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1.AMPLIFIERSAND ACTIVE
DEVICES

Amplifiers

The practical benefit of active devices is thamplifyingability. Whether the device in
guestion be voltage-controlled or current-contihllhe amount of power required of the
controlling signal is typically far less than th@@unt of power available in the controlled
current. In other words, an active device doessttgllow electricity to control electricity; it
allows asmallamount of electricity to controllarge amount of electricity.

Amplifier gain

Because amplifiers have the ability to increasemlgnitude of an input signal, it is useful to
be able to rate an amplifier's amplifying abilityterms of an output/input ratio. The technical
term for an amplifier's output/input magnitude @@t gain. As a ratio of equal units (power
out / power in, voltage out / voltage in, or cutreat / current in), gain is naturally a unitless
measurement. Mathematically, gain is symbolizethleycapital letter "A".

For example, if an amplifier takes in an AC voltaggnal measuring 2 volts RMS and
outputs an AC voltage of 30 volts RMS, it has anvatage gain of 30 divided by 2, or 15:

AY
Ay = —
vinput
30V
A‘\r? =
2V
A, =15

Correspondingly, if we know the gain of an amptifed the magnitude of the input signal,
we can calculate the magnitude of the output. kample, if an amplifier with an AC current
gain of 3.5 is given an AC input signal of 28 mA BMhe output will be 3.5 times 28 mA, or
98 mA:

1cr|.1tpr|.1t = [A\’)(v input)
Loyepue = (3.5)(28 mA)

1 =08 mA

output

In the last two examples | specifically identifiek gains and signal magnitudes in terms of
"AC." This was intentional, and illustrates an imgamt concept: electronic amplifiers often
respond differently to AC and DC input signals, amaly amplify them to different extents.



Another way of saying this is that amplifiers ofmplify changesor variationsin input
signal magnitude (AC) at a different ratio theteadyinput signal magnitudes (DC). The
specific reasons for this are too complex to expéaithis time, but the fact of the matter is
worth mentioning. If gain calculations are to beriea out, it must first be understood what
type of signals and gains are being dealt with,ochOC.

Electrical amplifier gains may be expressed in teaivoltage, current, and/or power, in both
AC and DC. A summary of gain definitions is asdalk. The triangle-shaped "delta” symbol
(A) representshangein mathematics, SAAV ouput/ AVinput: Means "change in output voltage
divided by change in input voltage,” or more simpiC output voltage divided by AC input
voltage™:

DC gains AC gains
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Ap = {FL\;J[ Al)

A= "changein..."

If multiple amplifiers are staged, their respectij&ns form an overall gain equal to the
product (multiplication) of the individual gains:

Input signal =—=* Amplifier |:") Amplifier |:>Clu1put5ignal

gain=13 gain=15

Cwearallgain =(315)= 15



2.D10ODESAND RECTIFIERS

Introduction

A diodeis an electrical device allowing current to mokmeotigh it in one direction with far
greater ease than in the other. The most commandiydiode in modern circuit design is the
semiconductodiode, although other diode technologies exismiSenductor diodes are
symbolized in schematic diagrams as such:

Semiconductor diode

>

—-— permitted direction ——
of electron flow

When placed in a simple battery-lamp circuit, tiedd will either allow or prevent current
through the lamp, depending on the polarity ofapplied voltage:

Diode operation
> >
+ )
T :_
Current permitted Current prohibited
Diode is forward-biased Diode is reverse-biased

When the polarity of the battery is such that etats are allowed to flow through the diode,
the diode is said to Herward-biased Conversely, when the battery is "backward" ared th
diode blocks current, the diode is said tadeerse-biasedA diode may be thought of as a
kind of switch: "closed" when forward-biased angén" when reverse-biased.

Oddly enough, the direction of the diode symbdisdwhead" pointagainstthe direction of
electron flow. This is because the diode symbol iwasnted by engineers, who
predominantly useonventional flownotation in their schematics, showing current deva

of charge from the positive (+) side of the voltagerce to the negative (-). This convention
holds true for all semiconductor symbols posses@ngwheads:" the arrow points in the
permitted direction of conventional flow, and agdithe permitted direction of electron flow.

Diode behavior is analogous to the behavior ofd@rdwylic device called eheck valveA
check valve allows fluid flow through it in one éation only:
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Flow permitted

Hydraulic check valve

Flow prohibited [

Check valves are essentially pressure-operatedekethey open and allow flow if the
pressure across them is of the correct "polaraydgen the gate (in the analogy shown,
greater fluid pressure on the right than on thig.ldfthe pressure is of the opposite "polarity,”
the pressure difference across the check valveciogle and hold the gate so that no flow
occurs.

Like check valves, diodes are essentially "presSugerated (voltage-operated) devices. The
essential difference between forward-bias and sevbias is the polarity of the voltage
dropped across the diode. Let's take a closerdotike simple battery-diode-lamp circuit
shown earlier, this time investigating voltage dragross the various components:



Forward-biased 33V

v= (D) L3

2

Reverse-biased

P
)
-.-/xg

DR

When the diode is forward-biased and conductingeciy there is a small voltage dropped
across it, leaving most of the battery voltage gempacross the lamp. When the battery's
polarity is reversed and the diode becomes revses®d, it dropall of the battery's voltage
and leaves none for the lamp. If we consider the@lio be a sort of self-actuating switch
(closed in the forward-bias mode and open in thierse-bias mode), this behavior makes
sense. The most substantial difference here ighbaliode drops a lot more voltage when
conducting than the average mechanical switch\@lfg versus tens of millivolts).

* |

This forward-bias voltage drop exhibited by theddias due to the action of the depletion
region formed by the P-N junction under the infloef an applied voltage. When there is no
voltage applied across a semiconductor diode naddpletion region exists around the region
of the P-N junction, preventing current throughTite depletion region is for the most part
devoid of available charge carriers and so acenassulator:
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Depletion region
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If a reverse-biasing voltage is applied acrosti¢ junction, this depletion region expands,
further resisting any current through it:

Reverse-biased

Depletion region

Conversely, if a forward-biasing voltage is applasnloss the P-N junction, the depletion
region will collapse and become thinner, so thatdinde becomes less resistive to current
through it. In order for a sustained current tadlgough the diode, though, the depletion
region must be fully collapsed by the applied vgdtaThis takes a certain minimum voltage
to accomplish, called tHerward voltage
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For silicon diodes, the typical forward voltag®i3 volts, nominal. For germanium diodes,
the forward voltage is only 0.3 volts. The chemmahstituency of the P-N junction
comprising the diode accounts for its nominal faxdweoltage figure, which is why silicon
and germanium diodes have such different forwatthges. Forward voltage drop remains
approximately equal for a wide range of diode aulsemeaning that diode voltage drop not
like that of a resistor or even a normal (closedjch. For most purposes of circuit analysis,
it may be assumed that the voltage drop acrossducting diode remains constant at the
nominal figure and is not related to the amountwfent going through it.

In actuality, things are more complex than thisefehis an equation describing the exact
current through a diode, given the voltage dropgerdss the junction, the temperature of the
junction, and several physical constants. It is mamly known as thdiode equation



I =1 (€T - 1)

Where,
1, = Diode current in amps

1, = Saturation current in amps
(typically 1 x 102 amps)

e = Euler's constant (~ 2.718281828)
q = charge of electron (1.6 x 10™"? coulombs)

= Voltage applied across diode in volts

N = "Nonideality” or "emission” coefficient
(typically between 1 and 2)

k = Boltzmann’s constant (1.38 x 10%)
T = Junction temperature in degrees Kelvin

The equation kT/q describes the voltage producé¢aimihe P-N junction due to the action of
temperature, and is called ttheermal voltageor V; of the junction. At room temperature, this
is about 26 millivolts. Knowing this, and assumanonideality” coefficient of 1, we may
simplify the diode equation and re-write it as such

1, =1 {Evnm.nzr: 1)

Where,
1, = Diode current in amps

1, = Saturation current in amps
(typically 1 x 102 amps)

e = Euler’s constant (~ 2.718281828)
V= Voltage applied across diode in volts

You need not be familiar with the "diode equationbrder to analyze simple diode circuits.
Just understand that the voltage dropped acrogsgent-conducting dioddoeschange with
the amount of current going through it, but thas tthange is fairly small over a wide range
of currents. This is why many textbooks simply #a/ voltage drop across a conducting,
semiconductor diode remains constant at 0.7 voitsificon and 0.3 volts for germanium.
However, some circuits intentionally make use ef AN junction's inherent exponential
current/voltage relationship and thus can only ma@eustood in the context of this equation.
Also, since temperature is a factor in the diodgea¢ign, a forward-biased P-N junction may
also be used as a temperature-sensing devicehasdan only be understood if one has a
conceptual grasp on this mathematical relationship.

A reverse-biased diode prevents current from gtingugh it, due to the expanded depletion
region. In actuality, a very small amount of cutrean and does go through a reverse-biased
diode, called théeakage currentbut it can be ignored for most purposes. Thatglaf a



diode to withstand reverse-bias voltages is limitiée it is for any insulating substance or
device. If the applied reverse-bias voltage becamegreat, the diode will experience a
condition known adreakdownwhich is usually destructive. A diode's maximwuarse-
bias voltage rating is known as tReak Inverse Voltager PIV, and may be obtained from
the manufacturer. Like forward voltage, the PIMmgtof a diode varies with temperature,
except that PI\increaseswith increased temperature atecreasess the diode becomes
cooler -- exactly opposite that of forward voltage.

15
forward T

reverse-bias forward-bias

Vo

reverse l'

breakdown!

Typically, the PIV rating of a generic "rectifiedifode is at least 50 volts at room temperature.
Diodes with PIV ratings in the many thousands dfsvare available for modest prices.

« REVIEW:

- A diodeis an electrical component acting as a one-wayevilr current.

+ When voltage is applied across a diode in suchyathat the diode allows current, the
diode is said to bforward-biased

+ When voltage is applied across a diode in suchyathaat the diode prohibits current,
the diode is said to breverse-biased

« The voltage dropped across a conducting, forwaaddal diode is called tierward
voltage Forward voltage for a diode varies only slightly changes in forward
current and temperature, and is fixed principajhthee chemical composition of the P-
N junction.

« Silicon diodes have a forward voltage of approxeha0.7 volts.

- Germanium diodes have a forward voltage of appraiety 0.3 volts.

« The maximum reverse-bias voltage that a diode dtrstand without "breaking
down" is called thé&eak Inverse Voltager PIV rating.
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Meter check of a diode

Being able to determine the polarity (cathode v@emwde) and basic functionality of a diode
is a very important skill for the electronics holghyr technician to have. Since we know that
a diode is essentially nothing more than a one-wedwe for electricity, it makes sense we
should be able to verify its one-way nature usim¥Ca(battery-powered) ohnmmeter.
Connected one way across the diode, the metergbbaolv a very low resistance. Connected
the other way across the diode, it should show lgh resistance ("OL" on some digital
meter models):

I:l Diode is forward-biased by
ohmmeter -- shows 0 ohms
| of resistance.

-

Anode

O l CDM*’—\ Cathode

'I: I— Diode is reverse-biased by
ohmmeter -- shows infinite
resistance.

_|_
Cathode

el f

Of course, in order to determine which end of tioeld is the cathode and which is the anode,
you must know with certainty which test lead of theter is positive (+) and which is
negative (-) when set to the "resistance"@t function. With most digital multimeters I've
seen, the red lead becomes positive and the Backregative when set to measure
resistance, in accordance with standard electramuilcs-code convention. However, this is
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not guaranteed for all meters. Many analog multarsetfor example, actually make their
black leads positive (+) and their red leads negdt) when switched to the "resistance”
function, because it is easier to manufactureait tray!

