that both inputs of the op-amp have extremely high impedance,
we can safely assumethey won't add or subtract any current through the divider. In other words,
we can treat R1 and R2 as being in serieswith each other: all of the electrons °owing through R1

must °ow through R2. Knowing the current through R2 and the resistanceof R2, we can calculate
the voltage acrossR2 (6 volts), and its polarit y. Counting up voltagesfrom ground (0 volts) to the
right-hand side of R2, we arrive at 12 volts on the output.

Upon examining the last illustration, one might wonder, "where doesthat 1 mA of current go?"
The last illustration doesn't show the entire current path, but in reality it comesfrom the negative
sideof the DC power supply, through ground, through R1, through R2, through the output pin of the
op-amp, and then back to the positive sideof the DC power supply through the output transistor(s)
of the op-amp. Using the null detector/p otentiometer model of the op-amp, the current path looks
like this:

null

-

+

+V

-V

6 V

R1 R2

1 kW 1 kW

The 6 volt signal sourcedoesnot have to supply any current for the circuit: it merely commands
the op-amp to balancevoltage betweenthe inverting (-) and noninverting (+) input pins, and in so
doing produce an output voltage that is twice the input due to the dividing e®ectof the two 1 k­
resistors.

We can changethe voltage gain of this circuit, overall, just by adjusting the valuesof R1 and R2

(changing the ratio of output voltage that is fed back to the inverting input). Gain can be calculated
by the following formula:

AV = 
R2

R1
+ 1

Note that the voltage gain for this designof ampli¯er circuit can never be lessthan 1. If we were
to lower R2 to a value of zeroohms,our circuit would be essentially identical to the voltage follower,
with the output directly connectedto the inverting input. Since the voltage follower has a gain of
1, this sets the lower gain limit of the noninverting ampli¯er. However, the gain can be increased
far beyond 1, by increasingR2 in proportion to R1.

Also note that the polarit y of the output matches that of the input, just as with a voltage
follower. A positive input voltage results in a positive output voltage, and vice versa (with respect
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to ground). For this reason,this circuit is referred to as a noninverting ampli¯er .
Just as with the voltage follower, we seethat the di®erential gain of the op-amp is irrelevant, so

long as it's very high. The voltages and currents in this circuit would hardly change at all if the
op-amp's voltage gain were 250,000instead of 200,000. This stands as a stark contrast to single-
transistor ampli¯er circuit designs,where the Beta of the individual transistor greatly in°uenced
the overall gains of the ampli¯er. With negative feedback, we have a self-correcting system that
ampli¯es voltage according to the ratios set by the feedback resistors, not the gains internal to the
op-amp.

Let's seewhat happens if we retain negative feedback through a voltage divider, but apply the
input voltage at a di®erent location:

-

+

6 V

R1 R2

1 kW 1 kW

0 V
All voltage figures shown in

reference to ground

0 V

-6 V

6 mA 6 mA

By grounding the noninverting input, the negative feedback from the output seeksto hold the
inverting input's voltage at 0 volts, as well. For this reason, the inverting input is referred to in
this circuit as a virtual ground, being held at ground potential (0 volts) by the feedback, yet not
directly connectedto (electrically common with) ground. The input voltage this time is applied to
the left-hand end of the voltage divider (R1 = R2 = 1 k­ again), so the output voltage must swing
to -6 volts in order to balancethe middle at ground potential (0 volts). Using the sametechniques
as with the noninverting ampli¯er, we can analyze this circuit's operation by determining current
magnitudes and directions, starting with R1, and continuing on to determining the output voltage.

We can changethe overall voltage gain of this circuit, overall, just by adjusting the valuesof R1

and R2 (changing the ratio of output voltage that is fed back to the inverting input). Gain can be
calculated by the following formula:

AV = 
R2

R1

Note that this circuit's voltage gain can be lessthan 1, depending solely on the ratio of R2 to R1.
Also note that the output voltage is always the opposite polarit y of the input voltage. A positive
input voltage results in a negative output voltage, and vice versa(with respect to ground). For this
reason,this circuit is referred to as an inverting ampli¯er . Sometimes,the gain formula contains a
negative sign (before the R2/R 1 fraction) to re°ect this reversal of polarities.

Thesetwo ampli¯er circuits we've just investigated serve the purposeof multiplying or dividing
the magnitude of the input voltage signal. This is exactly how the mathematical operations of
multiplication and division are typically handled in analog computer circuitry .

² REVIEW:

² By connecting the inverting (-) input of an op-amp directly to the output, we get negative
feedback, which gives us a voltage follower circuit. By connecting that negative feedback
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through a resistivevoltagedivider (feedingback a fraction of the output voltageto the inverting
input), the output voltage becomesa multiple of the input voltage.

² A negative-feedback op-amp circuit with the input signal going to the noninverting (+) input
is called a noninverting ampli¯er . The output voltage will be the samepolarit y as the input.
Voltage gain is given by the following equation: AV = (R2/R 1) + 1

² A negative-feedback op-amp circuit with the input signal going to the "b ottom" of the resistive
voltage divider, with the noninverting (+) input grounded, is called an inverting ampli¯er . Its
output voltage will be the opposite polarit y of the input. Voltage gain is given by the following
equation: AV = R2/R 1

8.6 An analogy for divided feedback

A helpful analogy for understanding divided feedback ampli¯er circuits is that of a mechanical lever,
with relative motion of the lever's ends representing change in input and output voltages, and the
fulcrum (pivot point) representing the location of the ground point, real or virtual.

Take for example the following noninverting op-amp circuit. We know from the prior section
that the voltage gain of a noninverting ampli¯er con¯guration can never be lessthan unit y (1). If
we draw a lever diagram next to the ampli¯er schematic, with the distance between fulcrum and
lever endsrepresentativ e of resistor values,the motion of the lever will signify changesin voltage at
the input and output terminals of the ampli¯er:

-

+

R1 R2

1 kW 1 kW

0 V

V in

V in

Vout

R1 R2

Vout = 2(Vin)

Vout

Physicists call this type of lever, with the input force (e®ort) applied between the fulcrum and
output (load), a third-class lever. It is characterized by an output displacement (motion) at least
as large than the input displacement { a "gain" of at least 1 { and in the samedirection. Applying
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a positive input voltage to this op-amp circuit is analogousto displacing the "input" point on the
lever upward:

-

+

R1 R2

1 kW 1 kW

0 V

V in

V in

Vout

Vout = 2(Vin)

Vout

+

-

+

-

Due to the displacement-amplifying characteristics of the lever, the "output" point will move
twice as far as the "input" point, and in the samedirection. In the electronic circuit, the output
voltage will equal twice the input, with the same polarit y. Applying a negative input voltage is
analogousto moving the lever downward from its level "zero" position, resulting in an ampli¯ed
output displacement that is also negative:



246 CHAPTER 8. OPERATIONAL AMPLIFIERS

-

+

R1 R2

1 kW 1 kW

0 V

V in

V in
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Vout = 2(Vin)

Vout

+

-
+

-

If we alter the resistor ratio R2/R 1, we change the gain of the op-amp circuit. In lever terms,
this meansmoving the input point in relation to the fulcrum and lever end, which similarly changes
the displacement "gain" of the machine:
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R1 R2
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0 V

V in

V in

Vout

R1 R2

Vout

3 kW

Vout = 4(Vin)

Now, any input signal will becomeampli¯ed by a factor of four instead of by a factor of two:
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Inverting op-amp circuits may be modeled using the lever analogy as well. With the inverting
con¯guration, the ground point of the feedback voltage divider is the op-amp's inverting input with
the input to the left and the output to the right. This is mechanically equivalent to a ¯rst-class
lever, where the input force (e®ort) is on the opposite side of the fulcrum from the output (load):

-

+

R1 R2

1 kW 1 kWV in

Vout

V in Vout

Vout = -(Vin)

R1 R2

With equal-value resistors(equal-lengthsof lever on each sideof the fulcrum), the output voltage
(displacement) will be equal in magnitude to the input voltage (displacement), but of the opposite
polarit y (direction). A positive input results in a negative output:
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Vout = -(Vin)

+
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Changing the resistor ratio R2/R 1 changesthe gain of the ampli¯er circuit, just as changing the
fulcrum position on the lever changesits mechanical displacement "gain." Consider the following
example,where R2 is made twice as large as R1:

-

+

R1 R2

1 kW
V in

Vout

V in

Vout

+

--

+
2 kW

Vout = -2(Vin)

With the inverting ampli¯er con¯guration, though, gains of lessthan 1 are possible,just as with
¯rst-class levers. Reversing R2 and R1 valuesis analogousto moving the fulcrum to its complemen-
tary position on the lever: one-third of the way from the output end. There, the output displacement
will be one-half the input displacement:
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R1 R2

1 kW
V in

Vout

V in

Vout

+

--

+
2 kW

Vout = -0.5(Vin)

8.7 Voltage-to-curren t signal conversion

In instrumentation circuitry , DC signals are often used as analog representations of physical mea-
surements such as temperature, pressure,°ow, weight, and motion. Most commonly, DC current
signals are used in preferenceto DC voltage signals, becausecurrent signals are exactly equal in
magnitude throughout the seriescircuit loop carrying current from the source(measuring device)
to the load (indicator, recorder, or controller), whereasvoltage signalsin a parallel circuit may vary
from oneend to the other due to resistive wire losses.Furthermore, current-sensinginstruments typ-
ically have low impedances(while voltage-sensinginstruments have high impedances),which gives
current-sensing instruments greater electrical noise immunit y.

In order to usecurrent as an analog representation of a physical quantit y, we have to have some
way of generating a preciseamount of current within the signal circuit. But how do we generate
a precisecurrent signal when we might not know the resistanceof the loop? The answer is to use
an ampli¯er designedto hold current to a prescribed value, applying as much or as little voltage as
necessaryto the load circuit to maintain that value. Such an ampli¯er performs the function of a
current source. An op-amp with negative feedback is a perfect candidate for such a task:
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+

V in 1 to 5 volt signal range

Rload

250 W 4 to 20 mA

4 to 20 mA

+

-

+

-

The input voltage to this circuit is assumedto be coming from some type of physical trans-
ducer/ampli¯er arrangement, calibrated to produce 1 volt at 0 percent of physical measurement,
and 5 volts at 100 percent of physical measurement. The standard analog current signal range is 4
mA to 20 mA, signifying 0% to 100%of measurement range,respectively. At 5 volts input, the 250­
(precision) resistor will have 5 volts applied acrossit, resulting in 20 mA of current in the large loop
circuit (with Rl oad ). It doesnot matter what resistancevalue Rl oad is, or how much wire resistance
is present in that large loop, so long as the op-amp has a high enough power supply voltage to
output the voltage necessaryto get 20 mA °owing through Rl oad . The 250­ resistor establishesthe
relationship between input voltage and output current, in this casecreating the equivalenceof 1-5
V in / 4-20mA out. If we wereconverting the 1-5 volt input signal to a 10-50mA output signal (an
older, obsoleteinstrumentation standard for industry), we'd usea 100 ­ precision resistor instead.

Another name for this circuit is transconductance ampli¯er . In electronics, transconductanceis
the mathematical ratio of current changedivided by voltage change(¢I / ¢ V), and it is measured
in the unit of Siemens,the sameunit used to expressconductance(the mathematical reciprocal of
resistance: current/v oltage). In this circuit, the transconductanceratio is ¯xed by the value of the
250 ­ resistor, giving a linear current-out/v oltage-in relationship.

² REVIEW:

² In industry, DC current signals are often used in preferenceto DC voltage signals as analog
representations of physical quantities. Current in a seriescircuit is absolutely equal at all
points in that circuit regardlessof wiring resistance,whereasvoltage in a parallel-connected
circuit may vary from end to end becauseof wire resistance,making current-signaling more
accurate from the "transmitting" to the "receiving" instrument.

² Voltage signalsare relatively easyto produce directly from transducer devices,whereasaccu-
rate current signalsare not. Op-amps can be usedto "convert" a voltage signal into a current
signal quite easily. In this mode, the op-amp will output whatever voltage is necessaryto
maintain current through the signaling circuit at the proper value.

8.8 Av erager and summer circuits

If we take three equal resistors and connect one end of each to a common point, then apply three
input voltages(one to each of the resistors' free ends), the voltage seenat the commonpoint will be
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the mathematical average of the three.

R1

R2

R3

V1 V2 V3

Vout

V1 V2 V3

=
+ +R1 R2 R3

R1
+ R2

+ R3

1 1 1

"Passive averager" circuit

With equal value resistors:

Vout = 
V1 V2 V3+ +

3

This circuit is really nothing more than a practical application of Millman's Theorem:

R1 R2 R3

V1 V2 V3

Vout

V1 V2 V3

=
+ +R1 R2 R3

R1
+ R2

+ R3

1 1 1

This circuit is commonly known as a passiveaverager, becauseit generatesan averagevoltage
with non-amplifying components. Passive simply means that it is an unampli¯ed circuit. The
large equation to the right of the averagercircuit comesfrom Millman's Theorem, which describes
the voltage producedby multiple voltage sourcesconnectedtogether through individual resistances.
Since the three resistors in the averager circuit are equal to each other, we can simplify Millman's
formula by writing R1, R2, and R3 simply as R (one, equal resistanceinstead of three individual
resistances):
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V1 V2 V3+ +

+ +
1 1 1

Vout = 
V1 V2 V3+ +

3

Vout = 
R R R

R R R

Vout =

V1 V2 V3+ +
R
3
R

If we take a passive averagerand useit to connect three input voltagesinto an op-amp ampli¯er
circuit with a gain of 3, we can turn this averaging function into an addition function. The result is
called a noninverting summer circuit:

-

+

1 kW 2 kW

R

R

R

V1

V2

V3

Vout

With a voltage divider composedof a 2 k­ / 1 k­ combination, the noninverting ampli¯er circuit
will have a voltage gain of 3. By taking the voltage from the passive averager, which is the sum
of V1, V2, and V3 divided by 3, and multiplying that averageby 3, we arrive at an output voltage
equal to the sum of V1, V2, and V3:

Vout = 3
V1 + V2 + V3

3

Vout = V1 + V2 + V3

Much the samecan be donewith an inverting op-amp ampli¯er, using a passive averageraspart
of the voltage divider feedback circuit. The result is called an inverting summer circuit:
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R

R

V1

V2

V3
Vout

R

I1

I3

I2

I1 + I2 + I30 V

0 V

Now, with the right-hand sidesof the three averaging resistors connectedto the virtual ground
point of the op-amp's inverting input, Millman's Theorem no longer directly appliesas it did before.
The voltage at the virtual ground is now held at 0 volts by the op-amp's negative feedback, whereas
before it was free to °oat to the average value of V1, V2, and V3. However, with all resistor
values equal to each other, the currents through each of the three resistors will be proportional to
their respective input voltages. Since those three currents will add at the virtual ground node, the
algebraic sum of those currents through the feedback resistor will produce a voltage at V out equal
to V1 + V2 + V3, except with reversedpolarit y. The reversal in polarit y is what makesthis circuit
an inverting summer:

Vout = -(V1 + V2 + V3)

Summer(adder) circuits are quite useful in analogcomputer design,just asmultiplier and divider
circuits would be. Again, it is the extremely high di®erential gain of the op-amp which allows us to
build theseuseful circuits with a bare minimum of components.

² REVIEW:

² A summer circuit is one that sums, or adds, multiple analog voltage signals together. There
are two basic varieties of op-amp summer circuits: noninverting and inverting.

8.9 Building a di®eren tial ampli¯er

An op-amp with no feedback is already a di®erential ampli¯er, amplifying the voltage di®erence
between the two inputs. However, its gain cannot be controlled, and it is generally too high to be
of any practical use. So far, our application of negative feedback to op-amps has resulting in the
practical loss of one of the inputs, the resulting ampli¯er only good for amplifying a single voltage
signal input. With a little ingenuit y, however, we can construct an op-amp circuit maintaining both
voltage inputs, yet with a controlled gain set by external resistors.
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-

+

V1

V2

Vout

R R

R R

If all the resistor values are equal, this ampli¯er will have a di®erential voltage gain of 1. The
analysis of this circuit is essentially the same as that of an inverting ampli¯er, except that the
noninverting input (+) of the op-amp is at a voltage equal to a fraction of V2, rather than being
connecteddirectly to ground. As would stand to reason,V2 functions as the noninverting input and
V1 functions as the inverting input of the ¯nal ampli¯er circuit. Therefore:

Vout = V2 - V1

If we wanted to provide a di®erential gain of anything other than 1, we would have to adjust
the resistancesin both upper and lower voltage dividers, necessitatingmultiple resistor changesand
balancing between the two dividers for symmetrical operation. This is not always practical, for
obvious reasons.

Another limitation of this ampli¯er design is the fact that its input impedancesare rather low
compared to that of some other op-amp con¯gurations, most notably the noninverting (single-
ended input) ampli¯er. Each input voltage sourcehas to drive current through a resistance,which
constitutes far lessimpedancethan the bare input of an op-amp alone. The solution to this problem,
fortunately, is quite simple. All we needto do is "bu®er" each input voltage signal through a voltage
follower like this:

-

+

V1

V2

Vout

R R

R R

-

+

-

+

Now the V1 and V2 input lines are connectedstraight to the inputs of two voltage-follower op-
amps, giving very high impedance.The two op-ampson the left now handle the driving of current
through the resistors instead of letting the input voltage sources(whatever they may be) do it. The
increasedcomplexity to our circuit is minimal for a substantial bene¯t.
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8.10 The instrumen tation ampli¯er

As suggestedbefore, it is bene¯cial to be able to adjust the gain of the ampli¯er circuit without
having to changemore than oneresistor value, as is necessarywith the previousdesignof di®erential
ampli¯er. The so-calledinstrumentation builds on the last version of di®erential ampli¯er to give
us that capability:

-

+

V1

V2

Vout

R R

R R

-

+

-

+

R

R

Rgain

3

1

2

4

This intimidating circuit is constructed from a bu®ereddi®erential ampli¯er stage with three
new resistors linking the two bu®er circuits together. Consider all resistors to be of equal value
except for Rgain . The negative feedback of the upper-left op-amp causesthe voltage at point 1 (top
of Rgain ) to be equal to V1. Likewise, the voltage at point 2 (bottom of Rgain ) is held to a value
equal to V2. This establishesa voltage drop acrossRgain equal to the voltage di®erencebetweenV1

and V2. That voltage drop causesa current through Rgain , and sincethe feedback loops of the two
input op-ampsdraw no current, that sameamount of current through Rgain must be going through
the two "R" resistors above and below it. This producesa voltage drop between points 3 and 4
equal to:

V3-4 = (V2 - V1)(1 + 2R
Rgain

)

The regular di®erential ampli¯er on the right-hand side of the circuit then takes this voltage
drop betweenpoints 3 and 4, and ampli¯es it by a gain of 1 (assumingagain that all "R" resistors
are of equal value). Though this looks like a cumbersomeway to build a di®erential ampli¯er,
it has the distinct advantages of possessingextremely high input impedanceson the V 1 and V2

inputs (becausethey connectstraight into the noninverting inputs of their respective op-amps),and
adjustable gain that can be set by a single resistor. Manipulating the above formula a bit, we have
a generalexpressionfor overall voltage gain in the instrumentation ampli¯er:

2R
Rgain

)AV = (1 +

Though it may not be obvious by looking at the schematic, we can change the di®erential gain
of the instrumentation ampli¯er simply by changing the value of one resistor: Rgain . Yes,we could
still change the overall gain by changing the values of someof the other resistors, but this would
necessitatebalanced resistor value changesfor the circuit to remain symmetrical. Pleasenote that
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the lowest gain possible with the above circuit is obtained with Rgain completely open (in¯nite
resistance),and that gain value is 1.

² REVIEW:

² An instrumentation ampli¯er is a di®erential op-amp circuit providing high input impedances
with easeof gain adjustment through the variation of a single resistor.

8.11 Di®eren tiator and in tegrator circuits

By intro ducing electrical reactance into the feedback loops of op-amp ampli¯er circuits, we can
causethe output to respond to changesin the input voltage over time. Drawing their namesfrom
their respective calculus functions, the integrator produces a voltage output proportional to the
product (multiplication) of the input voltage and time; and the di®erentiator (not to be confused
with di®erential ) producesa voltage output proportional to the input voltage's rate of change.

Capacitance can be de¯ned as the measureof a capacitor's opposition to changesin voltage.
The greater the capacitance,the more the opposition. Capacitors opposevoltage changeby creating
current in the circuit: that is, they either charge or discharge in response to a change in applied
voltage. So, the more capacitancea capacitor has, the greater its charge or discharge current will
be for any given rate of voltage changeacrossit. The equation for this is quite simple:

Changing
DC

voltage

C

i = C dv
dt

The dv/dt fraction is a calculus expressionrepresenting the rate of voltage changeover time. If
the DC supply in the above circuit were steadily increasedfrom a voltage of 15 volts to a voltage
of 16 volts over a time span of 1 hour, the current through the capacitor would most likely be very
small, becauseof the very low rate of voltage change(dv/dt = 1 volt / 3600seconds).However, if
we steadily increasedthe DC supply from 15 volts to 16 volts over a shorter time span of 1 second,
the rate of voltage change would be much higher, and thus the charging current would be much
higher (3600times higher, to be exact). Sameamount of changein voltage, but vastly di®erent rates
of change,resulting in vastly di®erent amounts of current in the circuit.