One problem with using an ohmmeter to check a diedeat the readings obtained only have
gualitative value, not quantitative. In other wqrds ohmmeter only tells you which way the
diode conducts; the low-value resistance indicatibtained while conducting is useless. If an
ohmmeter shows a value of "1.73 ohms" while forwliaking a diode, that figure of 1.¥8
doesn't represent any real-world quantity usefulg@s technicians or circuit designers. It
neither represents the forward voltage drop nor'anik” resistance in the semiconductor
material of the diode itself, but rather is a figalependent upon both quantities and will vary
substantially with the particular ohmmeter usethie the reading.

For this reason, some digital multimeter manufaa&iequip their meters with a special
"diode check" function which displays the actuaixfard voltage drop of the diode in volts,
rather than a "resistance" figure in ohms. Thesersavork by forcing a small current
through the diode and measuring the voltage droppéseen the two test leads:

I:l . 5 Ll E Diode is forward-biased by

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

/ .
Anode

v *
(O a l com
Cathode

The forward voltage reading obtained with such gemwill typically be less than the
"normal” drop of 0.7 volts for silicon and 0.3 wfor germanium, because the current
provided by the meter is of trivial proportionsalinultimeter with diode-check function isn't
available, or you would like to measure a diodefsvard voltage drop at some non-trivial
current, the following circuit may be constructesing nothing but a battery, resistor, and a
normal voltmeter:
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Resistor

/

— 0
O 2 | [ com Battery i

Schematic diagram

Resistor sized to obtain diode
current of desired magnitude.

Connecting the diode backwards to this testingudiseill simply result in the voltmeter
indicating the full voltage of the battery.

If this circuit were designed so as to provide astant or nearly constant current through the
diode despite changes in forward voltage dropyuliat be used as the basis of a temperature-
measurement instrument, the voltage measured atmskode being inversely proportional
to diode junction temperature. Of course, diodeeandrshould be kept to a minimum to avoid
self-heating (the diode dissipating substantial am® of heat energy), which would interfere
with temperature measurement.

Beware that some digital multimeters equipped waithiode check” function may output a
very low test voltage (less than 0.3 volts) wherntaéehe regular "resistance) function:

too low to fully collapse the depletion region oPB junction. The philosophy here is that the
"diode check" function is to be used for testinmmg®nductor devices, and the "resistance”
function for anything else. By using a very lowttesltage to measure resistance, it is easier
for a technician to measure the resistance of romeonductor components connected to
semiconductor components, since the semiconductoponent junctions will not become
forward-biased with such low voltages.

Consider the example of a resistor and diode cdaden parallel, soldered in place on a
printed circuit board (PCB). Normally, one wouldvedo unsolder the resistor from the
circuit (disconnect it from all other componentsfdye being able to measure its resistance,
otherwise any parallel-connected components wdidttethe reading obtained. However,
using a multimeter that outputs a very low testage to the probes in the "resistance”
function mode, the diode's PN junction will not Banough voltage impressed across it to
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become forward-biased, and as such will pass nblgligurrent. Consequently, the meter
"sees" the diode as an open (no continuity), amy @gisters the resistor's resistance:

Test voltage too low to
forward-bias the diode,
O so only R1’s resistance
ﬁ(,ffz:*'::\k\.‘ o | Is indicated.

If such an ohmmeter were used to test a diodegutidvindicate a very high resistance (many
mega-ohms) even if connected to the diode in tbeéct” (forward-biased) direction:

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

,&%\\\ .| a high resistance figure.

Reverse voltage strength of a diode is not asyetesited, because exceeding a normal diode's
PIV usually results in destruction of the diodeeféhare special types of diodes, though,
which are designed to "break down" in reverse-tmasge without damage (callegner

diodeg, and they are best tested with the same typeltdge source / resistor / voltmeter
circuit, provided that the voltage source is ofthenough value to force the diode into its
breakdown region. More on this subject in a lagation of this chapter.

« REVIEW:
+ An ohmmeter may be used to qualitatively check eifaohction. There should be low

resistance measured one way and very high resestapasured the other way. When
using an ohmmeter for this purpose, be sure yowkmbich test lead is positive and
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which is negative! The actual polarity may notdall the colors of the leads as you
might expect, depending on the particular desigmetier.

« Some multimeters provide a "diode check" functiwat displays the actual forward
voltage of the diode when it's conducting curr&uich meters typically indicate a
slightly lower forward voltage than what is "nomlihéor a diode, due to the very
small amount of current used during the check.

Rectifier circuits

Now we come to the most popular application ofdiuele:rectification Simply defined,
rectification is the conversion of alternating @t (AC) to direct current (DC). This almost
always involves the use of some device that onbnal one-way flow of electrons. As we
have seen, this is exactly what a semiconductateditves. The simplest type of rectifier
circuit is thehalf-waverectifier, so called because it only allows onk bhan AC waveform
to pass through to the load:

Half-wave rectifier circuit

W, A > H
ONFe
voigge@g % Load

source

-
_—

For most power applications, half-wave rectificatie insufficient for the task. The harmonic
content of the rectifier's output waveform is viagge and consequently difficult to filter.
Furthermore, AC power source only works to supmwer to the load once every half-cycle,
meaning that much of its capacity is unused. Hafsvrectification is, however, a very
simple way to reduce power to a resistive load. &bmo-position lamp dimmer switches
apply full AC power to the lamp filament for "fulbrightness and then half-wave rectify it
for a lesser light output:

Bright
¢
IS A S
Dim
oitage @
source

In the "Dim" switch position, the incandescent larapeives approximately one-half the
power it would normally receive operating on fulkve AC. Because the half-wave rectified
power pulses far more rapidly than the filamenttras to heat up and cool down, the lamp
does not blink. Instead, its filament merely opesait a lesser temperature than normal,
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providing less light output. This principle of "girig" power rapidly to a slow-responding
load device in order to control the electrical posent to it is very common in the world of
industrial electronics. Since the controlling dev{the diode, in this case) is either fully
conducting or fully nonconducting at any given timealissipates little heat energy while
controlling load power, making this method of powentrol very energy-efficient. This
circuit is perhaps the crudest possible methodutsipg power to a load, but it suffices as a
proof-of-concept application.

If we need to rectify AC power so as to obtainfilleuse ofboth half-cycles of the sine
wave, a different rectifier circuit configurationust be used. Such a circuit is callefdil&
waverectifier. One type of full-wave rectifier, call¢ke center-tapdesign, uses a transformer
with a center-tapped secondary winding and two elotke this:

Full-wave rectifier circuit
(center-tap design)

%\ﬁ;

This circuit's operation is easily understood oak-bycle at a time. Consider the first half-
cycle, when the source voltage polarity is posifieon top and negative (-) on bottom. At
this time, only the top diode is conducting; théttwm diode is blocking current, and the load
"sees" the first half of the sine wave, positivetom and negative on bottom. Only the top
half of the transformer's secondary winding carcesent during this half-cycle:

During the next half-cycle, the AC polarity revessBlow, the other diode and the other half
of the transformer's secondary winding carry curvgmle the portions of the circuit formerly
carrying current during the last half-cycle sieidThe load still "sees" half of a sine wave, of
the same polarity as before: positive on top argatiee on bottom:

16



Y +fc‘:,\'

/% _
ol
< &

%

One disadvantage of this full-wave rectifier desgthe necessity of a transformer with a
center-tapped secondary winding. If the circuijirestion is one of high power, the size and
expense of a suitable transformer is significawnggquently, the center-tap rectifier design
is seen only in low-power applications.

Another, more popular full-wave rectifier designstg, and it is built around a four-diode
bridge configuration. For obvious reasons, thisgites called dull-wave bridge

Full-wave recitifier circuit
(bridge design)

Current directions in the full-wave bridge rectif@rcuit are as follows for each half-cycle of
the AC waveform:
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Remembering the proper layout of diodes in a fudve/ bridge rectifier circuit can often be
frustrating to the new student of electronics. faend that an alternative representation of
this circuit is easier both to remember and to aain@nd. It's the exact same circuit, except
all diodes are drawn in a horizontal attitude,'adlinting" the same direction:

o
2

Full-wave bridge rectifier circuit
(alternative layout)
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Light-emitting diodes

Diodes, like all semiconductor devices, are govetmethe principles described in quantum
physics. One of these principles is the emissiaspetific-frequency radiant energy
whenever electrons fall from a higher energy léeed lower energy level. This is the same
principle at work in a neon lamp, the characteriptnk-orange glow of ionized neon due to
the specific energy transitions of its electronthie midst of an electric current. The unique
color of a neon lamp's glow is due to the fact tteheongas inside the tube, and not due to
the particular amount of current through the tubeattage between the two electrodes. Neon
gas glows pinkish-orange over a wide range of iogizoltages and currents. Each chemical
element has its own "signature" emission of radesn@rgy when its electrons "jump” between
different, quantized energy levels. Hydrogen gasgkample, glows red when ionized;
mercury vapor glows blue. This is what makes spgcaiphic identification of elements
possible.

Electrons flowing through a PN junction experiesgailar transitions in energy level, and
emit radiant energy as they do so. The frequendlyisfradiant energy is determined by the
crystal structure of the semiconductor materiat] tre elements comprising it. Some
semiconductor junctions, composed of special chansmmbinations, emit radiant energy
within the spectrum of visible light as the eleasdransition in energy levels. Simply put,
these junctionglow when forward biased. A diode intentionally desdjte glow like a lamp
is called dight-emitting diode or LED.

Diodes made from a combination of the elementsuyallarsenic, and phosphorus (called
gallium-arsenide-phosphidlglow bright red, and are some of the most comiieDs
manufactured. By altering the chemical constituesicihe PN junction, different colors may
be obtained. Some of the currently available cabviner than red are green, blue, and infra-
red (invisible light at a frequency lower than re@jher colors may be obtained by combining
two or more primary-color (red, green, and bluePisEogether in the same package, sharing
the same optical lens. For instance, a yellow LELy ime made by merging a red LED with a
green LED.

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

Light-emitting diode (LED)
Anode

@,

Cathode

This notation of having two small arrows pointingegy from the device is common to the
schematic symbols of all light-emitting semiconauatevices. Conversely, if a device is
light-activated(meaning that incoming light stimulates it), titee symbol will have two
small arrows pointingowardit. It is interesting to note, though, that LEDe aapable of
acting as light-sensing devices: they will geneeasenall voltage when exposed to light,
much like a solar cell on a small scale. This prgpean be gainfully applied in a variety of
light-sensing circuits.
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Because LEDs are made of different chemical substathan normal rectifying diodes, their
forward voltage drops will be different. TypicallyEDs have much larger forward voltage
drops than rectifying diodes, anywhere from aboGtvblts to over 3 volts, depending on the
color. Typical operating current for a standardedi£ED is around 20 mA. When operating
an LED from a DC voltage source greater than thB'sEorward voltage, a series-connected
"dropping" resistor must be included to prevent $ource voltage from damaging the LED.
Consider this example circuit:

Rdmpping
VWA
e 220 Q Red LED,
6V — Ve = 1.6V typical

1. = 20 mA typical

With the LED dropping 1.6 volts, there will be 4dlts dropped across the resistor. Sizing
the resistor for an LED current of 20 mA is as demges taking its voltage drop (4.4 volts) and
dividing by circuit current (20 mA), in accordanwéh Ohm's Law (R=E/I). This gives us a
figure of 220Q. Calculating power dissipation for this resistue, take its voltage drop and
multiply by its current (P=IE), and end up with 88V, well within the rating of a 1/8 watt
resistor. Higher battery voltages will require kargalue dropping resistors, and possibly
higher-power rating resistors as well. Consides éxample for a supply voltage of 24 volts:

R:impping
VWA
| 1.12 kQ Red LED,
24V _— Ve= 1.6V typical

1. = 20 mA typical

Here, the dropping resistor must be increasedsteeaof 1.12 R in order to drop 22.4 volts
at 20 mA so that the LED still receives only 1.6tsoThis also makes for a higher resistor
power dissipation: 448 mW, nearly one-half a wagpawver! Obviously, a resistor rated for
1/8 watt power dissipation or even 1/4 watt dissguawill overheat if used here.