To put somede¯nite numbersto this formula, if the voltageacrossa 47¹ F capacitor waschanging
at a linear rate of 3 volts per second,the current "through" the capacitor would be (47 ¹ F)(3 V/s)
= 141 ¹ A.

We can build an op-amp circuit which measureschangein voltage by measuringcurrent through
a capacitor, and outputs a voltage proportional to that current:
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Vout

C
R

0 V

0 V

0 V

Differentiator

The right-hand side of the capacitor is held to a voltage of 0 volts, due to the "virtual ground"
e®ect. Therefore, current "through" the capacitor is solely due to change in the input voltage. A
steady input voltage won't causea current through C, but a changing input voltage will.

Capacitor current movesthrough the feedback resistor, producing a drop acrossit, which is the
sameas the output voltage. A linear, positive rate of input voltage change will result in a steady
negative voltage at the output of the op-amp. Conversely, a linear, negative rate of input voltage
changewill result in a steady positive voltage at the output of the op-amp. This polarit y inversion
from input to output is due to the fact that the input signal is beingsent (essentially) to the inverting
input of the op-amp, so it acts like the inverting ampli¯er mentioned previously. The faster the rate
of voltage changeat the input (either positive or negative), the greater the voltage at the output.

The formula for determining voltage output for the di®erentiator is as follows:

Vout = -RC
dvin

dt

Applications for this, besidesrepresenting the derivative calculus function inside of an analog
computer, include rate-of-change indicators for processinstrumentation. One such rate-of-change
signal application might be for monitoring (or controlling) the rate of temperature change in a
furnace, where too high or too low of a temperature rise rate could be detrimental. The DC voltage
produced by the di®erentiator circuit could be used to drive a comparator, which would signal an
alarm or activate a control if the rate of changeexceededa pre-set level.

In processcontrol, the derivative function is used to make control decisionsfor maintaining a
processat setpoint, by monitoring the rate of processchangeover time and taking action to prevent
excessive rates of change,which can lead to an unstable condition. Analog electronic controllers use
variations of this circuitry to perform the derivative function.

On the other hand, there are applications where we needprecisely the opposite function, called
integration in calculus. Here, the op-amp circuit would generate an output voltage proportional
to the magnitude and duration that an input voltage signal has deviated from 0 volts. Stated
di®erently , a constant input signal would generatea certain rate of change in the output voltage:
di®erentiation in reverse. To do this, all we have to do is swap the capacitor and resistor in the
previous circuit:
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Vout
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Integrator

As before, the negative feedback of the op-amp ensuresthat the inverting input will be held at
0 volts (the virtual ground). If the input voltage is exactly 0 volts, there will be no current through
the resistor, therefore no charging of the capacitor, and therefore the output voltage will not change.
We cannot guarantee what voltage will be at the output with respect to ground in this condition,
but we can say that the output voltage wil l be constant.

However, if weapply a constant, positivevoltageto the input, the op-ampoutput will fall negative
at a linear rate, in an attempt to produce the changing voltage acrossthe capacitor necessaryto
maintain the current establishedby the voltage di®erenceacrossthe resistor. Conversely, a constant,
negative voltage at the input results in a linear, rising (positive) voltage at the output. The output
voltage rate-of-changewill be proportional to the value of the input voltage.

The formula for determining voltage output for the integrator is as follows:

dvout

dt
= -

V in

RC

or

V in

RC
dt + c

t

0

Where,
c = Output voltage at start time (t=0)

Vout = ò -

One application for this device would be to keep a "running total" of radiation exposure, or
dosage,if the input voltage was a proportional signal supplied by an electronic radiation detector.
Nuclear radiation can be just as damaging at low intensities for long periods of time as it is at
high intensities for short periods of time. An integrator circuit would take both the intensity (input
voltage magnitude) and time into account, generatingan output voltage representing total radiation
dosage.

Another application would be to integrate a signal representing water °ow, producing a signal
representing total quantit y of water that has passedby the °owmeter. This application of an
integrator is sometimescalled a totalizer in the industrial instrumentation trade.

² REVIEW:
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² A di®erentiator circuit producesa constant output voltage for a steadily changing input volt-
age.

² An integrator circuit producesa steadily changing output voltage for a constant input voltage.

² Both types of devicesare easily constructed, using reactive components (usually capacitors
rather than inductors) in the feedback part of the circuit.

8.12 Positiv e feedback

As we've seen,negative feedback is an incredibly useful principle when applied to operational am-
pli¯ers. It is what allows us to create all these practical circuits, being able to precisely set gains,
rates, and other signi¯cant parameterswith just a few changesof resistor values. Negative feedback
makesall thesecircuits stable and self-correcting.

The basic principle of negative feedback is that the output tends to drive in a direction that
creates a condition of equilibrium (balance). In an op-amp circuit with no feedback, there is no
corrective mechanism, and the output voltage will saturate with the tiniest amount of di®erential
voltage applied betweenthe inputs. The result is a comparator:

With negative feedback (the output voltage "fed back" somehow to the inverting input), the
circuit tends to prevent itself from driving the output to full saturation. Rather, the output voltage
drivesonly as high or as low as neededto balancethe two inputs' voltages:

-

+
0 V

V in

Vout

Vout = Vin

Negative feedback

Whether the output is directly fed back to the inverting (-) input or coupled through a set of
components, the e®ectis the same: the extremely high di®erential voltage gain of the op-amp will
be "tamed" and the circuit will respond according to the dictates of the feedback "lo op" connecting
output to inverting input.

Another type of feedback, namely positive feedback, also ¯nds application in op-amp circuits.
Unlike negative feedback, where the output voltage is "fed back" to the inverting (-) input, with
positive feedback the output voltage is somehow routed back to the noninverting (+) input. In its
simplest form, we could connect a straight pieceof wire from output to noninverting input and see
what happens:
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-

+

Vout

Positive feedback

The inverting input remains disconnected from the feedback loop, and is free to receive an
external voltage. Let's seewhat happens if we ground the inverting input:

-

+

Vout

0 V

With the inverting input grounded(maintained at zerovolts), the output voltage will be dictated
by the magnitude and polarit y of the voltage at the noninverting input. If that voltage happens
to be positive, the op-amp will drive its output positive as well, feeding that positive voltage back
to the noninverting input, which will result in full positive output saturation. On the other hand,
if the voltage on the noninverting input happens to start out negative, the op-amp's output will
drive in the negative direction, feedingback to the noninverting input and resulting in full negative
saturation.

What we have here is a circuit whoseoutput is bistable: stable in one of two states (saturated
positive or saturated negative). Once it has reached one of those saturated states, it will tend to
remain in that state, unchanging. What is necessaryto get it to switch states is a voltage placed
upon the inverting (-) input of the samepolarit y, but of a slightly greater magnitude. For example,
if our circuit is saturated at an output voltage of +12 volts, it will take an input voltage at the
inverting input of at least +12 volts to get the output to change. When it changes,it will saturate
fully negative.

So, an op-amp with positive feedback tends to stay in whatever output state it's already in. It
"latc hes" between one of two states, saturated positive or saturated negative. Technically, this is
known as hysteresis.

Hysteresis can be a useful property for a comparator circuit to have. As we've seenbefore,
comparators can be usedto produce a squarewave from any sort of ramping waveform (sine wave,
triangle wave, sawtooth wave, etc.) input. If the incoming AC waveform is noise-free(that is, a
"pure" waveform), a simple comparator will work just ¯ne.
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A "clean" AC input waveform produces predictable
transition points on the output voltage square wave 

However, if there exist any anomaliesin the waveform such asharmonicsor "spikes" which cause
the voltage to rise and fall signi¯cantly within the timespan of a singlecycle, a comparator's output
might switch states unexpectedly:
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+V

-V

VoutV in

AC input
voltage

Square wave
output voltage

DC reference
voltage

Any time there is a transition through the referencevoltage level, no matter how tiny that
transition may be, the output of the comparator will switch states, producing a squarewave with
"glitc hes."

If we add a little positive feedback to the comparator circuit, we will intro duce hysteresisinto
the output. This hysteresiswill causethe output to remain in its current state unlessthe AC input
voltage undergoesa major changein magnitude.
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+V

-V

VoutV in

Positive feedback
resistor

What this feedback resistor createsis a dual-referencefor the comparator circuit. The voltage
applied to the noninverting (+) input as a referencewhich to compare with the incoming AC
voltage changesdepending on the value of the op-amp's output voltage. When the op-amp output is
saturated positive, the referencevoltage at the noninverting input will be more positive than before.
Conversely, when the op-amp output is saturated negative, the referencevoltage at the noninverting
input will be more negative than before. The result is easierto understand on a graph:

DC reference voltages
upper

center
lower

output voltage
square wave

AC input
voltage

When the op-amp output is saturated positive, the upper referencevoltage is in e®ect,and the
output won't drop to a negative saturation level unlessthe AC input risesabove that upper reference
level. Conversely, when the op-amp output is saturated negative, the lower referencevoltage is in
e®ect,and the output won't rise to a positive saturation level unlessthe AC input drops below that
lower referencelevel. The result is a clean square-wave output again, despite signi¯cant amounts of
distortion in the AC input signal. In order for a "glitc h" to causethe comparator to switch from
one state to another, it would have to be at least as big (tall) as the di®erencebetween the upper
and lower referencevoltage levels, and at the right point in time to crossboth those levels.

Another application of positive feedback in op-amp circuits is in the construction of oscillator
circuits. An oscillator is a device that producesan alternating (AC), or at least pulsing, output
voltage. Technically, it is known asan astabledevice: having no stable output state (no equilibrium
whatsoever). Oscillators are very useful devices,and they are easily made with just an op-amp and
a few external components.
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Vout is a square wave just like Vref, only taller

Oscillator circuit using positive feedback

When the output is saturated positive, the V r ef will be positive, and the capacitor will charge
up in a positive direction. When V r amp exceedsV r ef by the tiniest margin, the output will saturate
negative,and the capacitor will chargein the oppositedirection (polarit y). Oscillation occursbecause
the positive feedback is instantaneousand the negative feedback is delayed (by meansof an RC time
constant). The frequencyof this oscillator may be adjusted by varying the sizeof any component.

² REVIEW:

² Negative feedback creates a condition of equilibrium (balance). Positive feedback creates a
condition of hysteresis (the tendency to "latc h" in one of two extreme states).

² An oscillator is a deviceproducing an alternating or pulsing output voltage.

8.13 Practical considerations: common-mo de gain

As stated before,an ideal di®erential ampli¯er only ampli¯es the voltage di®erence betweenits two
inputs. If the two inputs of a di®erential ampli¯er were to be shorted together (thus ensuring zero
potential di®erencebetweenthem), there should be no changein output voltage for any amount of
voltage applied betweenthose two shorted inputs and ground:
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Vout

Vcommon-mode

Vout should remain the same
regardless of Vcommon-mode

Voltage that is common between either of the inputs and ground, as "V common ¡ mode " is in
this case,is called common-mode voltage. As we vary this common voltage, the perfect di®erential
ampli¯er's output voltage should hold absolutely steady (no change in output for any arbitrary
changein common-mode input). This translates to a common-mode voltagegain of zero.

AV =
Change in Vout

Change in V in

Change in V in

0
= 0

. . . if change in Vout = 0 . . .

AV = 0

The operational ampli¯er, being a di®erential ampli¯er with high di®erential gain, would ideally
have zero common-mode gain as well. In real life, however, this is not easily attained. Thus,
common-mode voltageswill invariably have somee®ecton the op-amp's output voltage.

The performance of a real op-amp in this regard is most commonly measuredin terms of its
di®erential voltage gain (how much it ampli¯es the di®erencebetween two input voltages) versus
its common-mode voltage gain (how much it ampli¯es a common-mode voltage). The ratio of the
former to the latter is called the common-mode rejection ratio, abbreviated as CMRR:

CMRR = 
Differential AV

Common-mode AV

An ideal op-amp, with zero common-mode gain would have an in¯nite CMRR. Real op-amps
have high CMRRs, the ubiquitous 741 having something around 70 dB, which works out to a little
over 3,000in terms of a ratio.

Becausethe common mode rejection ratio in a typical op-amp is so high, common-mode gain
is usually not a great concern in circuits where the op-amp is being used with negative feedback.
If the common-mode input voltage of an ampli¯er circuit were to suddenly change, thus producing
a corresponding change in the output due to common-mode gain, that change in output would be
quickly correctedasnegative feedback and di®erential gain (being much greater than common-mode
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gain) worked to bring the system back to equilibrium. Sure enough,a changemight be seenat the
output, but it would be a lot smaller than what you might expect.

A consideration to keep in mind, though, is common-mode gain in di®erential op-amp circuits
such as instrumentation ampli¯ers. Outside of the op-amp's sealedpackage and extremely high
di®erential gain, we may ¯nd common-mode gain intro duced by an imbalanceof resistor values. To
demonstrate this, we'll run a SPICE analysis on an instrumentation ampli¯er with inputs shorted
together (no di®erential voltage), imposing a common-mode voltage to seewhat happens. First,
we'll run the analysis showing the output voltage of a perfectly balancedcircuit. We should expect
to seeno changein output voltage as the common-mode voltage changes:

-

+

V1

Vout

-

+

-

+

Rgain

3

2

R1

R2

2

1

5

6

5

4

7

8

8

7

9

9

0

E1

E2

E3

R3 R4

R5 R6

0

Rjump

(jumper
wire)

instrumentation amplifier
v1 1 0
rin1 1 0 9e12
rjump 1 4 1e-12
rin2 4 0 9e12
e1 3 0 1 2 999k
e2 6 0 4 5 999k
e3 9 0 8 7 999k
rload 9 0 10k
r1 2 3 10k
rgain 2 5 10k
r2 5 6 10k
r3 3 7 10k
r4 7 9 10k
r5 6 8 10k
r6 8 0 10k
.dc v1 0 10 1
.print dc v(9)
.end

v1 v(9)
0.000E+00 0.000E+00
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1.000E+00 1.355E-16
2.000E+00 2.710E-16
3.000E+00 0.000E+00 As you can see, the output voltage v(9)
4.000E+00 5.421E-16 hardly changes at all for a common-mode
5.000E+00 0.000E+00 input voltage (v1) that sweeps from 0
6.000E+00 0.000E+00 to 10 volts.
7.000E+00 0.000E+00
8.000E+00 1.084E-15
9.000E+00 -1.084E-15
1.000E+01 0.000E+00

Aside from very small deviations (actually due to quirks of SPICE rather than real behavior
of the circuit), the output remains stable where it should be: at 0 volts, with zero input voltage
di®erential. However, let's intro duce a resistor imbalance in the circuit, increasing the value of R5

from 10,000­ to 10,500­, and seewhat happens (the netlist has been omitted for brevity { the
only thing altered is the value of R5):

v1 v(9)
0.000E+00 0.000E+00
1.000E+00 -2.439E-02
2.000E+00 -4.878E-02
3.000E+00 -7.317E-02 This time we see a significant variation
4.000E+00 -9.756E-02 (from 0 to 0.2439 volts) in output voltage
5.000E+00 -1.220E-01 as the common-modeinput voltage sweeps
6.000E+00 -1.463E-01 from 0 to 10 volts as it did before.
7.000E+00 -1.707E-01
8.000E+00 -1.951E-01
9.000E+00 -2.195E-01
1.000E+01 -2.439E-01

Our input voltage di®erential is still zero volts, yet the output voltage changessigni¯cantly as
the common-mode voltage is changed. This is indicativ e of a common-mode gain, something we're
trying to avoid. More than that, it's a common-mode gain of our own making, having nothing to
do with imperfections in the op-ampsthemselves. With a much-tempered di®erential gain (actually
equal to 3 in this particular circuit) and no negative feedback outside the circuit, this common-mode
gain will go unchecked in an instrument signal application.

There is only one way to correct this common-mode gain, and that is to balanceall the resistor
values. When designing an instrumentation ampli¯er from discrete components (rather than pur-
chasing one in an integrated package), it is wise to provide somemeansof making ¯ne adjustments
to at least oneof the four resistorsconnectedto the ¯nal op-amp to be able to "trim away" any such
common-mode gain. Providing the meansto "trim" the resistor network has additional bene¯ts as
well. Supposethat all resistor valuesare exactly as they should be, but a common-mode gain exists
due to an imperfection in one of the op-amps. With the adjustment provision, the resistancecould
be trimmed to compensatefor this unwanted gain.

One quirk of someop-amp models is that of output latch-up, usually causedby the common-
mode input voltage exceedingallowable limits. If the common-mode voltage falls outside of the
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manufacturer's speci¯ed limits, the output may suddenly "latc h" in the high mode (saturate at full
output voltage). In JFET-input operational ampli¯ers, latch-up may occur if the common-mode
input voltage approaches too closely to the negative power supply rail voltage. On the TL082 op-
amp, for example,this occurswhen the common-mode input voltage comeswithin about 0.7 volts of
the negative power supply rail voltage. Such a situation may easily occur in a single-supplycircuit,
where the negative power supply rail is ground (0 volts), and the input signal is free to swing to 0
volts.

Latch-up may also be triggered by the common-mode input voltage exceeding power supply rail
voltages, negative or positive. As a rule, you should never allow either input voltage to rise above
the positive power supply rail voltage, or sink below the negative power supply rail voltage, even
if the op-amp in question is protected against latch-up (as are the 741 and 1458 op-amp models).
At the very least, the op-amp's behavior may becomeunpredictable. At worst, the kind of latch-up
triggered by input voltagesexceedingpower supply voltagesmay be destructive to the op-amp.

While this problem may seemeasyto avoid, its possibility is more likely than you might think.
Consider the caseof an operational ampli¯er circuit during power-up. If the circuit receives full
input signal voltage before its own power supply hashad time enoughto charge the ¯lter capacitors,
the common-mode input voltage may easily exceedthe power supply rail voltages for a short time.
If the op-amp receivessignal voltage from a circuit supplied by a di®erent power source,and its own
power sourcefails, the signal voltage(s) may exceedthe power supply rail voltagesfor an inde¯nite
amount of time!

8.14 Practical considerations: o®set voltage

Another practical concern for op-amp performance is voltage o®set. That is, e®ectof having the
output voltage something other than zero volts when the two input terminals are shorted together.
Remember that operational ampli¯ers are di®erential ampli¯ers above all: they're supposed to
amplify the di®erencein voltage betweenthe two input connectionsand nothing more. When that
input voltage di®erenceis exactly zero volts, we would (ideally) expect to have exactly zero volts
present on the output. However, in the real world this rarely happens. Even if the op-amp in
question haszerocommon-mode gain (in¯nite CMRR), the output voltage may not be at zerowhen
both inputs are shorted together. This deviation from zero is called o®set.

-

+

+15 V

-15 V

Vout = +14.7 V (saturated +)

A perfect op-amp would output exactly zero volts with both its inputs shorted together and
grounded. However, most op-ampso® the shelf will drive their outputs to a saturated level, either
negative or positive. In the example shown above, the output voltage is saturated at a value of
positive 14.7 volts, just a bit lessthan +V (+15 volts) due to the positive saturation limit of this
particular op-amp. Becausethe o®setin this op-amp is driving the output to a completely saturated
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point, there's no way of telling how much voltage o®setis present at the output. If the +V/-V split
power supply wasof a high enoughvoltage, who knows, maybe the output would be several hundred
volts one way or the other due to the e®ectsof o®set!

For this reason, o®setvoltage is usually expressedin terms of the equivalent amount of input
voltage di®erential producing this e®ect. In other words, we imagine that the op-amp is perfect (no
o®setwhatsoever), and a small voltage is being applied in serieswith one of the inputs to force the
output voltage one way or the other away from zero. Being that op-amp di®erential gains are so
high, the ¯gure for "input o®setvoltage" doesn't have to be much to account for what we seewith
shorted inputs:

-

+

+15 V

-15 V

Vout = +14.7 V (saturated +)

Input offset voltage
(internal to the real op-amp,
external to this ideal op-amp)

O®setvoltagewill tend to intro duceslight errors in any op-ampcircuit. Sohow do wecompensate
for it? Unlike common-mode gain, there are usually provisions made by the manufacturer to trim
the o®setof a packagedop-amp. Usually, two extra terminals on the op-amp packageare reserved
for connecting an external "trim" potentiometer. These connection points are labeled o®setnull
and are usedin this generalway:

-

+

Potentiometer adjusted so that
Vout = 0 volts with inputs shorted together

Vout

+15 V

-15 V

On single op-ampssuch as the 741 and 3130, the o®setnull connection points are pins 1 and 5
on the 8-pin DIP package. Other models of op-amp may have the o®setnull connectionslocated on
di®erent pins, and/or require a slightly di®erencecon¯guration of trim potentiometer connection.
Someop-amps don't provide o®setnull pins at all! Consult the manufacturer's speci¯cations for
details.
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8.15 Practical considerations: bias curren t

Inputs on an op-amp have extremely high input impedances.That is, the input currents entering or
exiting an op-amp's two input signal connectionsare extremely small. For most purposesof op-amp
circuit analysis, we treat them as though they don't exist at all. We analyze the circuit as though
there was absolutely zero current entering or exiting the input connections.

This idyllic picture, however, is not entirely true. Op-amps,especially thoseop-ampswith bipolar
transistor inputs, have to have someamount of current through their input connectionsin order for
their internal circuits to be properly biased. Thesecurrents, logically, are called biascurrents. Under
certain conditions, op-amp bias currents may be problematic. The following circuit illustrates one
of those problem conditions:

-

+

Thermocouple Vout

+V

-V

At ¯rst glance, we see no apparent problems with this circuit. A thermocouple, generating
a small voltage proportional to temperature (actually, a voltage proportional to the di®erence in
temperature betweenthe measurement junction and the "reference" junction formed when the alloy
thermocouple wires connect with the copper wires leading to the op-amp) drivesthe op-amp either
positive or negative. In other words, this is a kind of comparator circuit, comparing the temperature
betweenthe end thermocouple junction and the referencejunction (near the op-amp). The problem
is this: the wire loop formed by the thermocouple does not provide a path for both input bias
currents, becauseboth bias currents are trying to go the sameway (either into the op-amp or out
of it).

-

+

Thermocouple Vout

+V

-V

I ?

I ?

This comparator circuit won't  work

In order for this circuit to work properly, we must ground one of the input wires, thus providing
a path to (or from) ground for both currents:
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-

+

Thermocouple Vout

+V

-V
I I

I

This comparator circuit will  work

Not necessarilyan obvious problem, but a very real one!

Another way input bias currents may causetrouble is by dropping unwanted voltages across
circuit resistances.Take this circuit for example:

-

+
Vout

+V

-V

- +Rin

V in
Ibias

Voltage drop due
to bias current:

Voltage at (+) op-amp input
will not be exactly equal to Vin

Weexpect a voltage follower circuit such asthe oneabove to reproducethe input voltageprecisely
at the output. But what about the resistancein serieswith the input voltage source? If there is
any bias current through the noninverting (+) input at all, it will drop somevoltage acrossR in ,
thus making the voltage at the noninverting input unequal to the actual V in value. Bias currents
are usually in the microamp range, so the voltage drop acrossRin won't be very much, unlessRin

is very large. One example of an application where the input resistance(R in ) would be very large
is that of pH probe electrodes,where one electrode contains an ion-permeableglassbarrier (a very
poor conductor, with millions of ­ of resistance).

If we were actually building an op-amp circuit for pH electrode voltage measurement, we'd
probably want to usea FET or MOSFET (IGFET) input op-amp instead of one built with bipolar
transistors (for less input bias current). But even then, what slight bias currents may remain can
causemeasurement errors to occur, so we have to ¯nd someway to mitigate them through good
design.

One way to do so is basedon the assumption that the two input bias currents will be the same.
In reality, they are often close to being the same, the di®erencebetween them referred to as the
input o®setcurrent. If they are the same,then we should be able to cancelout the e®ectsof input
resistancevoltage drop by inserting an equal amount of resistancein serieswith the other input,
like this:
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-

+
Vout

+V

-V

- +

V in
Ibias

Rin(-)

Rin(+)

Ibias

- +

With the additional resistanceaddedto the circuit, the output voltage will be closerto V in than
before,even if there is someo®setbetweenthe two input currents.

For both inverting and noninverting ampli¯er circuits, the bias current compensating resistor is
placed in serieswith the noninverting (+) input to compensatefor bias current voltage drops in the
divider network:

-

+
Vout

V in

Rcomp

R1 R2

Noninverting amplifier with
compensating resistor

Rcomp = R1 // R2

-

+
Vout

V in

Rcomp

R1 R2

compensating resistor

Rcomp = R1 // R2

Inverting amplifier with
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In either case,the compensatingresistor value is determined by calculating the parallel resistance
value of R1 and R2. Why is the value equal to the parallel equivalent of R1 and R2? When using
the Superposition Theorem to ¯gure how much voltage drop will be produced by the inverting (-)
input's bias current, we treat the bias current as though it werecoming from a current sourceinside
the op-amp and short-circuit all voltage sources(V in and Vout ). This gives two parallel paths for
bias current (through R1 and through R2, both to ground). We want to duplicate the bias current's
e®ecton the noninverting (+) input, so the resistor value we choose to insert in serieswith that
input needsto be equal to R1 in parallel with R2.

A related problem, occasionallyexperiencedby students just learning to build operational ampli-
¯er circuits, is causedby a lack of a commonground connectionto the power supply. It is imperative
to proper op-amp function that someterminal of the DC power supply be common to the "ground"
connection of the input signal(s). This provides a complete path for the bias currents, feedback
current(s), and for the load (output) current. Take this circuit illustration, for instance, showing a
properly grounded power supply:

null

-

+

+V

-V

6 V

R1 R2

1 kW 1 kW

Here, arrows denote the path of electron °ow through the power supply batteries, both for
powering the op-amp's internal circuitry (the "p otentiometer" inside of it that controls output
voltage), and for powering the feedback loop of resistors R1 and R2. Suppose, however, that the
ground connection for this "split" DC power supply were to be removed. The e®ectof doing this is
profound:
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null

-

+

+V

-V

6 V

R1 R2

1 kW 1 kW

broken
connection

A power supply ground is essential to circuit operation!

No electrons may °ow in or out of the op-amp's output terminal, becausethe pathway to the
power supply is a "dead end." Thus, no electrons°ow through the ground connection to the left of
R1, neither through the feedback loop. This e®ectively renders the op-amp useless:it can neither
sustain current through the feedback loop, nor through a groundedload, sincethere is no connection
from any point of the power supply to ground.

The bias currents are also stopped, becausethey rely on a path to the power supply and back
to the input sourcethrough ground. The following diagram shows the bias currents (only), as they
go through the input terminals of the op-amp, through the baseterminals of the input transistors,
and eventually through the power supply terminal(s) and back to ground.
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-

+

+V

6 V

Ibias

-V

Ibias

Bias current paths shown, through power supply

Without a ground referenceon the power supply, the bias currents will have no complete path
for a circuit, and they will halt. Since bipolar junction transistors are current-controlled devices,
this renders the input stage of the op-amp uselessas well, as both input transistors will be forced
into cuto® by the complete lack of basecurrent.

² REVIEW:

² Op-amp inputs usually conduct very small currents, called bias currents, neededto properly
bias the ¯rst transistor ampli¯er stage internal to the op-amps' circuitry . Bias currents are
small (in the microamp range), but large enoughto causeproblems in someapplications.

² Bias currents in both inputs must have paths to °ow to either one of the power supply "rails"
or to ground. It is not enoughto just have a conductive path from one input to the other.

² To cancelany o®setvoltages causedby bias current °owing through resistances,just add an
equivalent resistancein serieswith the other op-amp input (called a compensating resistor).
This corrective measureis basedon the assumption that the two input bias currents will be
equal.

² Any inequality betweenbias currents in an op-amp constitutes what is called an input o®set
current.

² It is essential for proper op-amp operation that there be a ground referenceon someterminal
of the power supply, to form complete paths for bias currents, feedback current(s), and load
current.

8.16 Practical considerations: drift

Being semiconductordevices,op-ampsare subject to slight changesin behavior with changesin op-
erating temperature. Any changesin op-amp performancewith temperature fall under the category
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of op-amp drift . Drift parameters can be speci¯ed for bias currents, o®setvoltage, and the like.
Consult the manufacturer's data sheet for speci¯cs on any particular op-amp.

To minimize op-amp drift, we can select an op-amp made to have minimum drift, and/or we
can do our best to keep the operating temperature as stable as possible. The latter action may
involve providing some form of temperature control for the inside of the equipment housing the
op-amp(s). This is not as strange as it may ¯rst seem. Laboratory-standard precision voltage
referencegenerators,for example,are sometimesknown to employ "ovens" for keepingtheir sensitive
components (such as zenerdiodes) at constant temperatures. If extremely high accuracy is desired
over the usual factors of cost and °exibilit y, this may be an option worth looking at.

² REVIEW:

² Op-amps, being semiconductor devices, are susceptible to variations in temperature. Any
variations in ampli¯er performance resulting from changesin temperature is known as drift .
Drift is best minimized with environmental temperature control.

8.17 Practical considerations: frequency response

With their incredibly high di®erential voltagegains,op-ampsareprime candidatesfor a phenomenon
known as feedback oscillation. You've probably heard the equivalent audio e®ectwhen the volume
(gain) on a public-addressor other microphoneampli¯er systemis turned too high: that high pitched
squeal resulting from the sound waveform "feeding back" through the microphone to be ampli¯ed
again. An op-amp circuit can manifest this samee®ect,with the feedback happening electrically
rather than audibly.

A caseexampleof this is seenin the 3130op-amp, if it is connectedasa voltage follower with the
bare minimum of wiring connections(the two inputs, output, and the power supply connections).
The output of this op-ampwill self-oscillatedueto its high gain, no matter what the input voltage. To
combat this, a small compensation capacitor must be connectedto two specially-provided terminals
on the op-amp. The capacitor provides a high-impedancepath for negative feedback to occur within
the op-amp's circuitry , thus decreasingthe AC gain and inhibiting unwanted oscillations. If the
op-amp is being used to amplify high-frequency signals, this compensation capacitor may not be
needed,but it is absolutely essential for DC or low-frequencyAC signal operation.

Someop-amps, such as the model 741, have a compensation capacitor built in to minimize the
needfor external components. This improvedsimplicit y is not without a cost: due to that capacitor's
presenceinside the op-amp, the negative feedback tends to get stronger as the operating frequency
increases(that capacitor's reactancedecreaseswith higher frequencies). As a result, the op-amp's
di®erential voltage gain decreasesasfrequencygoesup: it becomesa lesse®ective ampli¯er at higher
frequencies.

Op-amp manufacturers will publish the frequency responsecurves for their products. Since a
su±ciently high di®erential gain is absolutely essential to good feedback operation in op-ampcircuits,
the gain/frequency responseof an op-ampe®ectively limits its "bandwidth" of operation. The circuit
designermust take this into account if good performanceis to be maintained over the required range
of signal frequencies.

² REVIEW:
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² Due to capacitanceswithin op-amps, their di®erential voltage gain tends to decreaseas the
input frequency increases. Frequency response curves for op-amps are available from the
manufacturer.

8.18 Op erational ampli¯er mo dels

While mention of operational ampli¯ers typically provokesvisions of semiconductordevicesbuilt as
integrated circuits on a miniature silicon chip, the ¯rst op-ampswereactually vacuum tube circuits.
The ¯rst commercial, general purpose operational ampli¯er was manufactured by the George A.
Philbric k Researches, Incorporated, in 1952. Designated the K2-W, it was built around two twin-
trio de tubesmounted in an assembly with an octal (8-pin) socket for easyinstallation and servicing
in electronic equipment chassisof that era. The assembly looked something like this:

The Philbrick Researches
op-amp, model K2-W

GAP/R
MODEL
K2-W

4 inches
approx.

The schematic diagram shows the two tubes,along with ten resistorsand two capacitors,a fairly
simple circuit designeven by 1952standards:
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12AX7

+300 V

220 kW

220 kW

-300 V

Inverting (-)
input

Noninverting (+)
input

1 MW

2.2 MW

510 kW

120 kW 4.7 MW
221 kW

9.1 kW

12AX7

680 kW

7.5 pF

500 pF

NE-68

Output

The Philbrick Researches op-amp, model K2-W

In caseyou're unfamiliar with the operation of vacuumtubes,they operate similarly to N-channel
depletion-type IGFET transistors: that is, they conduct more current when the control grid (the
dashedline) is mademore positive with respect to the cathode (the bent line near the bottom of the
tube symbol), and conduct lesscurrent when the control grid is madelesspositive (or more negative)
than the cathode. The twin trio de tube on the left functions as a di®erential pair , converting the
di®erential inputs (inverting and noninverting input voltage signals) into a single, ampli¯ed voltage
signal which is then fed to the control grid of the left trio de of the secondtrio de pair through a
voltage divider (1 M­ ¡¡ 2.2 M­). That trio de ampli¯es and inverts the output of the di®erential
pair for a larger voltage gain, then the ampli¯ed signal is coupled to the secondtrio de of the same
dual-trio de tube in a noninverting ampli¯er con¯guration for a larger current gain. The two neon
"glow tubes" act as voltage regulators, similar to the behavior of semiconductor zener diodes, to
provide a bias voltage in the coupling betweenthe two single-endedampli¯er trio des.

With a dual-supply voltage of +300/-300 volts, this op-amp could only swing its output +/-
50 volts, which is very poor by today's standards. It had an open-loop voltage gain of 15,000to
20,000,a slew rate of +/- 12 volts/ ¹ second,a maximum output current of 1 mA, a quiescent power
consumption of over 3 watts (not including power for the tubes' ¯laments!), and cost about $24 in
1952dollars. Better performancecould have beenattained using a more sophisticatedcircuit design,
but only at the expenseof greater power consumption, greater cost, and decreasedreliabilit y.

With the advent of solid-state transistors, op-amps with far lessquiescent power consumption
and increasedreliabilit y becamefeasible,but many of the other performanceparameters remained
about the same. Take for instance Philbric k's model P55A, a general-purposesolid-state op-amp
circa 1966. The P55A sported an open-loop gain of 40,000,a slew rate of 1.5 volt/ ¹ secondand an
output swing of +/- 11 volts (at a power supply voltage of +/- 15 volts), a maximum output current
of 2.2mA, and a cost of $49(or about $21for the "utilit y grade" version). The P55A, aswell asother
op-amps in Philbric k's lineup of the time, was of discrete-component construction, its constituent
transistors, resistors, and capacitors housedin a solid "bric k" resembling a large integrated circuit
package.

It isn't very di±cult to build a crude operational ampli¯er using discrete components. A
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schematic of one such circuit is shown here:

Q1 Q2

Q3 Q4

Q5 Q6

-V

+V

(-) inputinput (+)

Output

A simple operational
amplifier made from
discrete components

While its performance is rather dismal by modern standards, it demonstrates that complexity
is not necessaryto create a minimally functional op-amp. Transistors Q3 and Q4 form the heart of
another di®erential pair circuit, the semiconductor equivalent of the ¯rst trio de tube in the K2-W
schematic. As it was in the vacuum tube circuit, the purposeof a di®erential pair is to amplify and
convert a di®erential voltage betweenthe two input terminals to a single-endedoutput voltage.

With the advent of integrated-circuit (IC) technology, op-amp designsexperienceda dramatic
increasein performance,reliabilit y, density, and economy. Betweenthe yearsof 1964and 1968, the
Fairchild corporation intro duced three models of IC op-amps: the 702, 709, and the still-p opular
741. While the 741 is now consideredoutdated in terms of performance,it is still a favorite among
hobbyists for its simplicit y and fault tolerance(short-circuit protection on the output, for instance).
Personalexperienceabusing many 741 op-ampshas led me to the conclusion that it is a hard chip
to kill . . .

The internal schematic diagram for a model 741 op-amp is as follows:
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Q3 Q4

Q1 Q2

Q5 Q6

R1 R2R3 R4

Q7

Q10

Q8 Q9 Q12

Q11

R5(+) input

(-) input

Q13

offset null
offset null

+V

-V

Q23

Q16

R9 R8

C1

Q17

Q24

Q22

Q19

Q18

R10

Q15

Q14

R6

Output
R7

Q21

Q20

R11

Internal schematic of a model 741 operational amplifier

By integrated circuit standards, the 741 is a very simple device: an example of small-scale
integration, or SSI technology. It would be no small matter to build this circuit using discrete
components, so you can seethe advantagesof even the most primitiv e integrated circuit technology
over discrete components where high parts counts are involved.

For the hobbyist, student, or engineerdesiring greater performance,there are literally hundreds
of op-amp models to choose from. Many sell for less than a dollar apiece, even retail! Special-
purpose instrumentation and radio-frequency (RF) op-amps may be quite a bit more expensive.
In this section I will showcaseseveral popular and a®ordableop-amps, comparing and contrasting
their performancespeci¯cations. The venerable741 is included as a "b enchmark" for comparison,
although it is, as I said before, consideredan obsoletedesign.

OPAMP NUMBEROF PWRSUPPLY BAND- MAX. BIAS SLEW MAX. OUT
MODEL AMPLIFIERS VOLTAGE WIDTH CURRENT RATE CURRENT
NUMBER IN PACKAGE MIN./MAX. (MHz) (nA) (V/us) (mA)

TL082 2 12 / 36 4 8 13 17

LM301A 1 10 / 36 1 250 0.5 25

LM318 1 10 / 40 15 500 70 20

LM324 4 3 / 32 1 45 0.25 20

LF353 2 12 / 36 4 8 13 20

LF356 1 10 / 36 5 8 12 25

LF411 1 10 / 36 4 20 15 25
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LM741C 1 10 / 36 1 500 0.5 25

LM833 2 10 / 36 15 1050 7 40

LM1458 2 6 / 36 1 800 10 45

CA3130 1 5 / 16 15 0.05 10 20

OPAMP NUMBEROF PWRSUPPLY BAND- MAX. BIAS SLEW MAX. OUT
MODEL AMPLIFIERS VOLTAGE WIDTH CURRENT RATE CURRENT
NUMBER IN PACKAGE MIN./MAX. (MHz) (nA) (V/us) (mA)

Theseare but a few of the low-cost operational ampli¯er modelswidely available from electronics
suppliers. Most of them are available through retail supply storessuch asRadio Shack. All are under
$1.00 cost direct from the manufacturer (year 2001 prices). As you can see, there is substantial
variation in performancebetweensomeof theseunits. Take for instance the parameter of input bias
current: the CA3130wins the prize for lowest, at 0.05nA (or 50 pA), and the LM833 hasthe highest
at slightly over 1 ¹ A. The model CA3130 achievesits incredibly low bias current through the useof
MOSFET transistors in its input stage. One manufacturer advertisesthe 3130'sinput impedanceas
1.5 tera-ohms, or 1.5 x 1012 ­! Other op-ampsshown here with low bias current ¯gures useJFET
input transistors, while the high bias current models usebipolar input transistors.

While the 741 is speci¯ed in many electronic project schematics and showcasedin many text-
books, its performance has long been surpassedby other designs in every measure. Even some
designsoriginally basedon the 741 have beenimproved over the yearsto far surpassoriginal design
speci¯cations. One such exampleis the model 1458,two op-ampsin an 8-pin DIP package,which at
one time had the exact sameperformancespeci¯cations as the single 741. In its latest incarnation
it boasts a wider power supply voltage range, a slew rate 50 times as great, and almost twice the
output current capability of a 741, while still retaining the output short-circuit protection feature
of the 741. Op-amps with JFET and MOSFET input transistors far exceedthe 741's performance
in terms of bias current, and generally manageto beat the 741 in terms of bandwidth and slew rate
as well.

My own personal recommendationsfor op-ampsare as such: when low bias current is a priorit y
(such as in low-speedintegrator circuits), choosethe 3130. For general-purposeDC ampli¯er work,
the 1458 o®ersgood performance(and you get two op-amps in the spaceof one package). For an
upgrade in performance,choosethe model 353, as it is a pin-compatible replacement for the 1458.
The 353is designedwith JFET input circuitry for very low biascurrent, and hasa bandwidth 4 times
are great as the 1458, although its output current limit is lower (but still short-circuit protected).
It may be more di±cult to ¯nd on the shelf of your local electronicssupply house,but it is just as
reasonablypriced as the 1458.

If low power supply voltage is a requirement, I recommendthe model 324, as it functions on as
low as 3 volts DC. Its input bias current requirements are also low, and it provides four op-amps
in a single 14-pin chip. Its major weaknessis speed, limited to 1 MHz bandwidth and an output
slew rate of only 0.25 volts per ¹ s. For high-frequencyAC ampli¯er circuits, the 318 is a very good
"general purpose" model.

Special-purposeop-ampsare available for modest cost which provide better performancespeci¯-
cations. Many of theseare tailored for a speci¯c type of performanceadvantage, such as maximum
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bandwidth or minimum bias current. Take for instance these op-amps, both designed for high
bandwidth:

OPAMP NUMBEROF PWRSUPPLY BAND- MAX. BIAS SLEW MAX. OUT
MODEL AMPLIFIERS VOLTAGE WIDTH CURRENT RATE CURRENT
NUMBER IN PACKAGE MIN./MAX. (MHz) (nA) (V/us) (mA)

CLC404 1 10 / 14 232 44,000 2600 70

CLC425 1 5 / 14 1,900 40,000 350 90

The CLC404 lists at $21.80 (almost as much as George Philbric k's ¯rst commercial op-amp,
albeit without correction for in°ation), while the CLC425 is quite a bit lessexpensive at $3.23per
unit. In both caseshigh speedis achieved at the expenseof high bias currents and restrictiv e power
supply voltage ranges. Here are someother op-amps,designedfor high power output:

OPAMP NUMBEROF PWRSUPPLY BAND- MAX. BIAS SLEW MAX. OUT
MODEL AMPLIFIERS VOLTAGE WIDTH CURRENT RATE CURRENT
NUMBER IN PACKAGE MIN./MAX. (MHz) (nA) (V/us) (mA)

LM12CL 1 15 / 80 0.7 1,000 9 13,000

LM7171 1 5.5 / 36 200 12,000 4100 100

Yes, the LM12CL actually has an output current rating of 13 amps (13,000milliamps)! It lists
at $14.40,which is not a lot of money, considering the raw power of the device. The LM7171, on
the other hand, trades high current output abilit y for fast voltage output abilit y (a high slew rate).
It lists at $1.19,about as low as some"general purpose" op-amps.