Dropping resistor values need not be precise fdd tEcuits. Suppose we were to use &2 k
resistor instead of a 1.12kresistor in the circuit shown above. The resululdde a slightly
greater circuit current and LED voltage drop, rasglin a brighter light from the LED and
slightly reduced service life. A dropping resistath too much resistance (say, 149 k
instead of 1.12®) will result in less circuit current, less LED tadie, and a dimmer light.
LEDs are quite tolerant of variation in applied mynso you need not strive for perfection in
sizing the dropping resistor.

Also because of their unique chemical makeup, LE®& much, much lower peak-inverse

voltage (PIV) ratings than ordinary rectifying desd A typical LED might only be rated at 5
volts in reverse-bias mode. Therefore, when usitegreating current to power an LED, you
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should connect a protective rectifying diode inesewith the LED to prevent reverse
breakdown every other half-cycle:

Rdmpping
VWA Red LED,
L12 kQ Ve = 1.6 V typical
24V “v) @E 1. = 20 mA typical
* Vi =5 V maximum

N
1
rectifying diode

As lamps, LEDs are superior to incandescent bullosany ways. First and foremost is
efficiency: LEDs output far more light power pertivdnan an incandescent lamp. This is a
significant advantage if the circuit in questiorbattery-powered, efficiency translating to
longer battery life. Second is the fact that LEDs far more reliable, having a much greater
service life than an incandescent lamp. This adgmnts primarily due to the fact that LEDs
are "cold" devices: they operate at much cooleperatures than an incandescent lamp with
a white-hot metal filament, susceptible to breaklagen mechanical and thermal shock. Third
is the high speed at which LEDs may be turned ahadi This advantage is also due to the
"cold" operation of LEDs: they don't have to overethermal inertia in transitioning from
off to on or vice versa. For this reason, LEDswsed to transmit digital (on/off) information
as pulses of light, conducted in empty space auiin fiber-optic cable, at very high rates of
speed (millions of pulses per second).

One major disadvantage of using LEDs as sourcésimiination is their monochromatic
(single-color) emission. No one wants to read &hoaler the light of a red, green, or blue
LED. However, if used in combination, LED colorsyriz mixed for a more broad-spectrum
glow.

Laser diodes

Thelaser diodes a further development upon the regular lightteng diode, or LED. The
term "laser"” itself is actually an acronym, desphie fact it's often written in lower-case
letters. "Laser" stands faright Amplification by StimulatedEmission ofRadiation, and
refers to another strange quantum process whetebpderistic light emitted by electrons
transitioning from high-level to low-level energyates in a material stimulate other electrons
in a substance to make similar "jumps,"” the reseilhg a synchronized output of light from
the material. This synchronization extends to tttaaphaseof the emitted light, so that all
light waves emitted from a "lasing” material aré just the same frequency (color), but also
the same phase as each other, so that they reandaecanother and are able to travel in a
very tightly-confined, nondispersing beam. Thisvtsy laser light stays so remarkably
focused over long distances: each and every ligiveveoming from the laser is in step with
each other:
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"white”
light
source

source

laser
light
source

Incandescent lamps produce "white" (mixed-frequencynixed-color) light. Regular LEDs
produce monochromatic light: same frequency (colmuj different phases, resulting in
similar beam dispersion. Laser LEDs prodaokerent lightlight that is both monochromatic
(single-color) and monophasic (single-phase), tewpin precise beam confinement.

Laser light finds wide application in the modernridoeverything from surveying, where a
straight and nondispersing light beam is very udefuprecise sighting of measurement
markers, to the reading and writing of optical diskhere only the narrowness of a focused
laser beam is able to resolve the microscopic™pitthe disk's surface comprising the binary
1's and O's of digital information.

Some laser diodes require special high-power "pglstircuits to deliver large quantities of
voltage and current in short bursts. Other lasedes may be operated continuously at lower
power. In the latter case, laser action occurs wiitlyin a certain range of diode current,
necessitating some form of current-regulator cirods laser diodes age, their power
requirements may change (more current requiretb$sroutput power), but it should be
remembered that low-power laser diodes, like LEdDs,fairly long-lived devices, with

typical service lives in the tens of thousandsairs.
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3.BIPOLAR TRANSISTORS

Introduction

The invention of the bipolar transistor in 1948 ergd in a revolution in electronics.
Technical feats previously requiring relativelygar mechanically fragile, power-hungry
vacuum tubes were suddenly achievable with tinygharically rugged, power-thrifty specks
of crystalline silicon. This revolution made podsithe design and manufacture of
lightweight, inexpensive electronic devices thatrwev take for granted. Understanding how
transistors function is of paramount importancarigone interested in understanding modern
electronics.

My intent here is to focus as exclusively as pdesiim the practical function and application
of bipolar transistors, rather than to exploregbantum world of semiconductor theory.
Discussions of holes and electrons are bettetdethother chapter in my opinion. Here |
want to explore how tasethese components, not analyze their intimate nalegetails. |

don't mean to downplay the importance of understa@nsemiconductor physics, but
sometimes an intense focus on solid-state physitaats from understanding these devices'
functions on a component level. In taking this aggh, however, | assume that the reader
possesses a certain minimum knowledge of semicooiduche difference between "P" and
"N" doped semiconductors, the functional charastes of a PN (diode) junction, and the
meanings of the terms "reverse biased" and "forlased." If these concepts are unclear to
you, it is best to refer to earlier chapters irs thdok before proceeding with this one.

A bipolar transistor consists of a three-layer taich” of doped (extrinsic) semiconductor
materials, either P-N-P or N-P-N. Each layer forgnine transistor has a specific name, and
each layer is provided with a wire contact for cection to a circuit. Shown here are
schematic symbols and physical diagrams of thesdramsistor types:

PNP transistor
collector
collector ‘
P
base base — ™ N
P
emitter ‘
emitter
schematic symbol physical diagram
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NPN transistor

collector
collector ‘
N
base base — [P
N
emitter ‘

emitter

schematic symbol physical diagram

The only functional difference between a PNP trstosiand an NPN transistor is the proper
biasing (polarity) of the junctions when operatikQr any given state of operation, the
current directions and voltage polarities for eggle of transistor are exactly opposite each
other.

Bipolar transistors work as current-controlled euatregulators In other words, they restrict
the amount of current that can go through themraloeg to a smaller, controlling current.
The main current that ontrolledgoes from collector to emitter, or from emitterctulector,
depending on the type of transistor it is (PNP BN\ respectively). The small current that
controlsthe main current goes from base to emitter, anfemnitter to base, once again
depending on the type of transistor it is (PNP BN\ respectively). According to the
confusing standards of semiconductor symbologyathawv always pointagainstthe
direction of electron flow:

| 1
it i

——> = small, controlling current

—3 = large, controlled current

Bipolar transistors are calldaipolar because the main flow of electrons througimthakes
place intwo types of semiconductor material: P and N, as thmrurrent goes from emitter
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to collector (or vice versa). In other words, twpds of charge carriers -- electrons and holes
-- comprise this main current through the transisto

As you can see, tt@ontrolling current and theontrolledcurrent always mesh together
through the emitter wire, and their electrons alsviigw againstthe direction of the
transistor's arrow. This is the first and foremodt in the use of transistors: all currents must
be going in the proper directions for the devicavtok as a current regulator. The small,
controlling current is usually referred to simplk/thebase currenbecause it is the only
current that goes through the base wire of thestséor. Conversely, the large, controlled
current is referred to as tlkellector currentbecause it is the only current that goes through
the collector wire. The emitter current is the sointhe base and collector currents, in
compliance with Kirchhoff's Current Law.

If there is no current through the base of thedistor, it shuts off like an open switch and
prevents current through the collector. If thera Isase current, then the transistor turns on
like a closed switch and allows a proportional antaf current through the collector.
Collector current is primarily limited by the bas@rent, regardless of the amount of voltage
available to push it. The next section will explarenore detail the use of bipolar transistors
as switching elements.

« REVIEW:

« Bipolar transistors are so named because the dlecti@urrent must go througdtvo
types of semiconductor material: P and N. The aircensists of both electron and
hole flow, in different parts of the transistor.

- Bipolar transistors consist of either a P-N-P oNaR-N semiconductor "sandwich"
structure.

« The three leads of a bipolar transistor are cale@mitter, Base andCollector.

« Transistors function as current regulators by alhgyna small current toontrol a
larger current. The amount of current allowed betweollector and emitter is
primarily determined by the amount of current mgvbetween base and emitter.

- In order for a transistor to properly function asuarent regulator, the controlling
(base) current and the controlled (collector) auisenust be going in the proper
directions: meshing additively at the emitter anthg againstthe emitter arrow
symbol.

The transistor as a switch

Because a transistor's collector current is progaatly limited by its base current, it can be
used as a sort of current-controlled switch. Atreddy small flow of electrons sent through
the base of the transistor has the ability to es@ntrol over a much larger flow of electrons
through the collector.

Suppose we had a lamp that we wanted to turn omfiiy means of a switch. Such a circuit
would be extremely simple:
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switch —

For the sake of illustration, let's insert a tratwi in place of the switch to show how it can
control the flow of electrons through the lamp. Rember that the controlled current through
a transistor must go between collector and emi@#rce it's the current through the lamp that
we want to control, we must position the colle@nd emitter of our transistor where the two
contacts of the switch are now. We must also make that the lamp's current will move
againstthe direction of the emitter arrow symbol to erstivat the transistor's junction bias
will be correct:

)

\_/

NPN —
transistor —

In this example | happened to choose an NPN tromsis PNP transistor could also have
been chosen for the job, and its application wanidd like this:

N
N

{ PNP —
transistor —

The choice between NPN and PNP is really arbitraliythat matters is that the proper
current directions are maintained for the sakeoofect junction biasing (electron flow going
againstthe transistor symbol's arrow).

Going back to the NPN transistor in our exampleusty we are faced with the need to add
something more so that we can have base currettioWia connection to the base wire of
the transistor, base current will be zero, andrdesistor cannot turn on, resulting in a lamp
that is always off. Remember that for an NPN trstesj base current must consist of
electrons flowing from emitter to base (againstehetter arrow symbol, just like the lamp
current). Perhaps the simplest thing to do woultbb®nnect a switch between the base and
collector wires of the transistor like this:
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switch -

If the switch is open, the base wire of the traosiwill be left "floating” (not connected to
anything) and there will be no current throughntthis state, the transistor is said to be
cutoff If the switch is closed, however, electrons Wwélable to flow from the emitter through
to the base of the transistor, through the switah#p to the left side of the lamp, back to the
positive side of the battery. This base current @ibble a much larger flow of electrons from
the emitter through to the collector, thus lightiqgthe lamp. In this state of maximum circuit
current, the transistor is said to $sgurated

— R
= N
switch T —

Of course, it may seem pointless to use a tramgisthis capacity to control the lamp. After
all, we're still using a switch in the circuit, attewe? If we're still using a switch to controéth
lamp -- if only indirectly -- then what's the poinit having a transistor to control the current?
Why not just go back to our original circuit anceule switch directly to control the lamp
current?