Ampli¯er packagesmay also be purchasedas complete application circuits as opposedto bare
operational ampli¯ers. The Burr-Bro wn and Analog Devicescorporations, for example, both long
known for their precision ampli¯er product lines, o®er instrumentation ampli¯ers in pre-designed
packagesas well as other specializedampli¯er devices. In designswhere high precision and repeata-
bilit y after repair is important, it might be advantageousfor the circuit designerto choosesuch a
pre-engineeredampli¯er "blo ck" rather than build the circuit from individual op-amps. Of course,
theseunits typically cost quite a bit more than individual op-amps.

8.19 Data

Parametrical data for all semiconductor op-amp models except the CA3130 comesfrom National
Semiconductor'sonline resources,available at this website: (http://www.national.com) . Data for
the CA3130 comesfrom Harris Semiconductor'sCA3130/CA3130A datasheet(¯le number 817.4).
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*** INCOMPLETE ***

9.1 Power supply circuits { INCOMPLETE

There are three major kinds of power supplies: unregulated (also called brute force), linear regulated,
and switching. A fourth type of power supply circuit called the ripple-regulated, is a hybrid between
the "brute force" and "switching" designs,and merits a subsectionto itself.

9.1.1 Unregulated

An unregulated power supply is the most rudimentary type, consisting of a transformer, recti¯er,
and low-pass¯lter. Thesepower suppliestypically exhibit a lot of ripple voltage (i.e. rapidly-varying
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instabilit y) and other AC "noise" superimposedon the DC power. If the input voltage varies, the
output voltage will vary by a proportional amount. The advantage of an unregulated supply is that
it's cheap, simple, and e±cient.

9.1.2 Linear regulated

A linear regulated supply is simply a "brute force" (unregulated) power supply followed by a tran-
sistor circuit operating in its "activ e," or "linear" mode, hencethe name linear regulator. (Obvious
in retrospect, isn't it?) A typical linear regulator is designedto output a ¯xed voltage for a wide
range of input voltages, and it simply drops any excessinput voltage to allow a maximum output
voltage to the load. This excessvoltage drop results in signi¯cant power dissipation in the form of
heat. If the input voltage gets too low, the transistor circuit will lose regulation, meaning that it
will fail to keep the voltage steady. It can only drop excessvoltage, not make up for a de¯ciency
in voltage from the brute force section of the circuit. Therefore, you have to keepthe input voltage
at least 1 to 3 volts higher than the desired output, depending on the regulator type. This means
the power equivalent of at least 1 to 3 volts multiplied by the full load current will be dissipated
by the regulator circuit, generating a lot of heat. This makeslinear regulated power suppliesrather
ine±cient. Also, to get rid of all that heat they have to uselarge heat sinks which makesthem large,
heavy, and expensive.

9.1.3 Switc hing

A switching regulated power supply ("switc her") is an e®ort to realize the advantages of both
brute force and linear regulated designs(small, e±cient, and cheap, but also "clean," stable output
voltage). Switching power supplieswork on the principle of rectifying the incoming AC power line
voltage into DC, re-converting it into high-frequency square-wave AC through transistors operated
as on/o® switches, stepping that AC voltage up or down by using a lightweight transformer, then
rectifying the transformer's AC output into DC and ¯ltering for ¯nal output. Voltage regulation
is achieved by altering the "dut y cycle" of the DC-to-A C inversion on the transformer's primary
side. In addition to lighter weight becauseof a smaller transformer core, switchers have another
tremendousadvantage over the prior two designs: this type of power supply can be made so totally
independent of the input voltage that it can work on any electric power system in the world; these
are called "univ ersal" power supplies.

The downsideof switchers is that they are more complex,and due to their operation they tend to
generatea lot of high-frequencyAC "noise" on the power line. Most switchers also have signi¯cant
ripple voltage on their outputs. With the cheaper types, this noiseand ripple can be as bad as for
an unregulated power supply; such low-end switchers aren't worthless, becausethey still provide a
stable averageoutput voltage, and there's the "univ ersal" input capability.

Expensive switchers are ripple-free and have noisenearly as low as for somea linear types;these
switchers tend to be asexpensive as linear supplies. The reasonto usean expensive switcher instead
of a good linear is if you needuniversalpower systemcompatibilit y or high e±ciency. High e±ciency,
light weight, and small sizeare the reasonsswitching power suppliesare almost universally usedfor
powering digital computer circuitry .
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9.1.4 Ripple regulated

A ripple-regulated power supply is an alternativ e to the linear regulated design scheme: a "brute
force" power supply (transformer, recti¯er, ¯lter) constitutes the "fron t end" of the circuit, but a
transistor operated strictly in its on/o® (saturation/cuto® ) modes transfers DC power to a large
capacitor as needed to maintain the output voltage between a high and a low setpoint. As in
switchers, the transistor in a ripple regulator never passescurrent while in its "activ e," or "linear,"
mode for any substantial length of time, meaning that very little energywill be wasted in the form
of heat. However, the biggest drawback to this regulation schemeis the necessarypresenceof some
ripple voltage on the output, as the DC voltage varies between the two voltage control setpoints.
Also, this ripple voltage varies in frequency depending on load current, which makes ¯nal ¯ltering
of the DC power more di±cult.

Ripple regulator circuits tend to be quite a bit simpler than switcher circuitry , and they need
not handle the high power line voltages that switcher transistors must handle, making them safer
to work on.

9.2 Ampli¯er circuits { PENDING

9.3 Oscillator circuits { PENDING

9.4 Phase-lo cked loops { PENDING

9.5 Radio circuits { PENDING

9.6 Computational circuits

When someonementions the word "computer," a digital device is what usually comesto mind.
Digital circuits represent numerical quantities in binary format: patterns of 1's and 0's represented
by a multitude of transistor circuits operating in saturated or cuto®states. However, analogcircuitry
may alsobe usedto represent numerical quantities and perform mathematical calculations, by using
variable voltage signals instead of discrete on/o® states.

Here is a simple example of binary (digital) representation versusanalog representation of the
number "t wenty-¯v e:"
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1

2

4

8

16

32

16 + 8 + 1 = 25

A digital circuit representing the number 25:

100 V 0
50

100

Voltmeter

An analog circuit representing the number 25:

Digital circuits are very di®erent from circuits built on analog principles. Digital computational
circuits can be incredibly complex,and calculations must often be performed in sequential "steps" to
obtain a ¯nal answer, much asa human being would perform arithmetical calculations in stepswith
pencil and paper. Analog computational circuits, on the other hand, are quite simple in comparison,
and perform their calculations in continuous, real-time fashion. There is a disadvantage to using
analog circuitry to represent numbers, though: imprecision. The digital circuit shown above is
representing the number twenty-¯v e, precisely. The analog circuit shown above may or may not be
exactly calibrated to 25.000volts, but is subject to "drift" and error.

In applications where precision is not critical, analog computational circuits are very practical
and elegant. Shown here are a few op-amp circuits for performing analog computation:
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-

+

1 kW

R

R

Input1

Input2

Output

Analog summer (adder) circuit

Output = Input1 + Input2

1 kW

-

+

R R

R R
Input(+)

Input(-)

Output

Analog subtractor circuit

Output = Input(+) - Input(-)
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R

R

Input1

Input2

Output

Analog averager circuit

Output = 
Input1 + Input2

2

-

+ (Buffer optional)

Output
-

+

Analog inverter (sign reverser) circuit

RR
Input

Output = - Input

Output
-

+ Input

K

Output = (K)(Input)

Analog "multiply-by-constant" circuit
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Output

Output = 

-

+ (Buffer optional)

Input

K

Input

K

Analog "divide-by-constant" circuit

Output
-

+

 Input

Output = - (K)(Input)

K

Analog inverting "multiply/divide-
by-constant" circuit

Each of these circuits may be used in modular fashion to create a circuit capable of multiple
calculations. For instance, suppose that we neededto subtract a certain fraction of one variable
from another variable. By combining a divide-by-constant circuit with a subtractor circuit, we
could obtain the required function:
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-

+

R R

R R

Output

Divide-by-constant

K

-

+

Subtractor

Output = Input1 - 
Input2

K

Input1

Input2

Devicescalled analog computers usedto be commonin universitiesand engineeringshops,where
dozensof op-amp circuits could be "patched" together with removable jumper wires to model math-
ematical statements, usually for the purposeof simulating somephysical processwhoseunderlying
equations were known. Digital computers have made analog computers all but obsolete,but ana-
log computational circuitry cannot be beaten by digital in terms of sheereleganceand economy of
necessarycomponents.

Analog computational circuitry excels at performing the calculus operations integration and
di®erentiation with respect to time, by using capacitors in an op-amp feedback loop. To fully
understand these circuits' operation and applications, though, we must ¯rst grasp the meaning of
these fundamental calculus concepts. Fortunately, the application of op-amp circuits to real-world
problems involving calculus serves as an excellent means to teach basic calculus. In the words of
John I. Smith, taken from his outstanding textb ook, Modern Operational Circuit Design:

"A note of encouragementis o®ered to certain readers: integral calculus is one of the
mathematical disciplines that operational [ampli¯er] circuitry exploitsand, in the process,
rather demolishesas a barrier to understanding." (pg. 4)

Mr. Smith's sentiments on the pedagogicalvalue of analogcircuitry asa learning tool for mathe-
matics are not unique. Consider the opinion of engineerGeorgeFox Lang, in an article he wrote for
the August 2000 issueof the journal Sound and Vibration, entitled, "Analog was not a Computer
Trademark!":

"Cr eating a real physical entity (a circuit) governed by a particular set of equations
and interacting with it providesunique insight into thosemathematical statements. There
is no better way to developa "gut feel" for the interplay between physicsand mathematics
than to experience such an interaction. The analog computer was a powerful interdis-
ciplinary teaching tool; its obsolescence is mourned by many educators in a variety of
¯elds." (pg. 23)
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Di®erentiation is the ¯rst operation typically learned by beginning calculus students. Simply
put, di®erentiation is determining the instantaneous rate-of-change of one variable as it relates to
another. In analogdi®erentiator circuits, the independent variable is time, and sothe rates of change
we're dealing with are rates of change for an electronic signal (voltage or current) with respect to
time.

Supposewe were to measurethe position of a car, traveling in a direct path (no turns), from its
starting point. Let us call this measurement, x. If the car movesat a rate such that its distancefrom
"start" increasessteadily over time, its position will plot on a graph as a linear function (straight
line):

x

x

Time

Position

If we wereto calculate the derivative of the car's position with respect to time (that is, determine
the rate-of-changeof the car's position with respect to time), we would arrive at a quantit y repre-
senting the car's velocity. The di®erentiation function is represented by the fractional notation d/d ,
so when di®erentiating position (x) with respect to time (t ), we denote the result (the derivative)
as dx/dt :

x

x

Time

Position

Time

dx
dt

Velocity

For a linear graph of x over time, the derivate of position (dx/dt ), otherwiseand more commonly
known asvelocity, will be a °at line, unchanging in value. The derivative of a mathematical function
may be graphically understood as its slope when plotted on a graph, and here we can seethat the
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position (x) graph has a constant slope, which meansthat its derivative (dx/dt ) must be constant
over time.

Now, supposethe distancetraveledby the car increasedexponentially over time: that is, it began
its travel in slow movements, but coveredmore additional distancewith each passingperiod in time.
We would then seethat the derivative of position (dx/dt ), otherwise known as velocity (v), would
not be constant over time, but would increase:

x

x

Time

Position

Time

dx
dt

Velocity

The height of points on the velocity graph correspond to the rates-of-change,or slope, of points
at corresponding times on the position graph:

x

Time

Position

Time

dx
dt

Velocity

What does this have to do with analog electronic circuits? Well, if we were to have an analog
voltage signal represent the car's position (think of a huge potentiometer whosewiper was attached
to the car, generatinga voltage proportional to the car's position), we could connecta di®erentiator
circuit to this signal and have the circuit continuously calculate the car's velocity, displaying the
result via a voltmeter connectedto the di®erentiator circuit's output:
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x

x

-

+
+

V
-

+
V

- dx
dt

Differentiator

Position

Velocity

Recall from the last chapter that a di®erentiator circuit outputs a voltage proportional to the
input voltage's rate-of-changeover time (d/dt ). Thus, if the input voltage is changing over time at
a constant rate, the output voltage will be at a constant value. If the car moves in such a way that
its elapseddistance over time builds up at a steady rate, then that meansthe car is traveling at a
constant velocity, and the di®erentiator circuit will output a constant voltage proportional to that
velocity. If the car's elapseddistance over time changesin a non-steady manner, the di®erentiator
circuit's output will likewisebe non-steady, but always at a level representativ e of the input's rate-
of-changeover time.

Note that the voltmeter registering velocity (at the output of the di®erentiator circuit) is con-
nected in "reverse" polarit y to the output of the op-amp. This is becausethe di®erentiator circuit
shown is inverting : outputting a negative voltage for a positive input voltage rate-of-change. If
we wish to have the voltmeter register a positive value for velocity, it will have to be connectedto
the op-amp as shown. As impractical as it may be to connect a giant potentiometer to a moving
object such asan automobile, the conceptshould be clear: by electronically performing the calculus
function of di®erentiation on a signal representing position, we obtain a signal representing velocity.

Beginning calculus students learn symbolic techniquesfor di®erentiation. However, this requires
that the equation describing the original graph be known. For example, calculus students learn
how to take a function such as y = 3x and ¯nd its derivative with respect to x (d/dx ), 3, simply
by manipulating the equation. We may verify the accuracy of this manipulation by comparing the
graphs of the two functions:
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y

x

y

x
x = 1; slope = 3

x = 2; slope = 3
x = 2.5; slope = 3

y = 3x

x = 1; y = 3

x = 2; y = 3

x = 2.5; y = 3

dx
3x = 3

(y = 3)

d

Nonlinear functions such as y = 3x2 may also be di®erentiated by symbolic means. In this case,
the derivative of y = 3x2 with respect to x is 6x:

y

x

y

x

dxy = 3x2

x = 0; slope = 0

x = 1; slope = 6

3x2 = 6x

(y = 6x)x = 2; slope = 12

x = 0; y = 0

x = 1; y = 6

x = 2; y = 12

d

In real life, though, we often cannot describe the behavior of any physical event by a simple
equation like y = 3x, and sosymbolic di®erentiation of the type learnedby calculusstudents may be
impossibleto apply to a physical measurement. If someonewishedto determine the derivative of our
hypothetical car's position (dx/dt = velocity) by symbolic means, they would ¯rst have to obtain
an equation describing the car's position over time, based on position measurements taken from
a real experiment { a nearly impossible task unless the car is operated under carefully controlled
conditions leading to a very simple position graph. However, an analog di®erentiator circuit, by
exploiting the behavior of a capacitor with respect to voltage, current, and time i = C(dv/dt) ,
naturally di®erentiates any real signal in relation to time, and would be able to output a signal
corresponding to instantaneousvelocity (dx/dt ) at any moment. By logging the car's position signal
along with the di®erentiator's output signal using a chart recorder or other data acquisition device,
both graphs would naturally present themselves for inspection and analysis.
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We may take the principle of di®erentiation onestep further by applying it to the velocity signal
using another di®erentiator circuit. In other words, useit to calculate the rate-of-changeof velocity,
which we know is the rate-of-changeof position. What practical measurewould we arrive at if we
did this? Think of this in terms of the units we use to measureposition and velocity. If we were
to measurethe car's position from its starting point in miles, then we would probably expressits
velocity in units of miles per hour (dx/dt ). If we wereto di®erentiate the velocity (measuredin miles
per hour) with respect to time, we would end up with a unit of miles per hour per hour. Intro ductory
physics classesteach students about the behavior of falling objects, measuring position in meters,
velocity in meters per second, and change in velocity over time in meters per second, per second.
This ¯nal measureis called acceleration : the rate of changeof velocity over time:

x

x

Time

Position

Time

dx
dt

Velocity

Time

Acceleration

d2x

dt2

Differentiation Differentiation

The expressiond2x/dt 2 is called the second derivative of position (x) with regard to time (t ). If
we were to connecta seconddi®erentiator circuit to the output of the ¯rst, the last voltmeter would
register acceleration:
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x

x

-

+
+

V
-

+
V

- dx
dt

Differentiator

Position

Velocity

-

+

Differentiator

+
V

-Acceleration

d2x

dt2

Deriving velocity from position, and acceleration from velocity, we seethe principle of di®eren-
tiation very clearly illustrated. Theseare not the only physical measurements related to each other
in this way, but they are, perhaps, the most common. Another exampleof calculus in action is the
relationship betweenliquid °ow (q) and liquid volume (v) accumulated in a vesselover time:

LT

Water

v = volume

dv
dt

= flow
Water
supply

A "Level Transmitter" devicemounted on a water storagetank provides a signal directly propor-
tional to water level in the tank, which { if the tank is of constant cross-sectionalareathroughout its
height { directly equateswater volume stored. If we wereto take this volume signal and di®erentiate
it with respect to time (dv/dt ), we would obtain a signal proportional to the water °ow rate through
the pipe carrying water to the tank. A di®erentiator circuit connectedin such a way as to receive
this volume signal would produce an output signal proportional to °ow, possibly substituting for a
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°ow-measurement device ("Flo w Transmitter") installed in the pipe.

Returning to the car experiment, supposethat our hypothetical car wereequipped with a tacho-
generator on one of the wheels, producing a voltage signal directly proportional to velocity. We
could di®erentiate the signal to obtain accelerationwith one circuit, like this:

x

-

+
+

V
-

+
V

-

Differentiator

Velocity

v
d2x

dt2Acceleration

dv
dt

=

Gen
+ -

By its very nature, the tachogenerator di®erentiates the car's position with respect to time,
generating a voltage proportional to how rapidly the wheel's angular position changesover time.
This provides us with a raw signal already representativ e of velocity, with only a single step of
di®erentiation needed to obtain an acceleration signal. A tachogenerator measuring velocity, of
course, is a far more practical example of automobile instrumentation than a giant potentiometer
measuring its physical position, but what we gain in practicalit y we lose in position measurement.
No matter how many times we di®erentiate, we can never infer the car's position from a velocity
signal. If the processof di®erentiation brought us from position to velocity to acceleration, then
somehow we needto perform the "reverse" processof di®erentiation to go from velocity to position.
Such a mathematical processdoes exist, and it is called integration. The "in tegrator" circuit may
be usedto perform this function of integration with respect to time:



298 CHAPTER 9. PRACTICAL ANALOG SEMICONDUCTOR CIRCUITS

x

-

+
+

V
-

+
V

-

Differentiator

Velocity

v
d2x

dt2Acceleration

dv
dt

=

Gen
+ -

-

+

Integrator

+
V

-

Position

ò v dt = x

Recall from the last chapter that an integrator circuit outputs a voltage whoserate-of-change
over time is proportional to the input voltage's magnitude. Thus, given a constant input voltage,
the output voltage will changeat a constant rate. If the car travels at a constant velocity (constant
voltage input to the integrator circuit from the tachogenerator), then its distance traveled will
increase steadily as time progresses,and the integrator will output a steadily changing voltage
proportional to that distance. If the car's velocity is not constant, then neither will the rate-of-
changeover time be of the integrator circuit's output, but the output voltage wil l faithfully represent
the amount of distance traveled by the car at any given point in time.

The symbol for integration looks something like a very narrow, cursive letter "S" (
R

). The
equation utilizing this symbol (

R
v dt = x) tells us that we are integrating velocity (v) with respect

to time (dt), and obtaining position (x) as a result.

So, we may expressthree measuresof the car's motion (position, velocity, and acceleration) in
terms of velocity (v) just as easily as we could in terms of position (x):
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Time
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Time

Velocity

Time

Acceleration

DifferentiationIntegration

v dv
dt

ò v dt

If we had an accelerometerattached to the car, generating a signal proportional to the rate
of acceleration or deceleration, we could (hypothetically) obtain a velocity signal with one step of
integration, and a position signal with a secondstep of integration:
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Thus, all three measuresof the car's motion (position, velocity, and acceleration) may be ex-
pressedin terms of acceleration:

x

Time

Position

Time

Velocity

Time

Acceleration

Integration Integration

aòò a dt ò a dt
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As you might have suspected, the processof integration may be illustrated in, and applied to,
other physical systemsas well. Take for example the water storage tank and °ow example shown
earlier. If °ow rate is the derivative of tank volume with respect to time (q = dv/dt ), then we could
also say that volume is the integral of °ow rate with respect to time:

Water

Water
supply

FT f = flow

ò f dt = volume

If we wereto usea "Flo w Transmitter" deviceto measurewater °ow, then by time-integration we
could calculate the volume of water accumulated in the tank over time. Although it is theoretically
possibleto use a capacitive op-amp integrator circuit to derive a volume signal from a °ow signal,
mechanical and digital electronic "in tegrator" devicesare more suitable for integration over long
periods of time, and ¯nd frequent use in the water treatment and distribution industries.

Just as there are symbolic techniques for di®erentiation, there are also symbolic techniques for
integration, although they tend to be more complex and varied. Applying symbolic integration to
a real-world problem like the accelerationof a car, though, is still contingent on the availabilit y of
an equation preciselydescribing the measuredsignal { often a di±cult or impossiblething to derive
from measureddata. However, electronic integrator circuits perform this mathematical function
continuously, in real time, and for any input signalpro¯le, thusproviding a powerful tool for scientists
and engineers.

Having said this, there are caveats to the using calculus techniques to derive one type of mea-
surement from another. Di®erentiation has the undesirable tendency of amplifying "noise" found
in the measuredvariable, since the noisewill typically appear as frequenciesmuch higher than the
measuredvariable, and high frequenciesby their very nature possesshigh rates-of-changeover time.

To illustrate this problem, supposewe were deriving a measurement of car accelerationfrom the
velocity signal obtained from a tachogenerator with worn brushesor commutator bars. Points of
poor contact betweenbrush and commutator will producemomentary "dips" in the tachogenerator's
output voltage, and the di®erentiator circuit connectedto it will interpret thesedips as very rapid
changesin velocity. For a car moving at constant speed{ neither acceleratingnor decelerating{ the
accelerationsignal should be 0 volts, but "noise" in the velocity signal causedby a faulty tachogen-
erator will causethe di®erentiated (acceleration) signal to contain "spikes," falsely indicating brief
periods of high accelerationand deceleration:
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Noisevoltage present in a signal to be di®erentiated neednot be of signi¯cant amplitude to cause
trouble: all that is required is that the noisepro¯le have fast rise or fall times. In other words, any
electrical noisewith a high dv/dt component will be problematic when di®erentiated, even if it is of
low amplitude.

It should be noted that this problem is not an artifact (an idiosyncratic error of the measur-
ing/computing instrument) of the analog circuitry; rather, it is inherent to the processof di®er-
entiation. No matter how we might perform the di®erentiation, "noise" in the velocity signal will
invariably corrupt the output signal. Of course,if we were di®erentiating a signal twice, as we did
to obtain both velocity and accelerationfrom a position signal, the ampli¯ed noisesignal output by
the ¯rst di®erentiator circuit will be ampli¯ed again by the next di®erentiator, thus compounding
the problem:
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little noise
more noise even more noise!

Integration doesnot su®erfrom this problem, becauseintegrators act as low-pass¯lters, atten-
uating high-frequency input signals. In e®ect,all the high and low peaks resulting from noise on
the signal becomeaveraged together over time, for a diminished net result. One might suppose,
then, that we could avoid all trouble by measuringaccelerationdirectly and integrating that signal
to obtain velocity; in e®ect,calculating in "reverse" from the way shown previously:
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Unfortunately, following this methodology might lead us into other di±culties, one being a
common artifact of analog integrator circuits known as drift . All op-amps have some amount of
input bias current, and this current will tend to causea charge to accumulate on the capacitor in
addition to whatever charge accumulates as a result of the input voltage signal. In other words,
all analog integrator circuits su®er from the tendency of having their output voltage "drift" or
"creep" even when there is absolutely no voltage input, accumulating error over time as a result.
Also, imperfect capacitors will tend to losetheir stored charge over time due to internal resistance,
resulting in "drift" toward zerooutput voltage. Theseproblemsare artifacts of the analogcircuitry ,
and may be eliminated through the useof digital computation.

Circuit artifacts notwithstanding, possible errors may result from the integration of one mea-
surement (such as acceleration) to obtain another (such as velocity) simply becauseof the way
integration works. If the "zero" calibration point of the raw signal sensoris not perfect, it will out-
put a slight positive or negative signal even in conditions when it should output nothing. Consider
a car with an imperfectly calibrated accelerometer,or one that is in°uenced by gravit y to detect a
slight acceleration unrelated to car motion. Even with a perfect integrating computer, this sensor
error will causethe integrator to accumulate error, resulting in an output signal indicating a change
of velocity when the car is neither acceleratingnor decelerating.
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As with di®erentiation, this error will also compound itself if the integrated signal is passedon
to another integrator circuit, sincethe "drifting" output of the ¯rst integrator will very soon present
a signi¯cant positive or negative signal for the next integrator to integrate. Therefore, care should
be taken when integrating sensorsignals: if the "zero" adjustment of the sensoris not perfect, the
integrated result will drift, even if the integrator circuit itself is perfect.

So far, the only integration errors discussedhave been arti¯cial in nature: originating from
imperfectionsin the circuitry and sensors.There alsoexists a sourceof error inherent to the process
of integration itself, and that is the unknown constant problem. Beginning calculus students learn
that whenever a function is integrated, there exists an unknown constant (usually represented as
the variable C) added to the result. This uncertainty is easiestto understand by comparing the
derivativesof several functions di®ering only by the addition of a constant value:
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Note how each of the parabolic curves (y = 3x2 + C) share the exact same shape, di®ering
from each other in regard to their vertical o®set.However, they all sharethe exact samederivative
function: y' = (d/dx)( 3x2 + C) = 6x, becausethey all share identical rates of change (slopes)
at corresponding points along the x axis. While this seemsquite natural and expected from the
perspective of di®erentiation (di®erent equations sharing a common derivative), it usually strikes
beginning students as odd from the perspective of integration, becausethere are multiple correct
answers for the integral of a function. Going from an equation to its derivative, there is only one
answer, but going from that derivative back to the original equation leads us to a range of correct
solutions. In honor of this uncertainty, the symbolic function of integration is called the inde¯nite
integral.

When an integrator performs live signal integration with respect to time, the output is the sum
of the integrated input signal over time and an initial value of arbitrary magnitude, representing
the integrator's pre-existing output at the time integration began. For example, if I integrate the
velocity of a car driving in a straight line away from a city, calculating that a constant velocity of
50 miles per hour over a time of 2 hours will produce a distance (

R
v dt) of 100 miles, that doesnot

necessarilymean the car will be 100 miles away from the city after 2 hours. All it tells us is that
the car will be 100 miles further away from the city after 2 hours of driving. The actual distance
from the city after 2 hours of driving dependson how far the car was from the city when integration
began. If we do not know this initial value for distance,we cannot determine the car's exact distance
from the city after 2 hours of driving.

This sameproblem appearswhenweintegrate accelerationwith respect to time to obtain velocity:
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Where,
v0 = Initial velocity

In this integrator system, the calculated velocity of the car will only be valid if the integrator
circuit is initialize d to an output value of zero when the car is stationary (v = 0). Otherwise, the
integrator could very well be outputting a non-zerosignal for velocity (v0) when the car is stationary,
for the accelerometercannot tell the di®erencebetween a stationary state (0 miles per hour) and
a state of constant velocity (say, 60 miles per hour, unchanging). This uncertainty in integrator
output is inherent to the processof integration, and not an artifact of the circuitry or of the sensor.

In summary, if maximum accuracyis desiredfor any physical measurement, it is best to measure
that variable directly rather than compute it from other measurements. This is not to say that
computation is worthless. Quite to the contrary , often it is the only practical meansof obtaining
a desired measurement. However, the limits of computation must be understood and respected in
order that precisemeasurements be obtained.

9.7 Measuremen t circuits { PENDING

9.8 Con trol circuits { PENDING

9.9 Con tributors

Contributors to this chapter are listed in chronological order of their contributions, from most recent
to ¯rst. SeeAppendix 2 (Contributor List) for dates and contact information.

W arren Young (August 2002): Initial idea and text for "Power supply circuits" section. Para-
graphs modi¯ed by Tony Kuphaldt (changesin vocabulary, plus inclusion of additional concepts).
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13.1 In tro duction

An often neglectedarea of study in modern electronics is that of tubes, more precisely known as
vacuumtubes or electron tubes. Almost completely overshadowed by semiconductor,or "solid-state"
components in most modern applications, tube technology oncedominated electronic circuit design.

In fact, the historical transition from "electric" to "electronic" circuits really beganwith tubes,
for it waswith tubesthat we entered into a whole new realm of circuit function: a way of controlling
the °ow of electrons (current) in a circuit by meansof another electric signal (in the caseof most
tubes, the controlling signal is a small voltage). The semiconductor counterpart to the tube, of
course,is the transistor. Transistors perform much the samefunction as tubes: controlling the °ow
of electrons in a circuit by meansof another °ow of electrons in the caseof the bipolar transistor,
and controlling the °ow of electronsby meansof a voltage in the caseof the ¯eld-e®ect transistor.
In either case,a relatively small electric signal controls a relatively large electric current. This is the

315
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essenceof the word "electronic," so as to distinguish it from "electric," which has more to do with
how electron °ow is regulated by Ohm's Law and the physical attributes of wire and components.

Though tubesare now obsoletefor all but a few specializedapplications, they are still a worthy
area of study. If nothing else,it is fascinating to explore "the way things usedto be done" in order
to better appreciate modern technology.

13.2 Early tub e history

Thomas Edison, that proli¯c American inventor, is often credited with the invention of the incandes-
cent lamp. More accurately, it could besaid that Edison wasthe man who perfected the incandescent
lamp. Edison's successfuldesignof 1879was actually precededby 77 yearsby the British scientist
Sir Humphry Davy, who ¯rst demonstratedthe principle of using electric current to heat a thin strip
of metal (called a "¯lamen t") to the point of incandescence(glowing white hot).

Edison wasable to achieve his successby placing his ¯lament (made of carbonizedsewingthread)
insideof a clearglassbulb from which the air had beenforcibly removed. In this vacuum, the ¯lament
could glow at white-hot temperatures without being consumedby combustion:

clear, glass bulb

air removed

filament

In the course of his experimentation (sometime around 1883), Edison placed a strip of metal
inside of an evacuated (vacuum) glassbulb along with the ¯lament. Between this metal strip and
one of the ¯lament connectionshe attached a sensitive ammeter. What he found was that electrons
would °ow through the meter whenever the ¯lament was hot, but ceasedwhen the ¯lament cooled
down:

+
A

-

metal strip

The white-hot ¯lament in Edison's lamp was liberating free electrons into the vacuum of the
lamp, those electrons ¯nding their way to the metal strip, through the galvanometer, and back
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to the ¯lament. His curiosity piqued, Edison then connecteda fairly high-voltage battery in the
galvanometer circuit to aid the small current:

+
A

-

more
current

Sure enough,the presenceof the battery created a much larger current from the ¯lament to the
metal strip. However, when the battery was turned around, there was little to no current at all!

+
A

-
current

no
!

In e®ect,what Edison had stumbled upon was a diode! Unfortunately, he saw no practical use
for such a deviceand proceededwith further re¯nements in his lamp design.

The one-way electron °ow of this device (known as the Edison E®ect) remained a curiosity
until J. A. Fleming experimented with its use in 1895. Fleming marketed his device as a "valve,"
initiating a whole new area of study in electric circuits. Vacuum tube diodes { Fleming's "valves"
being no exception { are not able to handle large amounts of current, and so Fleming's invention
was impractical for any application in AC power, only for small electric signals.

Then in 1906, another inventor by the name of Lee De Forest started playing around with the
"Edison E®ect," seeingwhat more could be gained from the phenomenon. In doing so, he made
a startling discovery: by placing a metal screenbetween the glowing ¯lament and the metal strip
(which by now had taken the form of a plate for greater surfacearea), the stream of electrons°owing
from ¯lament to plate could be regulated by the application of a small voltage between the metal
screenand the ¯lament:
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plate current can be controlled by the
application of a small control voltage
between the grid and filament!

The DeForest "Audion" tube

De Forest called this metal screenbetween¯lament and plate a grid. It wasn't just the amount of
voltage betweengrid and ¯lament that controlled current from ¯lament to plate, it was the polarit y
as well. A negative voltage applied to the grid with respect to the ¯lament would tend to choke o®
the natural °ow of electrons,whereasa positive voltage would tend to enhancethe °ow. Although
there wassomeamount of current through the grid, it wasvery small; much smaller than the current
through the plate.

Perhaps most importantly was his discovery that the small amounts of grid voltage and grid
current were having large e®ectson the amount of plate voltage (with respect to the ¯lament) and
plate current. In adding the grid to Fleming's "valve," De Forest had made the valve adjustable: it
now functioned as an amplifying device, whereby a small electrical signal could take control over a
larger electrical quantit y.

The closestsemiconductor equivalent to the Audion tube, and to all of its more modern tube
equivalents, is an n-channel D-type MOSFET. It is a voltage-controlled devicewith a large current
gain.

Calling his invention the "Audion," he vigorously applied it to the development of communica-
tions technology. In 1912 he sold the rights to his Audion tube as a telephone signal ampli¯er to
the American Telephoneand TelegraphCompany (AT and T), which made long-distancetelephone
communication practical. In the following year he demonstrated the useof an Audion tube for gen-
erating radio-frequency AC signals. In 1915 he achieved the remarkable feat of broadcasting voice
signals via radio from Arlington, Virginia to Paris, and in 1916 inaugurated the ¯rst radio news
broadcast. Such accomplishments earnedDe Forest the title "Father of Radio" in America.
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13.3 The trio de

De Forest's Audion tube came to be known as the triode tube, becauseit had three elements:
¯lament, grid, and plate (just as the "di" in the name diode refers to two elements, ¯lament and
plate). Later developments in diode tube technology led to the re¯nement of the electron emitter:
instead of using the ¯lament directly as the emissive element, another metal strip called the cathode
could be heated by the ¯lament.

This re¯nement wasnecessaryin order to avoid someundesirede®ectsof an incandescent ¯lament
as an electron emitter. First, a ¯lament experiencesa voltage drop along its length, as current
overcomesthe resistanceof the ¯lament material and dissipatesheat energy. This meant that the
voltage potential betweendi®erent points along the length of the ¯lament wire and other elements
in the tube would not be constant. For this and similar reasons,alternating current usedasa power
source for heating the ¯lament wire would tend to intro duce unwanted AC "noise" in the rest of
the tube circuit. Furthermore, the surfacearea of a thin ¯lament was limited at best, and limited
surface area on the electron emitting element tends to place a corresponding limit on the tube's
current-carrying capacity.

The cathode was a thin metal cylinder ¯tting snugly over the twisted wire of the ¯lament. The
cathode cylinder would be heated by the ¯lament wire enoughto freely emit electrons,without the
undesirable side e®ectsof actually carrying the heating current as the ¯lament wire had to. The
tube symbol for a trio de with an indirectly-heated cathode looks like this:

plate

grid

cathode filament

Sincethe ¯lament is necessaryfor all but a few typesof vacuum tubes, it is often omitted in the
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symbol for simplicit y, or it may be included in the drawing but with no power connectionsdrawn to
it:

...

...

...

to filament wires
no connections shownno filament

shown at all

A simple trio de circuit is shown to illustrate its basic operation as an ampli¯er:

R

voltage
output

input
voltage

DC power
source

"plate supply"

Triode amplifier circuit

The low-voltage AC signal connectedbetweenthe grid and cathode alternately suppresses,then
enhancesthe electron °ow between cathode and plate. This causesa change in voltage on the
output of the circuit (betweenplate and cathode). The AC voltage and current magnitudes on the
tube's grid are generally quite small comparedwith the variation of voltage and current in the plate
circuit. Thus, the trio de functions as an ampli¯er of the incoming AC signal (taking high-voltage,
high-current DC power supplied from the large DC sourceon the right and "throttling" it by means
of the tube's controlled conductivit y).

In the trio de, the amount of current from cathode to plate (the "controlled" current is a func-
tion both of grid-to-cathode voltage (the controlling signal) and the plate-to-cathode voltage (the
electromotive force available to push electronsthrough the vacuum). Unfortunately, neither of these
independent variableshave a purely linear e®ecton the amount of current through the device(often
referred to simply as the "plate current"). That is, trio de current doesnot necessarilyrespond in a
direct, proportional manner to the voltagesapplied.

In this particular ampli¯er circuit the nonlinearities are compounded, as plate voltage (with
respect to cathode) changesalong with the grid voltage (also with respect to cathode) as plate
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current is throttled by the tube. The result will be an output voltagewaveform that doesn't precisely
resemble the waveform of the input voltage. In other words, the quirkiness of the trio de tube and
the dynamicsof this particular circuit will distort the waveshape. If we really wanted to get complex
about how we stated this, we could say that the tube intro ducesharmonics by failing to exactly
reproduce the input waveform.

Another problem with trio de behavior is that of stray capacitance. Remember that any time we
have two conductive surfacesseparatedby an insulating medium, a capacitor will be formed. Any
voltage between those two conductive surfaceswill generatean electric ¯eld within that insulating
region, potentially storing energyand intro ducing reactanceinto a circuit. Such is the casewith the
trio de, most problematically between the grid and the plate. It is as if there were tiny capacitors
connectedbetweenthe pairs of elements in the tube:

Cgrid-plate

Cgrid-cathode

Cplate-cathode

Now, this stray capacitanceis quite small, and the reactive impedancesusually high. Usually,
that is, unless radio frequenciesare being dealt with. As we saw with De Forest's Audion tube,
radio was probably the prime application for this new technology, so these "tin y" capacitances
becamemore than just a potential problem. Another re¯nement in tube technology was necessary
to overcomethe limitations of the trio de.

13.4 The tetro de

As the namesuggests,the tetrode tube contained four elements: cathode (with the implicit ¯lament,
or "heater"), grid, plate, and a new element called the screen. Similar in construction to the grid, the
screenwasa wire meshor coil positionedbetweenthe grid and plate, connectedto a sourceof positive
DC potential (with respect to the cathode, as usual) equal to a fraction of the plate voltage. When
connected to ground through an external capacitor, the screenhad the e®ectof electrostatically
shielding the grid from the plate. Without the screen,the capacitive linking betweenthe plate and
the grid could causesigni¯cant signal feedback at high frequencies,resulting in unwanted oscillations.

The screen,being of lesssurfacearea and lower positive potential than the plate, didn't attract
many of the electronspassingthrough the grid from the cathode, so the vast majorit y of electrons
in the tube still °ew by the screento be collected by the plate:
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Tetrode amplifier circuit

With a constant DC screenvoltage, electron°ow from cathode to plate becamealmost exclusively
dependent upon grid voltage, meaningthe plate voltagecould vary over a wide rangewith little e®ect
on plate current. This made for more stable gains in ampli¯er circuits, and better linearit y for more
accurate reproduction of the input signal waveform.

Despite the advantages realized by the addition of a screen,there were somedisadvantages as
well. The most signi¯cant disadvantage was related to something known as secondary emission.
When electrons from the cathode strike the plate at high velocity, they can causefree electrons to
be jarred loosefrom atoms in the metal of the plate. Theseelectrons,knocked o®the plate by the
impact of the cathode electrons, are said to be "secondarily emitted." In a trio de tube, secondary
emissionis not that great a problem, but in a tetrode with a positively-charged screengrid in close
proximit y, thesesecondaryelectronswill be attracted to the screenrather than the plate from which
they came,resulting in a lossof plate current. Lessplate current meanslessgain for the ampli¯er,
which is not good.

Two di®erent strategiesweredeveloped to addressthis problem of the tetrode tube: beam power
tubes and pentodes. Both solutions resulted in new tube designs with approximately the same
electrical characteristics.

13.5 Beam power tub es

In the beampower tube, the basicfour-element structure of the tetrode wasmaintained, but the grid
and screenwires werecarefully arrangedalong with a pair of auxiliary plates to createan interesting
e®ect: focusedbeamsor "sheets" of electronstraveling from cathode to plate. Theseelectron beams
formed a stationary "cloud" of electrons between the screenand plate (called a "space charge")
which acted to repel secondaryelectronsemitted from the plate back to the plate. A set of "b eam-
forming" plates, each connectedto the cathode, were added to help maintain proper electron beam
focus. Grid and screenwire coils were arranged in such a way that each turn or wrap of the screen
fell directly behind a wrap of the grid, which placed the screenwires in the "shadow" formed by the
grid. This precisealignment enabledthe screento still perform its shielding function with minimal
interferenceto the passageof electronsfrom cathode to plate.



13.6. THE PENTODE 323

platecathode

grid wires
(cross-sectional view)

(cross-sectional view)
screen wires

beam-forming plates
(2)

electron beams

-

-
- --------- -

---------
----- -
--- -

- -

--

-
--

--
--

-

"space charge"

This resulted in lower screencurrent (and more plate current!) than an ordinary tetrode tube,
with little added expenseto the construction of the tube.

Beam power tetrodes were often distinguished from their non-beam counterparts by a di®erent
schematic symbol, showing the beam-forming plates:

cathode

plate

screengrid

The "Beam power" tetrode tube

13.6 The pento de

Another strategy for addressingthe problem of secondaryelectrons being attracted by the screen
was the addition of a ¯fth wire element to the tube structure: a suppressor. These ¯v e-element
tubeswere naturally called pentodes.
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cathode

grid

plate

screen
suppressor

The pentode tube

The suppressorwas another wire coil or meshsituated betweenthe screenand the plate, usually
connecteddirectly to ground potential. In somepentode tube designs,the suppressorwas internally
connectedto the cathode so as to minimize the number of connection pins having to penetrate the
tube envelope:

cathode

grid

plate

screen

(suppressor internally
connected to cathode)

The suppressor'sjob wasto repel any secondarilyemitted electronsback to the plate: a structural
equivalent of the beam power tube's spacecharge. This, of course, increasedplate current and
decreasedscreencurrent, resulting in better gain and overall performance. In some instances it
allowed for greater operating plate voltage as well.