There are a couple of points to be made here, lactiast is the fact that when used in this
manner, the switch contacts need only handle vittlatlbase current is necessary to turn the
transistor on, while the transistor itself handhes majority of the lamp's current. This may be
an important advantage if the switch has a lowenirrating: a small switch may be used to
control a relatively high-current load. Perhaps enamportantly, though, is the fact that the
current-controlling behavior of the transistor deahus to use something completely different
to turn the lamp on or off. Consider this examplbere a solar cell is used to control the
transistor, which in turn controls the lamp:

P

— pe—
R T T
solar_T_ - | —

cell
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Or, we could use a thermocouple to provide the $s0§ base current to turn the transistor
on:

@,

-

thermocouple - T —
- —
: — |
source of

heat

Even a microphone of sufficient voltage and curmariput could be used to turn the transistor
on, provided its output is rectified from AC to 3G that the emitter-base PN junction within
the transistor will always be forward-biased:

&N
N

—_
microphone | A - ))T —
IR = e
— -

-

source of
sound

The point should be quite apparent by nawny sufficient source of DC current may be used
to turn the transistor on, and that source of cinneed only be a fraction of the amount of
current needed to energize the lamp. Here we seteahsistor functioning not only as a
switch, but as a truemplifier. using a relatively low-power signal tontrol a relatively large
amount of power. Please note that the actual péwéighting up the lamp comes from the
battery to the right of the schematic. It is notlesugh the small signal current from the solar
cell, thermocouple, or microphone is being magycatinsformed into a greater amount of
power. Rather, those small power sources are sioguifrolling the battery's power to light
up the lamp.

- REVIEW:

« Transistors may be used as switching elementsrttvaddC power to a load. The
switched (controlled) current goes between emédttet collector, while the controlling
current goes between emitter and base.

« When a transistor has zero current through it #aid to be in a state aditoff (fully
nonconducting).

« When a transistor has maximum current through i, said to be in a state of
saturation(fully conducting).
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Meter check of a transistor

Bipolar transistors are constructed of a threeflageniconductor "sandwich,” either PNP or
NPN. As such, they register as two diodes connduaell-to-back when tested with a
multimeter's "resistance" or "diode check" funcéion

PNP transistor

O = collector
+
collector
. P
base — N
i P
emitter
+
emitter
Bath meters shaw cantinuity {low
resistance) thraugh callectar-base
o and emitter-base PN juncfions.

Here I'm assuming the use of a multimeter with @$gle continuity range (resistance)
function to check the PN junctions. Some multimetse equipped with two separate
continuity check functions: resistance and "diodeak,” each with its own purpose. If your
meter has a designated "diode check" functiontheserather than the "resistance” range, and
the meter will display the actual forward voltagele PN junction and not just whether or
not it conducts current.
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PNP transistor

O - collector
collector ‘
P
base N
+ P
DL emitter
emitter

Bath meters shaw nan-continuity
(high resistance) through callectar-
base and emitter-base PN junctians.

Meter readings will be exactly opposite, of coufsean NPN transistor, with both PN
junctions facing the other way. If a multimetertwé "diode check" function is used in this
test, it will be found that the emitter-base juantpossesses a slightly greater forward voltage
drop than the collector-base junction. This forwanttage difference is due to the disparity in
doping concentration between the emitter and caligegions of the transistor: the emitter is
a much more heavily doped piece of semiconductaemnahthan the collector, causing its
junction with the base to produce a higher forwastiage drop.

Knowing this, it becomes possible to determine Whidre is which on an unmarked
transistor. This is important because transistok@ging, unfortunately, is not standardized.
All bipolar transistors have three wires, of coutaat the positions of the three wires on the
actual physical package are not arranged in anyetsal, standardized order.

Suppose a technician finds a bipolar transistormandeeds to measure continuity with a

multimeter set in the "diode check” mode. Measubiatyveen pairs of wires and recording
the values displayed by the meter, the technicidains the following data:
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Unknown bipolar transistor

Which wires are emitter,
base, and collector?

2 3

+ Meter touching wire 1 (+) and 2 (-): "OL"
« Meter touching wire 1 (-) and 2 (+): "OL"
« Meter touching wire 1 (+) and 3 (-): 0.655 volts
« Meter touching wire 1 (-) and 3 (+): "OL"
« Meter touching wire 2 (+) and 3 (-): 0.621 volts
« Meter touching wire 2 (-) and 3 (+): "OL"

The only combinations of test points giving condugimeter readings are wires 1 and 3 (red
test lead on 1 and black test lead on 3), and Wir@sd 3 (red test lead on 2 and black test
lead on 3). These two readingsistindicate forward biasing of the emitter-to-basecfion
(0.655 volts) and the collector-to-base junctio®2Q volts).

Now we look for the one wire common to both setsarfductive readings. It must be the
base connection of the transistor, because theib#se only layer of the three-layer device
common to both sets of PN junctions (emitter-baskallector-base). In this example, that
wire is number 3, being common to both the 1-3thied?-3 test point combinations. In both
those sets of meter readings, bi&ck (-) meter test lead was touching wire 3, whiclstes
that the base of this transistor is made of N-sgmiconductor material (black = negative).
Thus, the transistor is an PNP type with base @a 8;iemitter on wire 1 and collector on
wire 2:

1

Emitter 5

Collector 3 Base
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Please note that the base wire in this exampietithe middle lead of the transistor, as one
might expect from the three-layer "sandwich" maafed bipolar transistor. This is quite often
the case, and tends to confuse new students dfaless. The only way to be sure which lead
is which is by a meter check, or by referencingrttamufacturer's "data sheet" documentation
on that particular part number of transistor.

Knowing that a bipolar transistor behaves as twekka-back diodes when tested with a
conductivity meter is helpful for identifying an kmown transistor purely by meter readings.
It is also helpful for a quick functional checktbe transistor. If the technician were to
measure continuity in any more than two or any teas two of the six test lead
combinations, he or she would immediately know thattransistor was defective (or else
that itwasn'ta bipolar transistor but rather something elsedistinct possibility if no part
numbers can be referenced for sure identificatidtbwever, the "two diode" model of the
transistor fails to explain how or why it acts asaanplifying device.

To better illustrate this paradox, let's examine ohthe transistor switch circuits using the
physical diagram rather than the schematic synth@present the transistor. This way the
two PN junctions will be easier to see:

2
-

T

collector 1

base S
emitter

ZmaZz

N

WL = e

A grey-colored diagonal arrow shows the directibelectron flow through the emitter-base
junction. This part makes sense, since the elest@oa flowing from the N-type emitter to the
P-type base: the junction is obviously forward-béhsHowever, the base-collector junction is
another matter entirely. Notice how the grey-calaiteck arrow is pointing in the direction of
electron flow (upwards) from base to collector. Mtite base made of P-type material and the
collector of N-type material, this direction of elen flow is clearly backwards to the

direction normally associated with a PN junctionhérmal PN junction wouldn't permit this
"backward" direction of flow, at least not withaaffering significant opposition. However,
when the transistor is saturated, there is vellg lifpposition to electrons all the way from
emitter to collector, as evidenced by the lampisnination!

Clearly then, something is going on here that dete simple "two-diode" explanatory

model of the bipolar transistor. When | was fiesirining about transistor operation, | tried to
construct my own transistor from two back-to-bawdeés, like this:
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no light!

2N
/

no current! —

%

N
v

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

My circuit didn't work, and | was mystified. Howewveseful the "two diode" description of a
transistor might be for testing purposes, it ddestplain how a transistor can behave as a
controlled switch.

What happens in a transistor is this: the reveia® df the base-collector junction prevents
collector current when the transistor is in cutoffde (that is, when there is no base current).
However, when the base-emitter junction is forwaiesed by the controlling signal, the
normally-blocking action of the base-collector jtian is overridden and current is permitted
through the collector, despite the fact that etextrare going the "wrong way" through that
PN junction. This action is dependent on the quanphysics of semiconductor junctions,
and can only take place when the two junctiongasperly spaced and the doping
concentrations of the three layers are properlp@rioned. Two diodes wired in series fail to
meet these criteria, and so the top diode can rfawer on" when it is reversed biased, no
matter how much current goes through the bottordeadin the base wire loop.

That doping concentrations play a crucial parhim $pecial abilities of the transistor is further
evidenced by the fact that collector and emitterraot interchangeable. If the transistor is
merely viewed as two back-to-back PN junctionanerely as a plain N-P-N or P-N-P
sandwich of materials, it may seem as though eghdrof the transistor could serve as
collector or emitter. This, however, is not trudecdnnected "backwards" in a circuit, a base-
collector current will fail to control current betn collector and emitter. Despite the fact that
both the emitter and collector layers of a biptdansistor are of the same dopigge (either

N or P), they are definitely not identical!

So, current through the emitter-base junction adlawrrent through the reverse-biased base-
collector junction. The action of base current barthought of as "opening a gate" for current
through the collector. More specifically, any givamount of emitter-to-base currgu@rmits

a limited amounbf base-to-collector current. For every electiuat passes through the
emitter-base junction and on through the base wheze is allowed a certain, restricted
number of electrons to pass through the base-tofl@gmction and no more.
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In the next section, this current-limiting behavidrthe transistor will be investigated in more
detail.

« REVIEW:

« Tested with a multimeter in the "resistance” oot check" modes, a transistor
behaves like two back-to-back PN (diode) junctions.

« The emitter-base PN junction has a slightly grefmevard voltage drop than the
collector-base PN junction, due to more concerdrdtgping of the emitter
semiconductor layer.

« The reverse-biased base-collector junction norntdfigks any current from going
through the transistor between emitter and colte¢lowever, that junction begins to
conduct if current is drawn through the base vB@&se current can be thought of as
"opening a gate" for a certain, limited amount wfrent through the collector.

Active mode operation

When a transistor is in the fully-off state (like @pen switch), it is said to loaitoft
Conversely, when it is fully conductive between geniand collector (passing as much
current through the collector as the collector posupply and load will allow), it is said to be
saturated These are the two modes of operation exploresl fdmun using the transistor as a
switch.

However, bipolar transistors don't have to be igstl to these two extreme modes of
operation. As we learned in the previous sectiasglrurrent "opens a gate" for a limited
amount of current through the collector. If thiwili for the controlled current is greater than
zero but less than the maximum allowed by the p@upply and load circuit, the transistor
will "throttle” the collector current in a mode sewhere between cutoff and saturation. This
mode of operation is called thetivemode.

An automotive analogy for transistor operationagalows: cutoffis the condition where

there is no motive force generated by the mechbparés of the car to make it move. In

cutoff mode, the brake is engaged (zero base dyrpeventing motion (collector current).
Active modes when the automobile is cruising at a constamtirolled speed (constant,
controlled collector current) as dictated by thieel. Saturationis when the automobile is
driving up a steep hill that prevents it from goagyfast as the driver would wish. In other
words, a "saturated” automobile is one where tleelaator pedal is pushed all the way down
(base current calling for more collector curremtrtltan be provided by the power supply/load
circuit).