13.7 Com bination tub es

Similar in thought to the idea of the integrated circuit, tube designerstried integrating di®erent
tube functions into single tube envelopes to reduce spacerequirements in more modern tube-type
electronic equipment. A common combination seenwithin a single glassshell was two either diodes
or two trio des. The idea of ¯tting pairs of diodes inside a single envelope makes a lot of sensein
light of power supply full-wave recti¯er designs,always requiring multiple diodes.

Of course, it would have been quite impossible to combine thousands of tube elements into a
singletube envelope the way that thousandsof transistors can be etched onto a singlepieceof silicon,
but engineersstill did their best to push the limits of tube miniaturization and consolidation. Some
of these tubes,whimsically called compactrons, held four or more complete tube elements within a
single envelope.

Sometimesthe functions of two di®erent tubes could be integrated into a single, combination
tube in a way that simply worked more elegantly than two tubes ever could. An example of this
was the pentagrid converter, more generally called a heptode, used in somesuperheterodyne radio
designs. These tubes contained seven elements: 5 grids plus a cathode and a plate. Two of the
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grids werenormally reserved for signal input, the other three relegatedto screeningand suppression
(performance-enhancing)functions. Combining the superheterodyne functions of oscillator and sig-
nal mixer together in one tube, the signal coupling between these two stageswas intrinsic. Rather
than having separate oscillator and mixer circuits, the oscillator creating an AC voltage and the
mixer "mixing" that voltage with another signal, the pentagrid converter's oscillator sectioncreated
an electron stream that oscillated in intensity which then directly passedthrough another grid for
"mixing" with another signal.

This sametube was sometimesused in a di®erent way: by applying a DC voltage to one of the
control grids, the gain of the tube could be changed for a signal impressedon the other control
grid. This was known as variable-mu operation, becausethe "mu" (¹ ) of the tube (its ampli¯cation
factor, measuredas a ratio of plate-to-cathode voltage changeover grid-to-cathode voltage change
with a constant plate current) could be altered at will by a DC control voltage signal.

Enterprising electronicsengineersalsodiscoveredways to exploit such multi-v ariable capabilities
of "lesser" tubes such as tetrodes and pentodes. One such way was the so-calledultralinear audio
power ampli¯er, invented by a pair of engineersnamedHa°er and Keroes,utilizing a tetrode tube in
combination with a "tapp ed" output transformer to provide substantial improvements in ampli¯er
linearit y (decreasesin distortion levels). Consider a "single-ended" trio de tube ampli¯er with an
output transformer coupling power to the speaker:

input
voltage

Speaker

If we substitute a tetrode for a trio de in this circuit, we will seeimprovements in circuit gain re-
sulting from the electrostatic shielding o®eredby the screen,preventing unwanted feedback between
the plate and control grid:
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input
voltage

SpeakerStandard 
configuration 

of tetrode tube
in a single-ended
audio amplifier

However, the tetrode's screenmay be used for functions other than merely shielding the grid
from the plate. It can alsobe usedasanother control element, like the grid itself. If a "tap" is made
on the transformer's primary winding, and this tap connectedto the screen,the screenwill receive
a voltage that varies with the signal being ampli¯ed (feedback). More speci¯cally, the feedback
signal is proportional to the rate-of-change of magnetic °ux in the transformer core (d©/dt), thus
improving the ampli¯er's abilit y to reproduce the input signal waveform at the speaker terminals
and not just in the primary winding of the transformer:

input
voltage

Speaker
configuration 

of tetrode tube
in a single-ended
audio amplifier

"Ultralinear"

This signal feedback results in signi¯cant improvements in ampli¯er linearit y (and consequently ,
distortion), so long as precautions are taken against "overpowering" the screenwith too great a



13.8. TUBE PARAMETERS 327

positive voltage with respect to the cathode. As a concept, the ultralinear (screen-feedback) design
demonstratesthe °exibilit y of operation granted by multiple grid-elements inside a single tube: a
capability rarely matched by semiconductorcomponents.

Sometube designscombined multiple tube functions in a most economicway: dual plates with
a single cathode, the currents for each of the plates controlled by separate sets of control grids.
Common examplesof these tubes were triode-heptode and triode-hexode tubes (a hexode tube is a
tube with four grids, one cathode, and one plate).

Other tube designssimply incorporated separatetube structures inside a single glassenvelope
for greater economy. Dual diode (recti¯er) tubes were quite common, as were dual trio de tubes,
especially when the power dissipation of each tube was relatively low.

Dual triode tube

The 12AX7 and 12AU7 models are common examplesof dual-trio de tubes, both of low-power
rating. The 12AX7 is especially common as a preampli¯er tube in electric guitar ampli¯er circuits.

13.8 Tub e parameters

For bipolar junction transistors, the fundamental measureof ampli¯cation is the Beta ratio (¯ ),
de¯ned as the ratio of collector current to base current (I C /I B ). Other transistor characteristics
such as junction resistance,which in someampli¯er circuits may impact performanceas much as ¯ ,
are quanti¯ed for the bene¯t of circuit analysis. Electron tubesare no di®erent, their performance
characteristics having beenexplored and quanti¯ed long ago by electrical engineers.

Before we can speak meaningfully on thesecharacteristics, we must de¯ne several mathematical
variablesusedfor expressingcommonvoltage, current, and resistancemeasurements aswell assome
of the more complex quantities:
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m = amplification factor, pronounced "mu"

gm = mutual conductance, in siemens
(unitless)

Eg = grid-to-cathode voltage

Ip = plate current

Ep = plate-to-cathode voltage

Ik = cathode current

Es = input signal voltage

rp = dynamic plate resistance, in ohms

D = delta, the Greek symbol for change

The two most basic measuresof an amplifying tube's characteristics are its ampli¯cation factor
(¹ ) and its mutual conductance(gm ), alsoknown as transconductance. Transconductanceis de¯ned
here just the sameas it is for ¯eld-e®ect transistors, another category of voltage-controlled devices.
Here are the two equationsde¯ning each of theseperformancecharacteristics:

m =
DEp

DEg

with constant Ip (plate current)

gm = 
DIp

DEg

with constant Ep (plate voltage)

Another important, though more abstract, measureof tube performance is its plate resistance.
This is the measurement of plate voltage change over plate current change for a constant value of
grid voltage. In other words, this is an expressionof how much the tube acts like a resistor for any
given amount of grid voltage, analogousto the operation of a JFET in its ohmic mode:

DEprp = DIp

with constant Eg (grid voltage)

The astute reader will notice that plate resistancemay be determined by dividing the ampli¯ca-
tion factor by the transconductance:
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DEprp = DIp

m = 
DEp

DEg

gm = 
DEg

DIp

. . . dividing m by gm . . .

DEp

DEg

DIp

DEg

rp =

rp =
DEp

DEg

DEg

DIp

These three performancemeasuresof tubes are subject to change from tube to tube (just as ¯
ratios betweentwo "identical" bipolar transistors are never preciselythe same)and betweendi®erent
operating conditions. This variabilit y is duepartly to the unavoidablenonlinearities of electron tubes
and partly due to how they are de¯ned. Even supposing the existenceof a perfectly linear tube,
it will be impossible for all three of these measuresto be constant over the allowable ranges of
operation. Considera tube that perfectly regulatescurrent at any given amount of grid voltage (lik e
a bipolar transistor with an absolutely constant ¯ ): that tube's plate resistancemust vary with
plate voltage, becauseplate current will not changeeven though plate voltage does.

Nevertheless,tubeswere (and are) rated by thesevaluesat given operating conditions, and may
have their characteristic curvespublished just like transistors.

13.9 Ionization (gas-¯lled) tub es

So far, we've explored tubes which are totally "evacuated" of all gas and vapor inside their glass
envelopes,properly known as vacuum tubes. With the addition of certain gasesor vapors, however,
tubes take on signi¯cantly di®erent characteristics, and are able to ful¯ll certain special roles in
electronic circuits.

When a high enough voltage is applied acrossa distance occupied by a gas or vapor, or when
that gas or vapor is heated su±ciently , the electrons of those gas moleculeswill be stripp ed away
from their respective nuclei, creating a condition of ionization. Having freed the electronsfrom their
electrostatic bonds to the atoms' nuclei, they are free to migrate in the form of a current, making
the ionized gas a relatively good conductor of electricity. In this state, the gas is more properly
referred to as a plasma.

Ionized gas is not a perfect conductor. As such, the °ow of electrons through ionized gas will
tend to dissipate energyin the form of heat, thereby helping to keepthe gasin a state of ionization.
The result of this is a tube that will begin to conduct under certain conditions, then tend to stay
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in a state of conduction until the applied voltage acrossthe gasand/or the heat-generatingcurrent
drops to a minimum level.

The astute observer will note that this is precisely the kind of behavior exhibited by a classof
semiconductordevicescalled "th yristors," which tend to stay "on" onceturned "on" and tend to stay
"o®" onceturned "o®." Gas-¯lled tubes, it can be said, manifest this sameproperty of hysteresis.

Unlike their vacuum counterparts, ionization tubes were often manufactured with no ¯lament
(heater) at all. These were called cold-cathode tubes, with the heated versionsdesignatedas hot-
cathode tubes. Whether or not the tube contained a sourceof heat obviously impacted the charac-
teristics of a gas-¯lled tube, but not to the extent that lack of heat would impact the performance
of a hard-vacuum tube.

The simplest type of ionization device is not necessarilya tube at all; rather, it is constructed
of two electrodes separated by a gas-¯lled gap. Simply called a spark gap, the gap between the
electrodesmay be occupiedby ambient air, other times a special gas, in which casethe devicemust
have a sealedenvelope of somekind.

electrodes

enclosure (optional)
Spark gap

A prime application for spark gaps is in overvoltage protection. Engineered not to ionize, or
"break down" (begin conducting), with normal system voltage applied acrossthe electrodes, the
spark gap's function is to conduct in the event of a signi¯cant increasein voltage. Onceconducting,
it will act as a heavy load, holding the system voltage down through its large current draw and
subsequent voltage drop along conductors and other seriesimpedances. In a properly engineered
system, the spark gap will stop conducting ("extinguish") when the system voltage decreasesto a
normal level, well below the voltage required to initiate conduction.

One major caveat of spark gapsis their signi¯cantly ¯nite life. The discharge generatedby such
a device can be quite violent, and as such will tend to deteriorate the surfacesof the electrodes
through pitting and/or melting.

Spark gaps can be made to conduct on command by placing a third electrode (usually with a
sharp edgeor point) betweenthe other two and applying a high voltage pulsebetweenthat electrode
and one of the other electrodes. The pulse will create a small spark between the two electrodes,
ionizing part of the pathway between the two large electrodes, and enabling conduction between
them if the applied voltage is high enough:
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third electrode

Load

triggering voltage

main
voltage
source

source
(high voltage, low current)

(high voltage,
high current)

spark gap

Triggered spark gap

Spark gaps of both the triggered and untriggered variety can be built to handle huge amounts
of current, someeven into the range of mega-amps(millions of amps)! Physical size is the primary
limiting factor to the amount of current a spark gap can safely and reliably handle.

When the two main electrodes are placed in a sealedtube ¯lled with a special gas, a discharge
tube is formed. The most common type of discharge tube is the neon light, used popularly as a
sourceof colorful illumination, the color of the light emitted being dependent on the type of gas
¯lling the tube.

Construction of neon lamps closely resembles that of spark gaps,but the operational character-
istics are quite di®erent:
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electrode electrode

glass tube

current through the tube
causes the neon gas to glow

NEON LAMP

high voltage power supply (AC or DC)

small neon
indicator lamp

Neon lamp schematic symbol

By controlling the spacing of the electrodes and the type of gas in the tube, neon lights can
be made to conduct without drawing the excessive currents that spark gaps do. They still exhibit
hysteresis in that it takes a higher voltage to initiate conduction than it does to make them "ex-
tinguish," and their resistanceis de¯nitely nonlinear (the more voltage applied acrossthe tube, the
more current, thus more heat, thus lower resistance). Given this nonlinear tendency, the voltage
acrossa neon tube must not be allowed to exceeda certain limit, lest the tube be damaged by
excessive temperatures.

This nonlinear tendency gives the neon tube an application other than colorful illumination: it
can act somewhat like a zener diode, "clamping" the voltage acrossit by drawing more and more
current if the voltage decreases.When used in this fashion, the tube is known as a glow tube, or
voltage-regulator tube, and was a popular meansof voltage regulation in the days of electron tube
circuit design.

Rload

Rseries

glow-discharge
voltage regulator

tube

voltage across load
held relative constant

with variations of voltage
source and load resistance

Pleasetake note of the black dot found in the tube symbol shown above (and in the neon lamp
symbol shown before that). That marker indicates the tube is gas-¯lled. It is a common marker
usedin all gas-¯lled tube symbols.

One example of a glow tube designedfor voltage regulation was the VR-150, with a nominal
regulating voltage of 150 volts. Its resistancethroughout the allowable limits of current could vary



13.10. DISPLAY TUBES 333

from 5 k­ to 30 k­, a 6:1 span. Like zener diode regulator circuits of today, glow tube regulators
could be coupled to amplifying tubesfor better voltage regulation and higher load current ranges.

If a regular trio de was ¯lled with gas instead of a hard vacuum, it would manifest all the
hysteresisand nonlinearity of other gas tubes with one major advantage: the amount of voltage
applied betweengrid and cathode would determine the minimum plate-to cathode voltage necessary
to initiate conduction. In essence,this tube was the equivalent of the semiconductorSCR (Silicon-
Controlled Recti¯er), and was called the thyratron.

Rload

control
voltage

Thyratron
Tube high voltage

AC source

+

-

(Simple) Thyratron control circuit

It should be noted that the schematic shown above is greatly simpli¯ed for most purposesand
thyratron tube designs.Somethyratrons, for instance, required that the grid voltage switch polarit y
betweentheir "on" and "o®" states in order to properly work. Also, somethyratrons had more than
one grid!

Thyratrons found use in much the sameway as SCR's ¯nd use today: controlling recti¯ed AC
to large loads such as motors. Thyratron tubeshave beenmanufactured with di®erent typesof gas
¯llings for di®erent characteristics: inert (chemically non-reactive) gas,hydrogen gas,and mercury
(vaporized into a gas form when activated). Deuterium, a rare isotope of hydrogen, was used in
somespecial applications requiring the switching of high voltages.

13.10 Displa y tub es

In addition to performing tasks of ampli¯cation and switching, tubes can be designedto serve as
display devices.

Perhapsthe best-known display tube is the cathode ray tube, or CRT. Originally invented as an
instrument to study the behavior of "cathode rays" (electrons) in a vacuum, thesetubesdeveloped
into instruments useful in detecting voltage, then later as video projection deviceswith the advent
of television. The main di®erencebetweenCRTs usedin oscilloscopesand CRTs usedin televisions
is that the oscilloscope variety exclusively use electrostatic (plate) de°ection, while televisions use
electromagnetic(coil) de°ection. Plates function much better than coils over a wider rangeof signal
frequencies,which is great for oscilloscopesbut irrelevant for televisions, sincea television electron
beam sweepsvertically and horizontally at ¯xed frequencies. Electromagnetic de°ection coils are
much preferred in television CRT construction becausethey do not have to penetrate the glass
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envelope of the tube, thus decreasingthe production costsand increasingtube reliabilit y.

An interesting "cousin" to the CRT is the Cat-Eye or Magic-Eye indicator tube. Essentially ,
this tube is a voltage-measuringdevice with a display resembling a glowing green ring. Electrons
emitted by the cathode of this tube impinge on a °uorescent screen,causingthe green-coloredlight
to be emitted. The shape of the glow produced by the °uorescent screenvaries as the amount of
voltage applied to a grid changes:

minimal shadowslight shadowlarge shadow

"Cat-Eye" indicator tube displays

The width of the shadow is directly determined by the potential di®erencebetween the control
electrode and the °uorescent screen. The control electrode is a narrow rod placed between the
cathode and the °uorescent screen. If that control electrode (rod) is signi¯cantly more negative
than the °uorescent screen,it will de°ect someelectronsaway from the that areaof the screen.The
areaof the screen"shadowed" by the control electrode will appear darker when there is a signi¯cant
voltage di®erencebetweenthe two. When the control electrode and °uorescent screenare at equal
potential (zero voltage betweenthem), the shadowing e®ectwill be minimal and the screenwill be
equally illuminated.

The schematic symbol for a "cat-eye" tube looks something like this:

screenplate
control

amplifier
grid

cathode

electrode

fluorescent

"Cat-Eye" or "Magic-Eye"
indicator tube

Here is a photograph of a cat-eye tube, showing the circular display region as well as the glass
envelope, socket (black, at far end of tube), and someof its internal structure:
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Normally, only the end of the tube would protrude from a hole in an instrument panel, so the
user could view the circular, °uorescent screen.

In its simplest usage,a "cat-eye" tube could be operated without the use of the ampli¯er grid.
However, in order to make it more sensitive, the ampli¯er grid is used,and it is usedlike this:

R

signal

As the signal voltage increases, current through

"Cat-Eye" indicator tube circuit

the tube is choked off.  This decreases the voltage

lessening the shadow effect (shadow narrows). 
between the plate and the fluorescent screen,

The cathode, ampli¯er grid, and plate act as a trio de to create large changesin plate-to-cathode
voltage for small changes in grid-to-cathode voltage. Becausethe control electrode is internally
connectedto the plate, it is electrically common to it and therefore possessesthe sameamount of
voltage with respect to the cathode that the plate does. Thus, the large voltage changesinduced
on the plate due to small voltage changeson the ampli¯er grid end up causinglarge changesin the
width of the shadow seenby whoever is viewing the tube.
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Control electrode negative with

This is caused by a positive 
amplifier grid voltage (with 
respect to the cathode).

This is caused by a negative
amplifier grid voltage (with 
respect to the cathode).

respect to the fluorescent screen.
No voltage between control
electrode and flourescent screen.

"Cat-eye" tubeswerenever accurateenoughto be equipped with a graduated scaleas is the case
with CRT's and electromechanical meter movements, but they served well asnull detectors in bridge
circuits, and as signal strength indicators in radio tuning circuits. An unfortunate limitation to the
"cat-eye" tube as a null detector was the fact that it was not directly capableof voltage indication
in both polarities.

13.11 Micro wave tub es

For extremely high-frequencyapplications (above1 GHz), the interelectrodecapacitancesand transit-
time delays of standard electron tube construction becomeprohibitiv e. However, there seemsto be
no end to the creative ways in which tubesmay be constructed, and several high-frequencyelectron
tube designshave beenmade to overcomethesechallenges.

It was discovered in 1939 that a toroidal cavit y made of conductive material called a cavity
resonator surrounding an electron beam of oscillating intensity could extract power from the beam
without actually intercepting the beamitself. The oscillating electric and magnetic ¯elds associated
with the beam"echoed" inside the cavit y, in a manner similar to the soundsof traveling automobiles
echoing in a roadsidecanyon, allowing radio-frequencyenergy to be transferred from the beam to a
waveguideor coaxial cableconnectedto the resonator with a coupling loop. The tube was called an
inductive output tube, or IOT :

DC supply

RF
signal
input

toroidal 
cavity

coaxial
output
cable

electron beam

RF power 
output

The inductive output tube (IOT)
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Two of the researchers instrumental in the initial development of the IOT, a pair of brothers
named Sigurd and RussellVarian, added a secondcavit y resonator for signal input to the inductiv e
output tube. This input resonator acted as a pair of inductiv e grids to alternately "bunch" and
releasepackets of electronsdown the drift spaceof the tube, sothe electronbeamwould becomposed
of electronstraveling at di®erent velocities. This "v elocity modulation" of the beam translated into
the samesort of amplitude variation at the output resonator, where energywas extracted from the
beam. The Varian brothers called their invention a klystron.

DC supply

RF
signal
input

coaxial
output
cable

electron beam

RF power 
output

The klystron tube

Beam
control

Another invention of the Varian brothers was the re°ex klystron tube. In this tube, electrons
emitted from the heated cathode travel through the cavit y grids toward the repeller plate, then are
repelled and returned back the way they came (hence the name re°ex) through the cavit y grids.
Self-sustainingoscillations would develop in this tube, the frequency of which could be changedby
adjusting the repeller voltage. Hence,this tube operated as a voltage-controlled oscillator.

repeller

RF output
cavity

cathode

cavity
grids

control grid

The reflex klystron tube

As a voltage-controlled oscillator, re°ex klystron tubes served commonly as "lo cal oscillators"
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for radar equipment and microwave receivers:

Reflex klystron tube used as
a voltage-controlled oscillator

Initially developed as low-power deviceswhoseoutput required further ampli¯cation for radio
transmitter use,re°ex klystron designwasre¯ned to the point where the tubescould serve aspower
devicesin their own right. Re°ex klystrons have sincebeensupersededby semiconductordevicesin
the application of local oscillators, but ampli¯cation klystrons continue to ¯nd use in high-power,
high-frequency radio transmitters and in scienti¯c research applications.

One microwave tube performs its task so well and so cost-e®ectively that it continues to reign
supremein the competitiv e realm of consumerelectronics: the magnetron tube. This device forms
the heart of every microwave oven, generating several hundred watts of microwave RF energy used
to heat food and beverages,and doing so under the most grueling conditions for a tube: powered
on and o®at random times and for random durations.

Magnetron tubes are representativ e of an entirely di®erent kind of tube than the IOT and
klystron. Whereas the latter tubes use a linear electron beam, the magnetron directs its electron
beam in a circular pattern by meansof a strong magnetic ¯eld:
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cathode

electron

beam

cavity
resonators

RF output

The magnetron tube

Onceagain, cavit y resonatorsare usedasmicrowave-frequency"tank circuits," extracting energy
from the passing electron beam inductiv ely. Like all microwave-frequencydevicesusing a cavit y
resonator, at least one of the resonator cavities is tapped with a coupling loop: a loop of wire
magnetically coupling the coaxial cable to the resonant structure of the cavit y, allowing RF power
to be directed out of the tube to a load. In the caseof the microwave oven, the output power is
directed through a waveguide to the food or drink to be heated, the water moleculeswithin acting
as tiny load resistors,dissipating the electrical energy in the form of heat.

The magnet required for magnetron operation is not shown in the diagram. Magnetic °ux runs
perpendicular to the plane of the circular electron path. In other words, from the view of the tube
shown in the diagram, you are looking straight at one of the magnetic poles.

13.12 Tub es versus Semiconductors

Devoting a whole chapter in a modern electronics text to the designand function of electron tubes
may seema bit strange,seeingashow semiconductortechnology hasall but obsoletedtubesin almost
every application. However, there is merit in exploring tubes not just for historical purposes,but
also for those niche applications that necessitatethe qualifying phrase " almost every application"
in regard to semiconductorsupremacy.

In some applications, electron tubes not only continue to seepractical use, but perform their
respective tasks better than any solid-state deviceyet invented. In somecasesthe performanceand
reliabilit y of electron tube technology is far superior.

In the ¯elds of high-power, high-speed circuit switching, specialized tubes such as hydrogen
thyratrons and krytrons are able to switch far larger amounts of current, far faster than any semi-
conductor devicedesignedto date. The thermal and temporal limits of semiconductorphysicsplace
limitations on switching abilit y that tubes { which do not operate on the same principles { are
exempt from.

In high-power microwave transmitter applications, the excellent thermal toleranceof tubesalone
securestheir dominance over semiconductors. Electron conduction through semiconducting ma-
terials is greatly impacted by temperature. Electron conduction through a vacuum is not. As a
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consequence,the practical thermal limits of semiconductordevicesare rather low comparedto that
of tubes. Being able to operate tubes at far greater temperatures than equivalent semiconductor
devicesallows tubesto dissipate more thermal energy for a given amount of dissipation area, which
makesthem smaller and lighter in continuous high power applications.

Another decidedadvantage of tubesover semiconductorcomponents in high-power applications
is their rebuildabilit y. When a large tube fails, it may be disassembled and repaired at far lower
cost than the purchaseprice of a new tube. When a semiconductorcomponent fails, large or small,
there is generally no meansof repair.

The following photograph shows the front panel of a 1960'svintage 5 kW AM radio transmitter.
One of two "Eimac" brand power tubes can be seen in a recessedarea, behind the glass door.
According to the station engineerwho gave the facilit y tour, the rebuild cost for such a tube is only
$800: quite inexpensive compared to the cost of a new tube, and still quite reasonablein contrast
to the price of a new, comparablesemiconductorcomponent!

Tubes,being lesscomplex in their manufacture than semiconductorcomponents, are potentially
cheaper to produce as well, although the huge volume of semiconductor device production in the
world greatly o®setsthis theoretical advantage. Semiconductor manufacture is quite complex, in-
volving many dangerouschemical substancesand necessitatingsuper-cleanassembly environments.
Tubes are essentially nothing more than glassand metal, with a vacuum seal. Physical tolerances
are "lo ose" enoughto permit hand-assembly of vacuum tubes,and the assembly work neednot be
done in a "clean room" environment as is necessaryfor semiconductormanufacture.

One modern area where electron tubes enjoy supremacy over semiconductor components is in
the professionaland high-end audio ampli¯er markets, although this is partially due to musical cul-
ture. Many professionalguitar players, for example,prefer tube ampli¯ers over transistor ampli¯ers
becauseof the speci¯c distortion produced by tube circuits. An electric guitar ampli¯er is designed
to produce distortion rather than avoid distortion as is the casewith audio-reproduction ampli¯ers
(this is why an electric guitar soundsso much di®erent than an acoustical guitar), and the type of
distortion produced by an ampli¯er is as much a matter of personal taste as it is technical mea-
surement. Sincerock music in particular wasborn with guitarists playing tube-ampli¯er equipment,
there is a signi¯cant level of "tub e appeal" inherent to the genre itself, and this appeal shows itself
in the continuing demand for "tub ed" guitar ampli¯ers among rock guitarists.

As an illustration of the attitude amongsomeguitarists, considerthe following quote taken from
the technical glossarypageof a tube-ampli¯er website which will remain nameless:
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Solid State: A component that has been speci¯c ally designed to make a guitar am-
pli¯er sound bad. Compared to tubes, thesedevices can havea very long lifespan, which
guarantees that your ampli¯er wil l retain its thin, lifeless, and buzzysound for a long
time to come.

In the area of audio reproduction ampli¯ers (music studio ampli¯ers and home entertainment
ampli¯ers), it is best for an ampli¯er to reproduce the musical signal with as little distortion as
possible. Paradoxically, in contrast to the guitar ampli¯er market where distortion is a design
goal, high-end audio is another area where tube ampli¯ers enjoy continuing consumer demand.
Though one might supposethe objective, technical requirement of low distortion would eliminate
any subjective bias on the part of audiophiles, one would be very wrong. The market for high-end
"tub ed" ampli¯er equipment is quite volatile, changing rapidly with trends and fads, driven by
highly subjective claims of "magical" sound from audio systemreviewers and salespeople. As in the
electric guitar world, there is no small measureof cult-lik e devotion to tube ampli¯ers among some
quarters of the audiophile world. As an example of this irrationalit y, consider the design of many
ultra-high-end ampli¯ers, with chassisbuilt to display the working tubes openly, even though this
physical exposure of the tubes obviously enhancesthe undesirable e®ectof microphonics (changes
in tube performanceas a result of sound wavesvibrating the tube structure).

Having said this, though, there is a wealth of technical literature contrasting tubes against
semiconductorsfor audio power ampli¯er use, especially in the area of distortion analysis. More
than a few competent electrical engineersprefer tube ampli¯er designsover transistors, and are able
to produce experimental evidencein support of their choice. The primary di±cult y in quantifying
audio system performanceis the uncertain responseof human hearing. All ampli¯ers distort their
input signal to somedegree,especially when overloaded, so the question is which type of ampli¯er
design distorts the least. However, since human hearing is very nonlinear, people do not interpret
all typesof acoustic distortion equally, and so someampli¯ers will sound "b etter" than others even
if a quantitativ e distortion analysis with electronic instruments indicates similar distortion levels.
To determine what type of audio ampli¯er will distort a musical signal "the least," we must regard
the human ear and brain aspart of the whole acoustical system. Sinceno completemodel yet exists
for human auditory response, objective assessment is di±cult at best. However, some research
indicates that the characteristic distortion of tube ampli¯er circuits (especially when overloaded) is
lessobjectionable than distortion produced by transistors.

Tubesalsopossessthe distinct advantage of low "drift" over a wide rangeof operating conditions.
Unlike semiconductor components, whosebarrier voltages, ¯ ratios, bulk resistances,and junction
capacitancesmay changesubstantially with changesin device temperature and/or other operating
conditions, the fundamental characteristics of a vacuum tube remain nearly constant over a wide
rangein operating conditions, becausethosecharacteristics are determined primarily by the physical
dimensionsof the tube'sstructural elements (cathode, grid(s), and plate) rather than the interactions
of subatomic particles in a crystalline lattice.

This is one of the major reasonssolid-state ampli¯er designerstypically engineertheir circuits
to maximize power-e±ciency even when it compromisesdistortion performance, becausea power-
ine±cient ampli¯er dissipatesa lot of energyin the form of wasteheat, and transistor characteristics
tend to change substantially with temperature. Temperature-induced "drift" makes it di±cult to
stabilize "Q" points and other important performance-relatedmeasuresin an ampli¯er circuit. Un-
fortunately, power e±ciency and low distortion seemto be mutually exclusive designgoals.

For example,classA audio ampli¯er circuits typically exhibit very low distortion levels, but are
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very wasteful of power, meaning that it would be di±cult to engineera solid-state classA ampli¯er
of any substantial power rating due to the consequent drift of transistor characteristics. Thus, most
solid-state audio ampli¯er designerschooseclassB circuit con¯gurations for greater e±ciency, even
though classB designsare notorious for producing a type of distortion known ascrossoverdistortion .
However, with tubes it is easy to design a stable classA audio ampli¯er circuit becausetubes are
not as adversely a®ectedby the changesin temperature experienced in a such a power-ine±cient
circuit con¯guration.

Tube performanceparameters, though, tend to "drift" more than semiconductor deviceswhen
measuredover long periods of time (years). One major mechanism of tube "aging" appears to
be vacuum leaks: when air enters the inside of a vacuum tube, its electrical characteristics become
irreversibly altered. This samephenomenonis a major causeof tubemortalit y, or why tubestypically
do not last as long as their respective solid-state counterparts. When tube vacuum is maintained
at a high level, though, excellent performanceand life is possible. An example of this is a klystron
tube (usedto producethe high-frequencyradio wavesusedin a radar system) that lasted for 240,000
hours of operation (cited by Robert S. Symonsof Litton Electron DevicesDivision in his informativ e
paper, "T ubes: Still vital after all these years," printed in the April 1998 issueof IEEE Spectrum
magazine).

If nothing else, the tension between audiophiles over tubes versussemiconductorshas spurred
a remarkable degreeof experimentation and technical innovation, serving as an excellent resource
for those wishing to educate themselves on ampli¯er theory. Taking a wider view, the versatilit y
of electron tube technology (di®erent physical con¯gurations, multiple control grids) hints at the
potential for circuit designsof far greater variety than is possibleusing semiconductors. For this
and other reasons,electron tubeswill never be "obsolete," but will continue to serve in niche roles,
and to foster innovation for those electronicsengineers,inventors, and hobbyists who are unwilling
to let their minds by sti°ed by convention.
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ABOUT THIS BOOK

A-1.1 Purp ose

They say that necessity is the mother of invention. At least in the caseof this book, that adage
is true. As an industrial electronics instructor, I was forced to usea sub-standard textb ook during
my ¯rst year of teaching. My students were daily frustrated with the many typographical errors
and obscureexplanations in this book, having spent much time at home struggling to comprehend
the material within. Worseyet were the many incorrect answers in the back of the book to selected
problems. Adding insult to injury was the $100+ price.

Contacting the publisher proved to be an exercisein futilit y. Even though the particular text I
was using had been in print and in popular use for a couple of years, they claimed my complaint
was the ¯rst they'd ever heard. My request to review the draft for the next edition of their book
was met with disinterest on their part, and I resolved to ¯nd an alternativ e text.

Finding a suitable alternativ e was more di±cult than I had imagined. Sure, there were plenty of
texts in print, but the really good booksseemeda bit too heavy on the math and the lessintimidating
books omitted a lot of information I felt was important. Someof the best books were out of print,
and those that were still being printed were quite expensive.

It was out of frustration that I compiled Lessonsin Electric Circuits from notes and ideasI had
been collecting for years. My primary goal was to put readable, high-quality information into the
handsof my students, but a secondarygoal wasto make the book asa®ordableaspossible. Over the
years, I had experiencedthe bene¯t of receiving free instruction and encouragement in my pursuit
of learning electronicsfrom many people, including several teachers of mine in elementary and high
school. Their sel°essassistanceplayed a key role in my own studies, paving the way for a rewarding
careerand fascinating hobby. If only I could extend the gift of their help by giving to other people
what they gave to me . . .

So, I decided to make the book freely available. More than that, I decided to make it "open,"
following the samedevelopment model usedin the making of free software (most notably the various
UNIX utilities releasedby the Free Software Foundation, and the Linux operating system, whose
fame is growing even asI write). The goal wasto copyright the text { soasto protect my authorship
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{ but expresslyallow anyone to distribute and/or modify the text to suit their own needswith a
minimum of legal encumbrance. This willful and formal revoking of standard distribution limitations
under copyright is whimsically termed copyleft. Anyone can "copyleft" their creative work simply
by appending a notice to that e®ecton their work, but several Licensesalready exist, covering the
¯ne legal points in great detail.

The ¯rst such License I applied to my work was the GPL { General Public License { of the
Free Software Foundation (GNU). The GPL, however, is intended to copyleft works of computer
software, and although its intro ductory languageis broad enoughto cover works of text, its wording
is not as clear as it could be for that application. When other, lessspeci¯c copyleft Licensesbegan
appearing within the free software communit y, I choseone of them (the Design ScienceLicense,or
DSL) as the o±cial notice for my project.

In "copylefting" this text, I guaranteed that no instructor would be limited by a text insu±cient
for their needs,as I had beenwith error-ridden textb ooks from major publishers. I'm sure this book
in its initial form will not satisfy everyone, but anyone has the freedomto changeit, leveraging my
e®orts to suit variant and individual requirements. For the beginning student of electronics, learn
what you can from this book, editing it as you feel necessaryif you come acrossa useful piece of
information. Then, if you passit on to someoneelse,you will be giving them somethingbetter than
what you received. For the instructor or electronicsprofessional,feel free to use this as a reference
manual, adding or editing to your heart's content. The only "catch" is this: if you plan to distribute
your modi¯ed version of this text, you must give credit where credit is due (to me, the original
author, and anyone elsewhosemodi¯cations are contained in your version), and you must ensure
that whoever you give the text to is aware of their freedomto similarly shareand edit the text. The
next chapter covers this processin more detail.

It must be mentioned that although I strive to maintain technical accuracy in all of this book's
content, the subject matter is broad and harbors many potential dangers. Electricit y maims and
kills without provocation, and deserves the utmost respect. I strongly encourageexperimentation
on the part of the reader, but only with circuits poweredby small batteries where there is no risk of
electric shock, ¯re, explosion, etc. High-power electric circuits should be left to the care of trained
professionals!The Design ScienceLicenseclearly states that neither I nor any contributors to this
book bear any liabilit y for what is done with its contents.

A-1.2 The use of SPICE

One of the best ways to learn how things work is to follow the inductiv e approach: to observe
speci¯c instances of things working and derive general conclusions from those observations. In
scienceeducation, labwork is the traditionally accepted venue for this type of learning, although
in many caseslabs are designedby educators to reinforce principles previously learned through
lecture or textb ook reading, rather than to allow the student to learn on their own through a truly
exploratory process.

Having taught myself most of the electronics that I know, I appreciate the senseof frustration
students may have in teaching themselvesfrom books. Although electronic components are typically
inexpensive, not everyone has the meansor opportunit y to set up a laboratory in their own homes,
and when things go wrong there's no oneto ask for help. Most textb ooks seemto approach the task
of education from a deductive perspective: tell the student how things are supposedto work, then
apply those principles to speci¯c instancesthat the student may or may not be able to explore by
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themselves. The inductiv e approach, as useful as it is, is hard to ¯nd in the pagesof a book.
However, textb ooks don't have to be this way. I discovered this when I started to learn a

computer program called SPICE. It is a text-based pieceof software intended to model circuits and
provide analysesof voltage, current, frequency, etc. Although nothing is quite as good as building
real circuits to gain knowledge in electronics, computer simulation is an excellent alternativ e. In
learning how to usethis powerful tool, I made a discovery: SPICE could be usedwithin a textb ook
to present circuit simulations to allow students to "observe" the phenomenafor themselves. This
way, the readerscould learn the concepts inductiv ely (by interpreting SPICE's output) as well as
deductively (by interpreting my explanations). Furthermore, in seeingSPICE used over and over
again, they should be able to understand how to useit themselves,providing a perfectly safemeans
of experimentation on their own computers with circuit simulations of their own design.

Another advantage to including computer analysesin a textb ook is the empirical veri¯cation
it adds to the conceptspresented. Without demonstrations, the reader is left to take the author's
statements on faith, trusting that what has been written is indeed accurate. The problem with
faith, of course, is that it is only as good as the authorit y in which it is placed and the accuracy
of interpretation through which it is understood. Authors, like all human beings, are liable to err
and/or communicate poorly. With demonstrations, however, the reader can immediately seefor
themselves that what the author describes is indeed true. Demonstrations also serve to clarify the
meaning of the text with concreteexamples.

SPICE is intro ducedearly in volume I (DC) of this book series,and hopefully in a gentle enough
way that it doesn't create confusion. For those wishing to learn more, a chapter in the Reference
volume (volume V) contains an overview of SPICE with many examplecircuits. There may be more
°ashy (graphic) circuit simulation programs in existence,but SPICE is free, a virtue complementing
the charitable philosophy of this book very nicely.

A-1.3 Ac knowledgemen ts

First, I wish to thank my wife, whosepatienceduring thosemany and long evenings(and weekends!)
of typing has beenextraordinary.

I also wish to thank those whoseopen-sourcesoftware development e®ortshave made this en-
deavor all the more a®ordableand pleasurable. The following is a list of various free computer
software usedto make this book, and the respective programmers:

² GNU/Linux Operating System { Linus Torvalds, Richard Stallman, and a host of others too
numerousto mention.

² Vim text editor { Bram Moolenaar and others.

² Xcir cuit drafting program { Tim Edwards.

² SPICE circuit simulation program { too many contributors to mention.

² TEX text processingsystem { Donald Knuth and others.

² Texinfo document formatting system { Free Software Foundation.

² LATEX document formatting system { Leslie Lamport and others.
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² Gimp image manipulation program { too many contributors to mention.

Appreciation is also extendedto Robert L. Boylestad, whose¯rst edition of Intr oductory Circuit
Analysis taught me more about electric circuits than any other book. Other important texts in
my electronics studies include the 1939 edition of The "Radio" Handbook, Bernard Grob's second
edition of Intr oduction to Electronics I , and Forrest Mims' original Engineer's Notebook.

Thanks to the sta®of the Bellingham Antique Radio Museum, who were generousenoughto let
me terrorize their establishment with my cameraand °ash unit.

I wish to speci¯cally thank Je®reyElkner and all thoseat Yorktown High School for being willing
to host my book aspart of their Open Book Project, and to make the ¯rst e®ort in contributing to its
form and content. Thanks also to David Sweet (website: (http://www.andamooka.org) ) and Ben
Crowell (website: (http://www.lightandmatter.com) ) for providing encouragement, constructive
criticism, and a wider audiencefor the online version of this book.

Thanks to Michael Stutz for drafting his Design ScienceLicense, and to Richard Stallman for
pioneering the concept of copyleft.

Last but certainly not least, many thanks to my parents and those teachers of mine who saw in
me a desire to learn about electricity, and who kindled that °ame into a passionfor discovery and
intellectual adventure. I honor you by helping others as you have helped me.

Tony Kuphaldt, July 2001

"A candle losesnothing of its light when lighting another"
Kahlil Gibran
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CONTRIBUTOR LIST

A-2.1 How to contribute to this book

As a copylefted work, this book is open to revision and expansionby any interested parties. The
only "catch" is that credit must be given where credit is due. This is a copyrighted work: it is not
in the public domain!

If you wish to cite portions of this book in a work of your own, you must follow the same
guidelinesas for any other copyrighted work. Here is a samplefrom the Design ScienceLicense:

The Work is copyright the Author. All rights to the Work are reserved
by the Author, except as specifically described below. This License
describes the terms and conditions under which the Author permits you
to copy, distribute and modify copies of the Work.

In addition, you may refer to the Work, talk about it, and (as
dictated by "fair use") quote from it, just as you would any
copyrighted material under copyright law.

Your right to operate, perform, read or otherwise interpret and/or
execute the Work is unrestricted; however, you do so at your own risk,
because the Work comes WITHOUTANYWARRANTY-- see Section 7 ("NO
WARRANTY")below.

If you wish to modify this book in any way, you must document the nature of thosemodi¯cations
in the "Credits" sectionalong with your name,and ideally, information concerninghow you may be
contacted. Again, the Design ScienceLicense:

Permission is granted to modify or sample from a copy of the Work,
producing a derivative work, and to distribute the derivative work
under the terms described in the section for distribution above,
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provided that the following terms are met:

(a) The new, derivative work is published under the terms of this
License.

(b) The derivative work is given a new name, so that its nameor
title can not be confused with the Work, or with a version of
the Work, in any way.

(c) Appropriate authorship credit is given: for the differences
between the Work and the new derivative work, authorship is
attributed to you, while the material sampled or used from
the Work remains attributed to the original Author; appropriate
notice must be included with the new work indicating the nature
and the dates of any modifications of the Work madeby you.