I'll set up a circuit for SPICE simulation to denstmate what happens when a transistor is in
its active mode of operation:
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"Q" is the standard letter designation for a trstosiin a schematic diagram, just as "R" is for
resistor and "C" is for capacitor. In this circwite have an NPN transistor powered by a
battery (M) and controlled by current througttarrent sourcgl;). A current source is a
device that outputs a specific amount of curreategating as much or as little voltage as
necessary across its terminals to ensure that aramtint of current through it. Current
sources are notoriously difficult to find in nattmlike voltage sources, which by contrast
attempt to maintain a constant voltage, outputasgnuch or as little current in the fulfillment
of that task), but can be simulated with a smdlection of electronic components. As we are
about to see, transistors themselves tend to mimiconstant-current behavior of a current

source in their ability toegulatecurrent at a fixed value.

Often it is useful to superimpose several collectarent/voltage graphs for different base
currents on the same graph. A collection of cutkesthis -- one curve plotted for each
distinct level of base current -- for a particul@nsistor is called the transistarlsaracteristic

curves
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Each curve on the graph reflects the collectoresurof the transistor, plotted over a range of
collector-to-emitter voltages, for a given amounbase current. Since a transistor tends to
act as a current regulator, limiting collector emtrto a proportion set by the base current, it is
useful to express this proportion as a standarsigtor performance measure. Specifically,
the ratio of collector current to base currentniswn as théetaratio (symbolized by the
Greek lette):

lcallector

lbase

B=

B is also known as h;,

Sometimes the ratio is designated as/i a label used in a branch of mathematical
semiconductor analysis known as "hybrid parametghsth strives to achieve very precise
predictions of transistor performance with detageations. Hybrid parameter variables are
many, but they are all labeled with the generaétét” and a specific subscript. The variable
"hs" Is just another (standardized) way of expres#iegratio of collector current to base
current, and is interchangeable with™'Like all ratios,f is unitless.

B for any transistor is determined by its desigcamnot be altered after manufacture.
However, there are so many physical variables itipgf that it is rare to have two
transistors of the same design exactly matchcifauit design relies on equ@lratios
between multiple transistors, "matched sets" ofdistors may be purchased at extra cost.
However, it is generally considered bad designtmrado engineer circuits with such
dependencies.

It would be nice if thgd of a transistor remained stable for all operatiagditions, but this is
not true in real life. For an actual transistog flratio may vary by a factor of over 3 within
its operating current limits. For example, a tratei with advertisefl of 50 may actually test
with I/l, ratios as low as 30 and as high as 100, depewdirige amount of collector current,
the transistor's temperature, and frequency of iiegbkignal, among other factors. For
tutorial purposes it is adequate to assume a autrfstar any given transistor (which is what
SPICE tends to do in a simulation), but just reattzat real life is not that simple!

Sometimes it is helpful for comprehension to "mbédeimplex electronic components with a

collection of simpler, better-understood componefite following is a popular model shown
in many introductory electronics texts:
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E

N PN diode-rheostat model
C

E

This model casts the transistor as a combinatiaficafe and rheostat (variable resistor).
Current through the base-emitter diode controlgésestance of the collector-emitter rheostat
(as implied by the dashed line connecting the tarmmonents), thus controlling collector
current. An NPN transistor is modeled in the figsh®wn, but a PNP transistor would be
only slightly different (only the base-emitter deodiould be reversed). This model succeeds
in illustrating the basic concept of transistor éifrgation: how the base current signal can
exert control over the collector current. Howevgrersonally don't like this model because it
tends to miscommunicate the notion of a set amolicwllector-emitter resistance for a given
amount of base current. If this were true, thedistor wouldn'regulatecollector current at

all like the characteristic curves show. Insteathefcollector current curves flattening out
after their brief rise as the collector-emittertagle increases, the collector current would be
directly proportional to collector-emitter voltagesing steadily in a straight line on the graph.

A better transistor model, often seen in more adedriextbooks, is this:
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E

NPN diode-current source model

C

E

It casts the transistor as a combination of diotkauirrent source, the output of the current
source being set at a multiplgratio) of the base current. This model is far maeurate in
depicting the true input/output characteristica tfansistor: base current establishes a certain
amount of collectocurrent, rather than a certain amount of collector-emitsistanceas the
first model implies. Also, this model is favored avhperforming network analysis on
transistor circuits, the current source being d-wedtlerstood theoretical component.
Unfortunately, using a current source to modelttaesistor's current-controlling behavior

can be misleading: in no way will the transistoereact as aourceof electrical energy,

which the current source symbol implies is a pakisib

My own personal suggestion for a transistor modbkstutes a constant-current diode for the
current source:
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E

NPN diode-regulating diode model
C

E

Since no diode ever acts asaurceof electrical energy, this analogy escapes theefal
implication of the current source model as a soofqeower, while depicting the transistor's
constant-current behavior better than the rheostatel. Another way to describe the
constant-current diode's action would be to redet &s acurrent regulator so this transistor
illustration of mine might also be described abae-current regulatomodel. The greatest
disadvantage | see to this model is the relativaeolity of constant-current diodes. Many
people may be unfamiliar with their symbology oee\of their existence, unlike either
rheostats or current sources, which are commordyvkn

« REVIEW:

« Atransistor is said to be in iggtivemode if it is operating somewhere between fully
on (saturated) and fully off (cutoff).

« Base current tends to regulate collector currepte§ulate we mean that no more
collector current may exist than what is allowedHy base current.

« The ratio between collector current and base ctrsezalled "Beta"ff) or "h".

- P ratios are different for every transistor, andyttend to change for different
operating conditions.

The common-emitter amplifier

At the beginning of this chapter we saw how transsscould be used as switches, operating
in either their "saturation"” or "cutoff" modes.the last section we saw how transistors
behave within their "active" modes, between thdifaits of saturation and cutoff. Because
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transistors are able to control current in an apéiafinitely divisible) fashion, they find use
as amplifiers for analog signals.

One of the simpler transistor amplifier circuitsstody is the one used previously for
illustrating the transistor's switching ability:

It is called thecommon-emitteconfiguration because (ignoring the power suppltydry)

both the signal source and the load share theartetid as a common connection point. This
is not the only way in which a transistor may becduas an amplifier, as we will see in later
sections of this chapter:

N 7 T
solarT '”\

Before, this circuit was shown to illustrate howetatively small current from a solar cell
could be used to saturate a transistor, resultirige illumination of a lamp. Knowing now
that transistors are able to "throttle" their calte currents according to the amount of base
current supplied by an input signal source, we khba able to see that the brightness of the
lamp in this circuit is controllable by the solallts light exposure. When there is just a little
light shone on the solar cell, the lamp will glountly. The lamp's brightness will steadily
increase as more light falls on the solar cell.

Suppose that we were interested in using the selhas a light intensity instrument. We
want to be able to measure the intensity of inditight with the solar cell by using its output
current to drive a meter movement. It is possiblditectly connect a meter movement to a
solar cell for this purpose. In fact, the simplegtt-exposure meters for photography work
are designed like this:
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meter movement

\}« +H|-
solar T
cell

While this approach might work for moderate lightiensity measurements, it would not work
as well for low light intensity measurements. Besmathe solar cell has to supply the meter
movement's power needs, the system is necessaritgd in its sensitivity. Supposing that
our need here is to measure very low-level ligtensities, we are pressed to find another
solution.

Perhaps the most direct solution to this measurepreblem is to use a transistoramplify
the solar cell's current so that more meter movémeedle deflection may be obtained for
less incident light. Consider this approach:

L ] »

) — —>
N
solar -|- — \7 &~

Current through the meter movement in this cireiitbe  times the solar cell current. With
a transistof of 100, this represents a substantial increasgei@msurement sensitivity. It is
prudent to point out that the additional power toventhe meter needle comes from the
battery on the far right of the circuit, not theéagccell itself. All the solar cell's current doies
control battery current to the meter to provide a greaueter reading than the solar cell could
provide unaided.

"|+

Because the transistor is a current-regulatingodeénd because meter movement indications
are based on the amount of current through thewement coils, meter indication in this

circuit should depend only on the amount of curfesrh the solar cell, not on the amount of
voltage provided by the battery. This means their@oy of the circuit will be independent of
battery condition, a significant feature! All thatrequired of the battery is a certain minimum
voltage and current output ability to be able to@lthe meter full-scale if needed.

Another way in which the common-emitter configuratmay be used is to produce an output

voltagederived from the input signal, rather than a dpeoutputcurrent Let's replace the
meter movement with a plain resistor and measultag® between collector and emitter:

41



~
|

/
|
¥

£;§+ v T
solar T

cell - L !/,
With the solar cell darkened (no current), the drstor will be in cutoff mode and behave as

an open switch between collector and emitter. Wilisoroduce maximum voltage drop
between collector and emitter for maximurm,s equal to the full voltage of the battery.

At full power (maximum light exposure), the solatlavill drive the transistor into saturation
mode, making it behave like a closed switch betwemdiector and emitter. The result will be
minimum voltage drop between collector and emitteialmost zero output voltage. In
actuality, a saturated transistor can never acliewe voltage drop between collector and
emitter due to the two PN junctions through whiolextor current must travel. However,
this "collector-emitter saturation voltage" will bearly low, around several tenths of a volt,
depending on the specific transistor used.

For light exposure levels somewhere between zedaraaximum solar cell output, the
transistor will be in its active mode, and the atityoltage will be somewhere between zero
and full battery voltage. An important quality tote here about the common-emitter
configuration is that the output voltagansersely proportionato the input signal strength.
That is, the output voltage decreases as the sigoal increases. For this reason, the
common-emitter amplifier configuration is refertedas annvertingamplifier.

Feedback

If some percentage of an amplifier's output sigmabnnected to the input, so that the
amplifier amplifies part of its own output signale have what is known dsedback
Feedback comes in two varietiggisitive(also calledegenerativi andnegative(also called
degenerativke Positive feedback reinforces the direction obamplifier's output voltage
change, while negative feedback does just the agpos

A familiar example of feedback happens in publiciads ("PA") systems where someone
holds the microphone too close to a speaker: apitghed "whine" or "howl!" ensues,
because the audio amplifier system is detectingaamalifying its own noise. Specifically,

this is an example gfositiveor regenerativdeedback, as any sound detected by the
microphone is amplified and turned into a loudersbby the speaker, which is then detected
by the microphone again, and so on . . . the résiittg a noise of steadily increasing volume
until the system becomes "saturated" and cannalugeany more volume.

One might wonder what possible benefit feedbad& an amplifier circuit, given such an
annoying example as PA system "howl."” If we introglpositive, or regenerative, feedback
into an amplifier circuit, it has the tendency oéa&ting and sustaining oscillations, the
frequency of which determined by the values of congmts handling the feedback signal
from output to input. This is one way to makeaagillator circuit to produce AC from a DC
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power supply. Oscillators are very useful circugisgd so feedback has a definite, practical
application for us.

Negative feedback, on the other hand, has a "damgeaffect on an amplifier: if the output
signal happens to increase in magnitude, the feddfignal introduces a decreasing influence
into the input of the amplifier, thus opposing tie@nge in output signal. While positive
feedback drives an amplifier circuit toward a pahtnstability (oscillations), negative
feedback drives it the opposite direction: towagmbant of stability.

An amplifier circuit equipped with some amount efyative feedback is not only more stable,
but it tends to distort the input waveform to sskysdegree and is generally capable of
amplifying a wider range of frequencies. The trdfitw these advantages (there jhsisto

be a disadvantage to negative feedback, right®yaseased gain. If a portion of an amplifier's
output signal is "fed back" to the input in suclvay as to oppose any changes in the output,
it will require a greater input signal amplitudediove the amplifier's output to the same
amplitude as before. This constitutes a decreaaied ijowever, the advantages of stability,
lower distortion, and greater bandwidth are wolnn tradeoff in reduced gain for many
applications.

Let's examine a simple amplifier circuit and see fnge might introduce negative feedback
into it:

Vi”pm C@ R,

The amplifier configuration shown here is a comneomitter, with a resistor bias network
formed by R and R. The capacitor couplesi,: to the amplifier so that the signal source
doesn't have a DC voltage imposed on it by th&Rdivider network. Resistor Fserves the
purpose of controlling voltage gain. We could oifiior maximum voltage gain, but since
base resistors like this are common in common-enatnplifier circuits, we'll keep it in this
schematic.

Like all common-emitter amplifiers, this omevertsthe input signal as it is amplified. In

other words, a positive-going input voltage caubesoutput voltage to decrease, or go in the
direction of negative, and vice versa. If we wearexamine the waveforms with
oscilloscopes, it would look something like this:
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Because the output is an inverted, or mirror-imageroduction of the input signal, any
connection between the output (collector) wire tredinput (base) wire of the transistor will
result innegativefeedback:

W A
R lovad
Rt'eedl:nack

R; i

= 3
)

Vi, put C@ R,

The resistances ofiRR;, Rs, and ReeghackfUnction together as a signal-mixing network so
that the voltage seen at the base of the trangistoeference to ground) is a weighted
average of the input voltage and the feedback ge|teesulting in signal of reduced amplitude
going into the transistor. As a result, the amgtittircuit will have reduced voltage gain, but
improved linearity (reduced distortion) and increb®andwidth.

A resistor connecting collector to base is notdhly way to introduce negative feedback into
this amplifier circuit, though. Another method, heltigh more difficult to understand at first,
involves the placement of a resistor between #uestistor's emitter terminal and circuit
ground, like this:
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A different method of introducing
negative feedback into the circuit

R <
Rl é load
v@a e

e a4 e —
Vinput C@ 2 Rt&dbxk%

This new feedback resistor drops voltage propoatitmthe emitter current through the
transistor, and it does so in such a way as to $gfite input signal's influence on the base-
emitter junction of the transistor. Let's take @selr look at the emitter-base junction and see
what difference this new resistor makes:

1|Jase T lmllectm'

V. vV - T
input EB-E
lemitter

With no feedback resistor connecting the emittegraund, whatever level of input signal
(Vinpup makes it through the coupling capacitor antRHRs resistor network will be
impressed directly across the base-emitter jun@sotie transistor's input voltages(®. In
other words, with no feedback resistog aequals Wpu. Therefore, if Ve increases by 100
mV, then \sg likewise increases by 100 mV: a change in onedssame as a change in the
other, since the two voltages are equal to eacér.oth

Now let's consider the effects of inserting a tesifRccdpac) between the transistor's emitter
lead and ground:
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Note how the voltage dropped across.dBackadds with \&e to equal Vput With Reedbackin
the Vinput -- Ve-e loop, Ve Will no longer be equal tou. We know that RedbackWill drop a
voltage proportional to emitter current, whichngurn controlled by the base current, which
is in turn controlled by the voltage dropped actbssbase-emitter junction of the transistor
(Ve-g). Thus, if Mnput Were to increase in a positive direction, it womnidrease ¥.g, causing
more base current, causing more collector (loadeat, causing more emitter current, and
causing more feedback voltage to be dropped a&@ssack This increase of voltage drop
across the feedback resistor, thougihtractsfrom Vinpy: to reduce the ¥, so that the actual
voltage increase for gk will be less than the voltage increase gf,). No longer will a 100
mV increase in Vpu result in a full 100 mV increase forg¥, because the two voltages are
not equal to each other.

Consequently, the input voltage has less contret the transistor than before, and the
voltage gain for the amplifier is reduced: just iva expected from negative feedback.

In practical common-emitter circuits, negative fieack isn't just a luxury; it's a necessity for
stable operation. In a perfect world, we could ¢haihd operate a common-emitter transistor
amplifier with no negative feedback, and have tileagmplitude of \f,p.: impressed across

the transistor's base-emitter junction. This wayileé us a large voltage gain. Unfortunately,
though, the relationship between base-emitter gelend base-emitter current changes with
temperature, as predicted by the "diode equatids the transistor heats up, there will be less
of a forward voltage drop across the base-emititgctjon for any given current. This causes a
problem for us, as the;fR; voltage divider network is designed to provide ¢berect

guiescent current through the base of the transsstthat it will operate in whatever class of
operation we desire (in this example, I've shovenamplifier working in class-A mode). If

the transistor's voltage/current relationship clesngith temperature, the amount of DC bias
voltage necessary for the desired class of operatitb change. In this case, a hot transistor
will draw more bias current for the same amourttiaé voltage, making it heat up even more,
drawing even more bias current. The result, if @o&led, is callethermal runaway

Common-collector amplifiers, however, do not suffem thermal runaway. Why is this?
The answer has everything to do with negative faekib
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A common-collector amplifier

Note that the common-collector amplifier has isdaesistor placed in exactly the same spot
as we had the Rqpackresistor in the last circuit: between emitter gnound. This means that
the only voltage impressed across the transidtase-emitter junction is theédfference
between Vpur and Voupus resulting in a very low voltage gain (usuallysgao 1 for a
common-collector amplifier). Thermal runaway is wspible for this amplifier: if base
current happens to increase due to transistorriggamitter current will likewise increase,
dropping more voltage across the load, which in subtractsfrom Vi, to reduce the
amount of voltage dropped between base and eniittether words, the negative feedback
afforded by placement of the load resistor makegtioblem of thermal runawaglf-
correcting In exchange for a greatly reduced voltage gaenget superb stability and
immunity from thermal runaway.

By adding a "feedback" resistor between emittergnodind in a common-emitter amplifier,
we make the amplifier behave a little less liké'ideal” common-emitter and a little more
like a common-collector. The feedback resistor gatutypically quite a bit less than the load,
minimizing the amount of negative feedback and kegthe voltage gain fairly high.

Another benefit of negative feedback, seen claartiie common-collector circuit, is that it
tends to make the voltage gain of the amplifies l@spendent on the characteristics of the
transistor. Note that in a common-collector ametifivoltage gain is nearly equal to unity (1),
regardless of the transistop'sThis means, among other things, that we coulthcephe
transistor in a common-collector amplifier with dmeving a differenp and not see any
significant changes in voltage gain. In a commoirittemcircuit, the voltage gain is highly
dependent ofi. If we were to replace the transistor in a comraomtter circuit with another
of differing B, the voltage gain for the amplifier would changggicantly. In a common-
emitter amplifier equipped with negative feedbdble, voltage gain will still be dependent
upon transistop to some degree, but not as much as before, mé#kéngrcuit more
predictable despite variations in transigior

The fact that we have to introduce negative feeklii@o a common-emitter amplifier to

avoid thermal runaway is an unsatisfying solutibmould be nice, after all, to avoid thermal
runaway without having to suppress the amplifiet'®rently high voltage gain. A best-of-
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both-worlds solution to this dilemma is availaleus if we closely examine the nature of the
problem: the voltage gain that we have to mininiizerder to avoid thermal runaway is the
DC voltage gain, not th&C voltage gain. After all, it isn't the AC input sigl that fuels
thermal runaway: it's the DC bias voltage requfoech certain class of operation: that
quiescent DC signal that we use to "trick" the sistor (fundamentally a DC device) into
amplifying an AC signal. We can suppress DC voltggi& in a common-emitter amplifier
circuit without suppressing AC voltage gain if wgure out a way to make the negative
feedback function with DC only. That is, if we origed back an inverted DC signal from
output to input, but not an inverted AC signal.

The ReedbackeMitter resistor provides negative feedback byplireg a voltage proportional to
load current. In other words, negative feedba@dcomplished by inserting an impedance
into the emitter current path. If we want to feedtb DC but not AC, we need an impedance
that is high for DC but low for AC. What kind ofrcuit presents a high impedance to DC but
a low impedance to AC? A high-pass filter, of calirs

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

High AC voltage gain re-established
by adding C,,,,... In parallel with Ry, ...

R, % Ricad VQAL
v@& R. B —
CrTrw =

-l "
tput Rteedback —

Ll

The new capacitor "bypasses” AC from the transsamitter to ground, so that no
appreciable AC voltage will be dropped from emitteground to "feed back" to the input
and suppress voltage gain. Direct current, on therdand, cannot go through the bypass
capacitor, and so must travel through the feedbesiktor, dropping a DC voltage between
emitter and ground which lowers the DC voltage gaid stabilizes the amplifier's DC
response, preventing thermal runaway. Because wethe reactance of this capacitorcfX
to be as low as possibleyfassshould be sized relatively large. Because therpplacross
this capacitor will never change, it is safe to agmlarized (electrolytic) capacitor for the
task.

Another approach to the problem of negative feeklibaducing voltage gain is to use multi-

stage amplifiers rather than single-transistor @eps. If the attenuated gain of a single
transistor is insufficient for the task at hand, va® use more than one transistor to make up
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for the reduction caused by feedback. Here is am@ike circuit showing negative feedback
in a three-stage common-emitter amplifier:

Rfc:d back
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Note how there is but one "path” for feedback, fittvafinal output to the input through a
single resistor, Regvack Since each stage is a common-emitter amplifianet thus inverting

in nature -- and there are an odd number of stirgesinput to output, the output signal will
be inverted with respect to the input signal, dredfeedback will be negative (degenerative).
Relatively large amounts of feedback may be usédowt sacrificing voltage gain, because
the three amplifier stages provide so much galvetgin with.
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At first, this design philosophy may seem inelegamd perhaps even counter-productive. Isn't
this a rather crude way to overcome the loss in gaiurred through the use of negative
feedback, to simply recover gain by adding statgr atage? What is the point of creating a
huge voltage gain using three transistor stageg're just going to attenuate all that gain
anyway with negative feedback? The point, thoughgges not apparent at first, is increased
predictability and stability from the circuit asmaole. If the three transistor stages are
designed to provide an arbitrarily high voltageng@n the tens of thousands, or greater) with
no feedback, it will be found that the additiomneigative feedback causes the overall voltage
gain to become less dependent of the individuglestgins, and approximately equal to the
simple ratio RegbackRin- The more voltage gain the circuit has (withoeidieack), the more
closely the voltage gain will approximatefyackRin once feedback is established. In other
words, voltage gain in this circuit is fixed by th&lues of two resistors, and nothing more.

This advantage has profound impact on mass-praxfuofielectronic circuitry: if amplifiers
of predictable gain may be constructed using tetaois of widely varied values, it makes

the selection and replacement of components vexy &ad inexpensive. It also means the
amplifier's gain varies little with changes in teamgture. This principle of stable gain control
through a high-gain amplifier "tamed" by negatieedback is elevated almost to an art form
in electronic circuits calledperational amplifiersor op-amps You may read much more
about these circuits in a later chapter of thiskhoo

« REVIEW:

- Feedbacks the coupling of an amplifier's output to itpun.

« Positive orregenerativdeedback has the tendency of making an amplifreuit
unstable, so that it produces oscillations (AC)e Tlequency of these oscillations is
largely determined by the components in the feeklbatwork.
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Negative or degenerativéeedback has the tendency of making an amplifreuit
more stable, so that its output chanigssfor a given input signal than without
feedback. This reduces the gain of the amplifiat,Has the advantage of decreasing
distortion and increasing bandwidth (the ranger@fdiencies the amplifier can
handle).

Negative feedback may be introduced into a commmitter circuit by coupling
collector to base, or by inserting a resistor betwemitter and ground.