Given the complexities and security issuessurrounding the maintenanceof ¯les comprising this
book, it is recommendedthat you submit any revisionsor expansionsto the original author (Tony R.
Kuphaldt). You are, of course,welcometo modify this book directly by editing your own personal
copy, but we would all stand to bene¯t from your contributions if your ideaswere incorporated into
the online \master copy" where all the world can seeit.

A-2.2 Credits

All entries arranged in alphabetical order of surname. Major contributions are listed by individual
name with somedetail on the nature of the contribution(s), date, contact info, etc. Minor contri-
butions (t ypo corrections, etc.) are listed by name only for reasonsof brevity. Pleaseunderstand
that when I classify a contribution as \minor," it is in no way inferior to the e®ort or value of a
\ma jor" contribution, just smaller in the senseof lesstext changed. Any and all contributions are
gratefully accepted. I am indebted to all those who have given freely of their own knowledge, time,
and resourcesto make this a better book!

A-2.2.1 Dennis Crunkilton

² Date(s) of contribution(s): May 2005to present

² Nature of contribution: Nutmeg-spiceplots added to chapters 4,5, & 6; 04/2006

² Nature of contribution: Mini table of contents, all chapters except appedicies;html, latex,
ps, pdf; SeeDevel/tutorial.h tml; 01/2006.

² Con tact at: dcrunkilton(at)att(dot)net
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A-2.2.2 Tony R. Kuphaldt

² Date(s) of contribution(s): 1996to present

² Nature of contribution: Original author.

² Con tact at: liec0@lycos.com

A-2.2.3 Warren Young

² Date(s) of contribution(s): August 2002

² Nature of contribution: Provided initial text for "Power supply circuits" sectionof chapter
9.

A-2.2.4 Your name here

² Date(s) of contribution(s): Month and year of contribution

² Nature of contribution: Insert text here, describing how you contributed to the book.

² Con tact at: myemail@provider.net

A-2.2.5 T yp o corrections and other \minor" contributions

² line-allab outcircuits.com (June 2005) Typographical error correction in Volumes 1,2,3,5,
various chapters ,(:s/visa-versa/vice versa/).

² The studentsof Bellingham Technical College's Instrumentation program.

² Cli®ord Bailey (July 2005) Correction, Ch 1.4, s/V/I equations in 13026.eps.

² Colin Barnard (November 2003) Correction on the nationalit y of Alexander Graham Bell.

² Je® DeF reitas (March 2006)Improve appearance:replace\/" and "/" Chapters: A1, A2.

² Sean Donner (April 2005) Typographical error correction in "V oltage and current" section,
Chapter 4: BIPOLAR JUNCTION TRANSISTORS,(by a the/ by the) (no longer loaded/ no
longer unloaded).

² Sulev Eesmaa (February 2006) Correction, Ch 4, beta by de¯nition- collector and emitter/
collector and base//.

² Bill Heath (September-December 2002) Correction on illustration of atomic structure, and
corrections of several typographical errors.

² Maciej Noszczyski (December 2003) Corrected spelling of Niels Bohr's name.

² Dino Rosaldi (April 2006) Clari¯cation, CH 4, concerningJFET Ohmic region.

² Don Stalk owski (June 2002) Technical help with PostScript-to-PDF ¯le format conversion.
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² Joseph Teichman (June 2002) Suggestionand technical help regarding useof PNG images
instead of JPEG.

² Jered Wierzbic ki (December 2002) Correction on diode equation: Boltzmann's constant
shown incorrectly.
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DESIGN SCIENCE LICENSE

Copyright c° 1999-2000Michael Stutz stutz@dsl.org
Verbatim copying of this document is permitted, in any medium.

A-3.1 0. Pream ble

Copyright law gives certain exclusive rights to the author of a work, including the rights to copy,
modify and distribute the work (the "reproductive," "adaptativ e," and "distribution" rights).

The idea of "copyleft" is to willfully revoke the exclusivity of those rights under certain terms
and conditions, so that anyone can copy and distribute the work or properly attributed derivative
works, while all copiesremain under the sameterms and conditions as the original.

The intent of this licenseis to be a general "copyleft" that can be applied to any kind of work
that hasprotection under copyright. This licensestates thosecertain conditions under which a work
published under its terms may be copied, distributed, and modi¯ed.

Whereas"design science" is a strategy for the development of artifacts as a way to reform the
environment (not people) and subsequently improve the universal standard of living, this Design
ScienceLicensewas written and deployed as a strategy for promoting the progressof scienceand
art through reform of the environment.

A-3.2 1. De¯nitions

"License" shall mean this Design ScienceLicense. The Licenseapplies to any work which contains
a notice placed by the work's copyright holder stating that it is published under the terms of this
Design ScienceLicense.

"W ork" shall mean such an aforementioned work. The License also applies to the output of
the Work, only if said output constitutes a "derivative work" of the licensedWork as de¯ned by
copyright law.

"Ob ject Form" shall meanan executableor performable form of the Work, being an embodiment
of the Work in sometangible medium.
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"Source Data" shall mean the origin of the Object Form, being the entire, machine-readable,
preferred form of the Work for copying and for human modi¯cation (usually the language,encoding
or format in which composedor recorded by the Author); plus any accompanying ¯les, scripts or
other data necessaryfor installation, con¯guration or compilation of the Work.

(Examples of "Source Data" include, but are not limited to, the following: if the Work is an
image ¯le composedand edited in 'PNG' format, then the original PNG source¯le is the Source
Data; if the Work is an MPEG 1.0 layer 3 digital audio recording made from a 'WAV' format audio
¯le recording of an analog source, then the original WAV ¯le is the SourceData; if the Work was
composedas an unformatted plaintext ¯le, then that ¯le is the the SourceData; if the Work was
composed in LaTeX, the LaTeX ¯le(s) and any image ¯les and/or custom macros necessaryfor
compilation constitute the SourceData.)

"Author" shall mean the copyright holder(s) of the Work.
The individual licenseesare referred to as "y ou."

A-3.3 2. Righ ts and copyrigh t

The Work is copyright the Author. All rights to the Work are reserved by the Author, except
as speci¯cally described below. This Licensedescribes the terms and conditions under which the
Author permits you to copy, distribute and modify copiesof the Work.

In addition, you may refer to the Work, talk about it, and (as dictated by "fair use") quote from
it, just as you would any copyrighted material under copyright law.

Your right to operate, perform, read or otherwise interpret and/or execute the Work is unre-
stricted; however, you do so at your own risk, becausethe Work comesWITHOUT ANY WAR-
RANTY { seeSection 7 ("NO WARRANTY") below.

A-3.4 3. Copying and distribution

Permissionis granted to distribute, publish or otherwisepresent verbatim copiesof the entire Source
Data of the Work, in any medium, provided that full copyright notice and disclaimer of warranty,
where applicable, is conspicuouslypublished on all copies,and a copy of this Licenseis distributed
along with the Work.

Permission is granted to distribute, publish or otherwise present copiesof the Object Form of
the Work, in any medium, under the terms for distribution of SourceData above and also provided
that one of the following additional conditions are met:

(a) The SourceData is included in the samedistribution, distributed under the terms of this
License;or

(b) A written o®eris included with the distribution, valid for at least three yearsor for as long
as the distribution is in print (whichever is longer), with a publicly-accessibleaddress(such as a
URL on the Internet) where, for a charge not greater than transportation and media costs,anyone
may receive a copy of the SourceData of the Work distributed according to the section above; or

(c) A third party's written o®erfor obtaining the SourceData at no cost, as described in para-
graph (b) above, is included with the distribution. This option is valid only if you are a non-
commercial party, and only if you received the Object Form of the Work along with such an o®er.
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You may copy and distribute the Work either gratis or for a fee, and if desired, you may o®er
warranty protection for the Work.

The aggregationof the Work with other works which are not basedon the Work { such as but
not limited to inclusion in a publication, broadcast, compilation, or other media { does not bring
the other works in the scope of the License;nor doessuch aggregationvoid the terms of the License
for the Work.

A-3.5 4. Mo di¯cation

Permission is granted to modify or sample from a copy of the Work, producing a derivative work,
and to distribute the derivative work under the terms described in the sectionfor distribution above,
provided that the following terms are met:

(a) The new, derivative work is published under the terms of this License.
(b) The derivative work is given a new name, so that its name or title can not be confusedwith

the Work, or with a version of the Work, in any way.
(c) Appropriate authorship credit is given: for the di®erencesbetween the Work and the new

derivative work, authorship is attributed to you, while the material sampledor usedfrom the Work
remains attributed to the original Author; appropriate notice must be included with the new work
indicating the nature and the dates of any modi¯cations of the Work made by you.

A-3.6 5. No restrictions

You may not imposeany further restrictions on the Work or any of its derivative works beyond those
restrictions described in this License.

A-3.7 6. Acceptance

Copying, distributing or modifying the Work (including but not limited to sampling from the Work
in a new work) indicates acceptanceof these terms. If you do not follow the terms of this License,
any rights granted to you by the Licenseare null and void. The copying, distribution or modi¯cation
of the Work outside of the terms described in this Licenseis expresslyprohibited by law.

If for any reason,conditions are imposedon you that forbid you to ful¯ll the conditions of this
License,you may not copy, distribute or modify the Work at all.

If any part of this Licenseis found to be in con°ict with the law, that part shall be interpreted
in its broadest meaning consistent with the law, and no other parts of the Licenseshall be a®ected.

A-3.8 7. No warran ty

THE WORK IS PROVIDED "AS IS," AND COMES WITH ABSOLUTEL Y NO WARRANTY,
EXPRESS OR IMPLIED, TO THE EXTENT PERMITTED BY APPLICABLE LAW, INCLUD-
ING BUT NOT LIMITED TO THE IMPLIED WARRANTIES OF MERCHANT ABILITY OR
FITNESS FOR A PARTICULAR PURPOSE.
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A-3.9 8. Disclaimer of liabilit y

IN NO EVENT SHALL THE AUTHOR OR CONTRIBUTORS BE LIABLE FOR ANY DIRECT,
INDIRECT, INCIDENT AL, SPECIAL, EXEMPLAR Y, OR CONSEQUENTIAL DAMA GES (IN-
CLUDING, BUT NOT LIMITED TO, PROCUREMENT OF SUBSTITUTE GOODS OR SER-
VICES; LOSS OF USE, DATA, OR PROFITS; OR BUSINESS INTERR UPTION) HOWEVER
CAUSED AND ON ANY THEORY OF LIABILITY, WHETHER IN CONTRA CT, STRICT LI-
ABILITY, OR TORT (INCLUDING NEGLIGENCE OR OTHERWISE) ARISING IN ANY WAY
OUT OF THE USE OF THIS WORK, EVEN IF ADVISED OF THE POSSIBILITY OF SUCH
DAMA GE.

END OF TERMS AND CONDITIONS

[$Id: dsl.txt,v 1.25 2000/03/14 13:14:14 m Exp m $]
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A/D converter, 237
AC-DC power supply schematic, 212
Activ e device, 2
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Ampli¯er, inverting, 243
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Analog-to-digital converter, 237
Angular Momentum quantum number, 21
Anti-static foam, 167
Antilogarithm, 9
Artifact, measurement, 302
Astable, 262
Averager,251

Band, electron, 27
Bandwidth, ampli¯er, 147
Beam power tube, 322
Bel, 6
Beta ratio, 91, 155
Beta ratio, bipolar transistor, 327
Beta variations, 91
Bias current, op-amp, 269
Bias, diode, 38
Bias, transistor, 101, 127
Bilateral, 174

Bipolar-mode MOSFET, 195
Bistable, 260
Breakdown, diode, 43
Breakdown, transistor, 207
Breakover, thyristor, 207
Bridge recti¯er circuit, 52
Bridge recti¯er circuit, polyphase,53
Bypasscapacitor, 152

Calculus, 232, 257, 290
Capacitance,diode, 50
Capacitor, bypass,152
Capacitor, coupling, 135
Capacitor, op-amp compensation, 275
Cat-Eye tube, 334
Cathode, 319
Cathode Ray Tube, 333
Center-tap recti¯er circuit, 51
Characteristic curves, transistor, 90, 173
Check valve, 38
Clamper circuit, 56
ClassA ampli¯er operation, 127
ClassAB ampli¯er operation, 129
ClassB ampli¯er operation, 128
ClassC ampli¯er operation, 130
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COMFET, 195
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Commutating diode, 57, 58
Commutation, 58
Commutation time, diode, 50
Commutation, forced, 223, 224
Commutation, natural, 213, 224
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Compensation capacitor, op-amp, 275
Conduction band, 28
Conductivit y-Modulated Field-E®ect Transis-

tor, 195
Constant-current diode, 72, 93
Controlled recti¯er, 217
Conventional °ow, 38
Coupling capacitor, 135
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Critical rate of voltage rise, 207, 209
Crossover distortion, 341
Crowbar, 212
CRT, 333
Current mirror, 155
Current source,87, 249
Current sourcing vs. sinking, 157
Current, diode leakage,50
Current-limiting diode, 72
Current-regulating diode, 72
Curve, characteristic, 90, 173
Cuto® voltage, 165
Cuto®, transistor, 79, 86

Darlington pair, 117
Datasheet, component, 49
dB, 7
dB, absolute power measurements, 13
dB, sound measurements, 13
dBA, 13
dBk, 13
dBm, 13
dBW, 13
DC restorer circuit, 56
Decibel, 7
Decineper, 12
Degenerative feedback, 147
Derivative, calculus, 291
DIA C, 208
Di®erential ampli¯er, 229
Di®erential pair, 277, 278

Di®erentiation, 232
Di®erentiation, calculus, 257, 290
Diode, 37
Diode check, meter function, 46, 82
Diode equation, the, 42
Diode junction capacitance,50
Diode leakagecurrent, 50
Diode PIV rating, 43
Diode tube, 319
Diode, constant-current, 72, 93
Diode, Esaki, 68
Diode, four-layer, 202
Diode, laser, 71
Diode, light-activated, 72
Diode, light-emitting, 68
Diode, PNPN, 202
Diode, Schottky , 67
Diode, Shockley, 202
Diode, tunnel, 67
Diode, varactor, 72
Diode, zener,60
DIP, 233
Discharge tube, 331
Distortion, ampli¯er, 147
Distortion, crossover, 341
dn, 12
Drift, op-amp, 274
Dropout, thyristor, 207
Dual Inline Package,233
Dual power supply, 228
Duty cycle, squarewave, 236
Duty cycle, squarewave, 131

Edison e®ect,317
E®ect,Edison, 317
Electrode, cathode, 319
Electrode, grid, 318
Electrode, screen,321
Electrode, suppressor,323
Electron, 16
Electron °ow, 38
Emitter follower, 113
Equation, diode, 42
Equilibrium, 238
Esaki diode, 68
Exclusion principle, 22
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Failure mode, zenerdiode, 61
Faraday's Law, 57, 58
Feedback, ampli¯er, 147
Feedback, negative, 238
Feedback, positive, 259
Firing, thyristor, 207
Flash converter, 237
Floating, 79, 209
Flow, electron vs. conventional, 38
Foam, anti-static, 167
Forced commutation, 223, 224
Forward bias, 38
Forward voltage, diode, 41
Four-layer diode, 202
Frequencyresponse,op-amp, 275
Full-wave recti¯er circuit, 51, 52

Gain, 5
Gain, AC versusDC, 5
Gate-Controlled Switch, 209
Gate-Turn-O® thyristor, 209
GCS, 209
Glow tube, 332
Grid, 318
Ground, 228
Ground, virtual, 243
GTO, 209

Half-wave recti¯er circuit, 50
Harmonic, 220
Harmonic, even vs. odd, 220
Harmonics and waveform symmetry, 220
Heptode, 324
hfe, 91
Holding current, SCR, 211
Hot-cathode tube, 330
Hybrid parameters,91
Hysteresis,260, 330

IC, 157
IGBT, 195, 226
IGT, 195, 226
Inductiv e output tube, 336
Inert elements, 25
Input, inverting, 230
Input, noninverting, 230

Insulated-Gate Bipolar Transistor, 195, 226
Insulated-Gate Transistor, 195, 226
Integrated circuit, 157
Integration, calculus, 257, 290
Inverting ampli¯er, 97, 243
Inverting summer, 252
Ionization, 198, 329

Joule's Law, 10, 61
Junction capacitance,diode, 50

Kickback, inductiv e, 56
Kirc hho®'s Current Law, 77
Kirc hho®'s Voltage Law, 113
Klystron, 336

Laser diode, 71
Laser light, 71
Latch-up, 266
Latching, thyristor, 207
Leakagecurrent, diode, 43, 50
LED, 68
Light-emitting diode, 68
Load line, 131
Logarithm, 9

Magic-Eye tube, 334
Magnetic quantum number, 21
Mechanics, quantum, 19
Mho, 176
Microphonics, electron tube, 341
Monochromatic light, 71
MOS Controlled Thyristor, 225
MOS-gated thyristor, 225
Mu, tube ampli¯cation factor, 325
Multiplier circuit, diode, 56

Natural commutation, 213, 224
Negative feedback, 147, 238
Negative resistance,68
Neper, 11
Neutron, 16
Noble elements, 25
Noninverting ampli¯er, 242
Noninverting summer, 252
Number, quantum, 20
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O®setnull, op-amp, 268
O®setvoltage, op-amp, 267
Ohmic region, JFET, 175
Op-amp, 153, 233
Operational ampli¯er, 153, 233
Orbital, electron, 22
Oscillator, 147
Oscillator, op-amp, 262
Oscillator, relaxation, 199
Oscillator, voltage-controlled, 337
Over-unity machine, 3

Passive averager,251
Passive device, 2
PCB, 47
Pentagrid tube, 324
Pentode tube, 186
Perpetual motion machine, 3
Photodiode, 72
Pinch-o®voltage, 165
PIV rating, diode, 43
Plasma, 198, 329
PNPN diode, 202
Polyphasebridge recti¯er circuit, 53
Positive feedback, 147, 198, 259
Power supply schematic, AC-DC, 212
Principal quantum number, 21
Printed circuit board, 47
Processvariable, 231
Proton, 16
Pulse-width modulation, 236
Push-pull ampli¯er, 128
PWM, 236

Quantum mechanics, 19
Quantum number, 20
Quantum physics, 16
Quiescent, 131

Rail voltage, 240
Recti¯er circuit, 50
Recti¯er circuit, full-wave, 51, 52
Recti¯er circuit, half-wave, 50
Recti¯er, controlled, 217
Referencejunction, thermocouple, 269
Re°ex klystron, 337

Regenerative feedback, 147, 198
Regulator, voltage, 116
Relaxation oscillator, 199
Resistance,negative, 68
Restorer circuit, 56
Reversebias, 38
Reverserecovery time, diode, 50
Reversevoltage rating, diode, 43
Rheostat, 92, 176
Richter scale,8
Ripple voltage, 55
Runaway, thermal, 150

s,p,d,f subshellnotation, 22
Saturable reactor, 2
Saturation voltage, 240
Saturation, transistor, 79, 86
Schottky diode, 67
SCR, 209, 333
SCR bridge recti¯er, 217
Screen,321
SCS,223
Secondaryemission,322
Semiconductor,de¯ned, 28
Sensitive gate, SCR, 211
Setpoint, 231
Shell, electron, 21
Shockley diode, 202
Siemens,176, 250
Signal, 10-50milliamp, 250
Signal, 4-20 milliamp, 250
Silicon-controlled recti¯er, 209, 333
Silicon-controlled switch, 223
Single-endedampli¯er, 229
Sink, current, 157
Slicer circuit, 56
Slide rule, 9
Small-scaleintegration, 279
Snubber, 58
Solid-state, 2
Sound intensity measurement, 13
Spark gap, 330
Spin quantum number, 21
Split power supply, 228
SSI, 279
Subshell,electron, 21



INDEX 359

Superposition theorem, 136
Suppressor,323
Switching time, diode, 50

Tetrode tube, 186, 321
Theorem, Superposition, 136
Thermal runaway, BJT, 150
Thermal voltage, diode, 43
Thermocouple, 269
Three-phasebridge recti¯er circuit, 53
Thyratron, 333
Thyratron tube, 199
Thyristor, 330
Time, diode switching, 50
Totalizer, 258
Transconductance,176, 250
Transconductanceampli¯er, 250
Triode tube, 186, 199, 319
Tube, discharge, 331
Tunnel diode, 67

Unit, bel, 6
Unit, decineper, 12
Unit, mho, 176
Unit, neper, 11
Unit, siemens,176, 250

Valenceband, 28
Valenceshell, 22
Valve, check|h yperpage,38
Varactor diode, 72
VCO, 201
Virtual ground, 243
VMOS transistor, 195
Voltage bu®er,240
Voltage doubler circuit, 56
Voltage follower, 113, 240
Voltage multiplier circuit, 56
Voltage regulator, 116
Voltage regulator tube, 332
Voltage rise, critical rate of, 207, 209
Voltage, bias, 101, 127
Voltage, common-mode, 264
Voltage, forward, 41
Voltage, op-amp output saturation, 240
Voltage, ripple, 55

Voltage-controlled oscillator, 201, 337
Volume units, 13
VU scale,13

Waveform symmetry and harmonics, 220

Zener diode, 60
Zener diode failure mode, 61
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