An emitter-to-ground "feedback" resistor is usuédlynd in common-emitter circuits
as a preventative measure agaithstmal runaway

Negative feedback also has the advantage of makirgiifier voltage gain more
dependent on resistor values and less dependéhé dransistor's characteristics.
Common-collector amplifiers have a lot of negafiedback, due to the placement of
the load resistor between emitter and ground. f@edback accounts for the
extremely stable voltage gain of the amplifieryesdl as its immunity against thermal
runaway.

Voltage gain for a common-emitter circuit may beestablished without sacrificing
immunity to thermal runaway, by connectingypass capacitoin parallel with the
emitter "feedback resistor."

If the voltage gain of an amplifier is arbitrartygh (tens of thousands, or greater),
and negative feedback is used to reduce the gaeatmnable levels, it will be found
that the gain will approximately equajRpackRin. Changes in transistfror other
internal component values will have comparativétiel effect on voltage gain with
feedback in operation, resulting in an amplifieattls stable and easy to design.
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4.FIELD-EFFECT TRANSISTORS

Introduction

A transistoris a linear semiconductor device that controlsentrwith the application of a
lower-power electrical signal. Transistors may dneghly grouped into two major divisions:
bipolar andfield-effect In the last chapter we studied bipolar transsstethich utilize a small
current to control a large current. In this chaptex'll introduce the general concept of the
field-effect transistor -- a device utilizing a dinaoltageto control current -- and then focus
on one particular type: thenctionfield-effect transistor. In the next chapter weXplore
another type of field-effect transistor, tinsulated gatevariety.

All field-effect transistors aranipolar rather tharbipolar devices. That is, the main current
through them is comprised either of electrons thhoan N-type semiconductor or holes
through a P-type semiconductor. This becomes modert when a physical diagram of the
device is seen:

N-channel JFET
drain
drain
gate —F_J gate — P| N
s;llrce
source
schematic symbol physical diagram

In a junction field-effect transistor, or JFET, tentrolled current passes from source to
drain, or from drain to source as the case may be.controlling voltage is applied between
the gate and source. Note how the current doekawat to cross through a PN junction on its
way between source and drain: the path (calleldbane) is an uninterrupted block of
semiconductor material. In the image just shows, ¢thannel is an N-type semiconductor. P-
type channel JFETs are also manufactured:

51



P-channel JFET

drain
drain
gate — gate —N| P
source
source
schematic symbol physical diagram

Generally, N-channel JFETs are more commonly usaa P-channel. The reasons for this
have to do with obscure details of semiconducteoty, which I'd rather not discuss in this
chapter. As with bipolar transistors, | believe b&st way to introduce field-effect transistor
usage is to avoid theory whenever possible andertdrate instead on operational
characteristics. The only practical difference leswN- and P-channel JFETs you need to
concern yourself with now is biasing of the PN jume formed between the gate material and
the channel.

With no voltage applied between gate and soureechiannel is a wide-open path for
electrons to flow. However, if a voltage is appleetween gate and source of such polarity
that it reverse-biases the PN junction, the flotwleen source and drain connections becomes
limited, or regulated, just as it was for bipolartsistors with a set amount of base current.
Maximum gate-source voltage "pinches off" all catrédarough source and drain, thus forcing
the JFET into cutoff mode. This behavior is duéh® depletion region of the PN junction
expanding under the influence of a reverse-biaggel eventually occupying the entire width
of the channel if the voltage is great enough. Bleison may be likened to reducing the flow

of a liquid through a flexible hose by squeezingvith enough force, the hose will be
constricted enough to completely block the flow.

water h
—a ose nozzle

S

water
H%

M
Hose constricted %’/ squeezing,

water flow reduced or stoppe
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Note how this operational behavior is exactly opjgosf the bipolar junction transistor.
Bipolar transistors ameormally-offdevices: no current through the base, no curheatigh

the collector or the emitter. JFETS, on the otlardy arenormally-ondevices: no voltage
applied to the gate allows maximum current throtighsource and drain. Also take note that
the amount of current allowed through a JFET igmheined by avoltagesignal rather than a
currentsignal as with bipolar transistors. In fact, witie gate-source PN junction reverse-
biased, there should be nearly zero current throliglgate connection. For this reason, we
classify the JFET as\altage-controlled devigeand the bipolar transistor as@arent-
controlled device

If the gate-source PN junction is forward-biasethva small voltage, the JFET channel will
"open" a little more to allow greater currents tigh. However, the PN junction of a JFET is
not built to handle any substantial current itsatfd thus it is not recommended to forward-
bias the junction under any circumstances.

This is a very condensed overview of JFET operafiothe next section, we'll explore the
use of the JFET as a switching device.

The transistor as a switch

Like its bipolar cousin, the field-effect transistoay be used as an on/off switch controlling
electrical power to a load. Let's begin our in\gestiion of the JFET as a switch with our
familiar switch/lamp circuit:

O

switch S—

Remembering that theontrolledcurrent in a JFET flows between source and dvedn,
substitute the source and drain connections oEd J6r the two ends of the switch in the
above circuit:

If you haven't noticed by now, the source and dcaimections on a JFET look identical on
the schematic symbol. Unlike the bipolar juncticansistor where the emitter is clearly
distinguished from the collector by the arrowhemdFET's source and drain lines both run
perpendicular into the bar representing the sendigctor channel. This is no accident, as the
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source and drain lines of a JFET are often interghable in practice! In other words, JFETS
are usually able to handle channel current in edivection, from source to drain or from
drain to source.

Now all we need in the circuit is a way to contited JFET's conduction. With zero applied
voltage between gate and source, the JFET's chaiilhbE "open,” allowing full current to
the lamp. In order to turn the lamp off, we willegeto connect another source of DC voltage
between the gate and source connections of the lké&his:

[N
switch - |
g T
T —

Closing this switch will "pinch off" the JFET's afrzel, thus forcing it into cutoff and turning
the lamp off:

switch

I -

.

Note that there is no current going through the.gas a reverse-biased PN junction, it firmly
opposes the flow of any electrons through it. A®klage-controlled device, the JFET
requires negligible input current. This is an adageous trait of the JFET over the bipolar
transistor: there is virtually zero power requitddhe controlling signal.

Opening the control switch again should discontteetreverse-biasing DC voltage from the
gate, thus allowing the transistor to turn backldeally, anyway, this is how it works. In
practice this may not work at all:

@

switch

Ingl e =

.
MNo lamp current after the switch opens!

Why is this? Why doesn't the JFET's channel opeagain and allow lamp current through
like it did before with no voltage applied betwegate and source? The answer lies in the
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operation of the reverse-biased gate-source jumciibe depletion region within that junction
acts as an insulating barrier separating gate founce. As such, it possesses a certain
amount ofcapacitancecapable of storing an electric charge potentiélerXhis junction has
been forcibly reverse-biased by the applicatioaroexternal voltage, it will tend to hold that
reverse-biasing voltage as a stored charge eventaé source of that voltage has been
disconnected. What is needed to turn the JFET amagto bleed off that stored charge
between the gate and source through a resistor:

(2
switch - |
T T
I I —

Resistor bleeds off stored charge in
PN junction to allow transistor to
turn on once again.

This resistor's value is not very important. Thpamatance of the JFET's gate-source junction
is very small, and so even a rather high-valueditesistor creates a fast RC time constant,
allowing the transistor to resume conduction wittthel delay once the switch is opened.

Like the bipolar transistor, it matters little wkesr what the controlling voltage comes from.
We could use a solar cell, thermocouple, or angrasbrt of voltage-generating device to
supply the voltage controlling the JFET's conductill that is required of a voltage source
for JFET switch operation sufficientvoltage to achieve pinch-off of the JFET chanfbis
level is usually in the realm of a few volts DCdaa termed th@inch-offor cutoffvoltage.

The exact pinch-off voltage for any given JFET fairaction of its unique design, and is not a
universal figure like 0.7 volts is for a silicon B3 base-emitter junction voltage.

« REVIEW:

- Field-effect transistors control the current betwseurce and drain connections by a
voltage applied between the gate and sourcejunaionfield-effect transistor
(JFET), there is a PN junction between the gatesandce which is normally reverse-
biased for control of source-drain current.

- JFETs are normally-on (normally-saturated) devidé® application of a reverse-
biasing voltage between gate and source causeefhetion region of that junction to
expand, thereby "pinching off" the channel betweeurce and drain through which
the controlled current travels.

- It may be necessary to attach a "bleed-off" resisétween gate and source to
discharge the stored charge built up across thaiams natural capacitance when the
controlling voltage is removed. Otherwise, a chargg/ remain to keep the JFET in
cutoff mode even after the voltage source has Hesmonnected.
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Meter check of a transistor

Testing a JFET with a multimeter might seem to belatively easy task, seeing as how it has
only one PN junction to test: either measured betwgate and source, or between gate and

drain.

N-channel transistor

gate _—E| M

Bource

drain

Source

physical diagram

EBath meters show non-confinuity
(high resistance) through gate-
channel junction.
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N-channe! transistor

O = drain
+

gate —ﬂ M
+

source
solrce
physical diagram

Bath metars show continuity (Tow
resistance) through gate-channel
Jjunction.

Testing continuity through the drain-source chammahother matter, though. Remember
from the last section how a stored charge acrassapacitance of the gate-channel PN
junction could hold the JFET in a pinched-off statthout any external voltage being applied
across it? This can occur even when you're holthegFET in your hand to test it!
Consequently, any meter reading of continuity tigftothat channel will be unpredictable,
since you don't necessarily know if a charge isdpstored by the gate-channel junction. Of
course, if you know beforehand which terminalstmdevice are the gate, source, and drain,
you may connect a jumper wire between gate andacedareliminate any stored charge and
then proceed to test source-drain continuity wahproblem. However, if yodon'tknow

which terminals are which, the unpredictabilityteé source-drain connection may confuse
your determination of terminal identity.

A good strategy to follow when testing a JFET igngert the pins of the transistor into anti-
static foam (the material used to ship and st@gcssensitive electronic components) just
prior to testing. The conductivity of the foam witlake a resistive connection between all
terminals of the transistor when it is insertedisTdonnection will ensure that all residual
voltage built up across the gate-channel PN junatidl be neutralized, thus "opening up” the
channel for an accurate meter test of source-tmdantinuity.

Since the JFET channel is a single, uninterruptedepof semiconductor material, there is
usually no difference between the source and deaminals. A resistance check from source
to drain should yield the same value as a check fimain to source. This resistance should be
relatively low (a few hundred ohms at most) whemdhate-source PN junction voltage is

zero. By applying a reverse-bias voltage betweés gad source, pinch-off of the channel
should be apparent by an increased resistancengeadithe meter.
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5.INSULATED-GATE FIELD-EFFECT
TRANSISTORS

Introduction

As was stated in the last chapter, there is mae time type of field-effect transistor. The
junction field-effect transistor, or JFET, usestage applied across a reverse-biased PN
junction to control the width of that junction'spdietion region, which then controls the
conductivity of a semiconductor channel throughchithe controlled current moves.
Another type of field-effect device -- the insuldigate field-effect transistor, or IGFET --
exploits a similar principle of a depletion regicontrolling conductivity through a
semiconductor channel, but it differs primarilyrfrahe JFET in that there is daect
connection between the gate lead and the semictorduaterial itself. Rather, the gate lead
is insulated from the transistor body by a thirrieay hence the terimsulated gateThis
insulating barrier acts like the dielectric layéaacapacitor, and allows gate-to-source voltage
to influence the depletion region electrostaticadither than by direct connection.

In addition to a choice of N-channel versus P-clehdesign, IGFETs come in two major
types:enhancemerdnddepletion The depletion type is more closely related todRET, so
we will begin our study of IGFETs with it.

Depletion-type IGFETs

Insulated gate field-effect transistors are unipdkvices just like JFETSs: that is, the
controlled current does not have to cross a PNtjpmcThere is a PN junction inside the
transistor, but its only purpose is to provide thatconducting depletion region which is
used to restrict current through the channel.

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

N-channel, D-type IGFET

drain
. |
drain
substrate ate L substrate
gate J d iﬂ P
insulatin
source bam’erg —
source
schematic symbol physical diagram
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Notice how the source and drain leads connecthereend of the N channel, and how the
gate lead attaches to a metal plate separatedtfi@ichannel by a thin insulating barrier. That
barrier is sometimes made from silicon dioxide henary chemical compound found in
sand), which is a very good insulator. Due to Mistal (gate) Oxide (barrier) -
Semiconductor (channel) construction, the IGFETommstimes referred to as a MOSFET.
There are other types of IGFET construction, thoagll so "IGFET" is the better descriptor
for this general class of transistors.

Notice also how there are four connections to @eHT. In practice, theubstratdead is
directly connected to theourcelead to make the two electrically common. Usudhys

connection is made internally to the IGFET, elinting the separate substrate connection,
resulting in a three-terminal device with a sligtdifferent schematic symbol:

N-channel, D-type IGFET

drain

drain
ate substrate
gate Jléi d ﬂ P

insulating
source barrier

source

schematic symbol physical diagram

With source and substrate common to each otheN #ued P layers of the IGFET end up
being directly connected to each other througlotiteide wire. This connection prevents any
voltage from being impressed across the PN junctisra result, a depletion region exists
between the two materials, but it can never be ma@a or collapsed. JFET operation is based
on the expansion of the PN junction's depletiomomedout here in the IGFET that cannot
happen, so IGFET operation must be based on aehtfeffect.

Indeed it is, for when a controlling voltage is bgg between gate and source, the
conductivity of the channel is changed as a rediitie depletion regiomovingcloser to or
further away from the gate. In other words, thenciedis effective width changes just as with
the JFET, but this change in channel width is dugepletion regionlisplacementather than
depletion regiorexpansion

In an N-channel IGFET, a controlling voltage apglpositive (+) to the gate and negative (-)
to the source has the effect of repelling the Ri¢fion's depletion region, expanding the N-
type channel and increasing conductivity:
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drain T —_

ateTr \L
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voltage 7—Z/
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&—

Channel expands for greater conductivity

Reversing the controlling voltage's polarity has tipposite effect, attracting the depletion
region and narrowing the channel, consequentlyaiedichannel conductivity:

&

gl
controlling -
voltage - source| A\
&

Channel narrows for less conductivity

The insulated gate allows for controlling voltagésny polarity without danger of forward-
biasing a junction, as was the concern with JFERs type of IGFET, although it's called a
"depletion-type," actually has the capability oi/imgy its channegitherdepleted (channel
narrowed)or enhanced (channel expanded). Input voltage ppldetermines which way the
channel will be influenced.

Understanding which polarity has which effect i$ as difficult as it may seem. The key is to
consider the type of semiconductor doping usetienchannel (N-channel or P-channel?),
then relate that doping type to the side of thelirypltage source connected to the channel by
means of the source lead. If the IGFET is an N-onkbkand the input voltage is connected so
that the positive (+) side is on the gate whilertkgative (-) side is on the source, the channel
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will be enhanced as extra electrons build up orctt@nel side of the dielectric barrier.
Think, "negative (-) correlates witki-type, thus enhancing the channel with the righetgf
charge carrier (electrons) and making it more cotide.” Conversely, if the input voltage is
connected to an N-channel IGFET the other wayhabriegative (-) connects to the gate
while positive (+) connects to the source, freetetens will be "robbed" from the channel as
the gate-channel capacitor charges, thus depl#tenghannel of majority charge carriers and
making it less conductive.

For P-channel IGFETS, the input voltage polaritg ahannel effects follow the same rule.
That is to say, it takes just the opposite polagyan N-channel IGFET to either deplete or
enhance:

drain J’ ?lﬂ
atelr T
|~ =
contioling 2" I T

y source \L
—>

Channel expands for greater conductivity

load

drain |+, &
N
N %
gate |IP N L
controlling — \l”_
N
voltage ZZ/ source| 4,
>

Channel narrows for less conductivity
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lllustrating the proper biasing polarities withredard IGFET symbols:

N-channel P-channel
|- j=

Enhanced —|_— ) 1
(more drain | — — +
current) T | i I
- ] + | -

Depleted il L

(less drain —

current) | |

When there is zero voltage applied between gatesandte, the IGFET will conduct current
between source and drain, but not as much cursehinuld if it were enhanced by the
proper gate voltage. This places the depletion;tgpsimplyD-type IGFET in a category of
its own in the transistor world. Bipolar junctiaamsistors araormally-offdevices: with no
base current, they block any current from goingulgh the collector. Junction field-effect
transistors araormally-ondevices: with zero applied gate-to-source voltagey allow
maximum drain current (actually, you can coax alK&o greater drain currents by applying
a very small forward-bias voltage between gatesamulce, but this should never be done in
practice for risk of damaging its fragile PN jumct). D-type IGFETS, however, anermally
half-ondevices: with no gate-to-source voltage, theirdeation level is somewhere between
cutoff and full saturation. Also, they will tolemtipplied gate-source voltages of any polarity,
the PN junction being immune from damage due tarthelating barrier and especially the
direct connection between source and substrateptieg any voltage differential across the
junction.

Ironically, the conduction behavior of a D-type IEBFis strikingly similar to that of an
electron tube of the triode/tetrode/pentode vari€hese devices were voltage-controlled
current regulators that likewise allowed currembtigh them with zero controlling voltage
applied. A controlling voltage of one polarity (@megative and cathode positive) would
diminish conductivity through the tube while a \agleé of the other polarity (grid positive and
cathode negative) would enhance conductivity.d fircurious that one of the later transistor
designs invented exhibits the same basic propedtitdee very first active (electronic) device.
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6.0PERATIONAL AMPLIFIERS

Introduction

The operational amplifier is arguably the most uksiingle device in analog electronic
circuitry. With only a handful of external compongnt can be made to perform a wide
variety of analog signal processing tasks. It $® @uite affordable, most general-purpose
amplifiers selling for under a dollar apiece. Madéesigns have been engineered with
durability in mind as well: several "op-amps" aranafactured that can sustain direct short-
circuits on their outputs without damage.

One key to the usefulness of these little ciragiis the engineering principle of feedback,
particularlynegativefeedback, which constitutes the foundation of aadl automatic
control processes. The principles presented hevpenational amplifier circuits, therefore,
extend well beyond the immediate scope of eleatsorii is well worth the electronics
student's time to learn these principles and ldsgm well.

Single-ended and differential amplifiers

For ease of drawing complex circuit diagrams, etest amplifiers are often symbolized by a
simple triangle shape, where the internal compaarg not individually represented. This
symbology is very handy for cases where an amgsfmonstruction is irrelevant to the
greater function of the overall circuit, and itwsrthy of familiarization:

General amplifier circuit symbol

+Voupply

Input Qutput

-V supply

The +V and -V connections denote the positive aghtive sides of the DC power supply,
respectively. The input and output voltage conmastiare shown as single conductors,
because it is assumed that all signal voltagesefeeenced to a common connection in the
circuit calledground Often (but not always!), one pole of the DC powepply, either
positive or negative, is that ground reference pdimpractical amplifier circuit (showing the
input voltage source, load resistance, and powgplgumight look like this:

63



Without having to analyze the actual transistoigtesf the amplifier, you can readily discern
the whole circuit's function: to take an input fib(Vi,), amplify it, and drive a load
resistance (R.g). To complete the above schematic, it would bedgocspecify the gains of
that amplifier (A/, A, Ap) and the Q (bias) point for any needed mathemadicalysis.

If it is necessary for an amplifier to be able taput true AC voltage (reversing polarity) to
the load, asplit DC power supply may be used, whereby the groumnat poelectrically
"centered" between +V and -V. Sometimes the splitgr supply configuration is referred to
as adual power supply.

The amplifier is still being supplied with 30 votigerall, but with the split voltage DC power
supply, the output voltage across the load restsomow swing from a theoretical maximum
of +15 volts to -15 volts, instead of +30 voltdtwolts. This is an easy way to get true
alternating current (AC) output from an amplifiethrout resorting to capacitive or inductive
(transformer) coupling on the output. The peak#akpamplitude of this amplifier's output
between cutoff and saturation remains unchanged.

By signifying a transistor amplifier within a langeircuit with a triangle symbol, we ease the
task of studying and analyzing more complex anmgskfiand circuits. One of these more
complex amplifier types that we'll be studying @dled thedifferential amplifier Unlike

normal amplifiers, which amplify a single input s&j (often callegingle-endedamplifiers),
differential amplifiers amplify the voltage differee between two input signals. Using the
simplified triangle amplifier symbol, a differentiamplifier looks like this:
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Differential amplifier

+Vuppy

Input, -
Output

Input,

-V supply

The two input leads can be seen on the left-hatal @i the triangular amplifier symbol, the
output lead on the right-hand side, and the +V-&hgdower supply leads on top and bottom.
As with the other example, all voltages are refeeento the circuit's ground point. Notice that
one input lead is marked with a (-) and the oteenarked with a (+). Because a differential
amplifier amplifies the difference in voltage beemethe two inputs, each input influences the
output voltage in opposite ways. Consider the foihg table of input/output voltages for a
differential amplifier with a voltage gain of 4:

(-] Input, Q 0 Q 0 1 2.5 7 3 -3 -2
(+) Inputz | o 1 25 7 0 0 0 3 3 -7
Output a 4 10 78 -4 -1a | 28 ] 24 | 20

Voltage output equation: V,,, = A(Input; - Input,)
or
Vo= Ay(Input,,, - INput;)

An increasingly positive voltage on the (+) inpends to drive the output voltage more
positive, and an increasingly positive voltage loa (-) input tends to drive the output voltage
more negative. Likewise, an increasingly negatiokage on the (+) input tends to drive the
output negative as well, and an increasingly nggatoltage on the (-) input does just the
opposite. Because of this relationship betweentsypnd polarities, the (-) input is commonly
referred to as thevertinginput and the (+) as theoninvertinginput.

It may be helpful to think of a differential ampdif as a variable voltage source controlled by
a sensitive voltmeter, as such:
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+V

Bear in mind that the above illustration is onlgnadelto aid in understanding the behavior of
a differential amplifier. It is not a realistic sahatic of its actual design. The "G" symbol
represents a galvanometer, a sensitive voltmetegement. The potentiometer connected
between +V and -V provides a variable voltage atahtput pin (with reference to one side of
the DC power supply), that variable voltage seth®yreading of the galvanometer. It must be
understood that any load powered by the outputdifferential amplifier gets its current from
the DC power source (batteryiot the input signal. The input signal (to the galvaeter)
merelycontrolsthe output.

This concept may at first be confusing to studeeis to amplifiers. With all these polarities
and polarity markings (- and +) around, it's easgdt confused and not know what the output
of a differential amplifier will be. To addressdtpotential confusion, here's a simple rule to
remember:

- —
_Differential — +

input voltage - N Dl,i%put
S voltage
1=

. [+ —-
_Dlﬁtererllttlal — " Outout
input voltage| — utpu
b : [ —+ +v0|tgge

When the polarity of thdifferential voltage matches the markings for inverting and
noninverting inputs, the output will be positiveh@h the polarity of the differential voltage
clashes with the input markings, the output willnegative. This bears some similarity to the
mathematical sign displayed by digital voltmeteasdd on input voltage polarity. The red test
lead of the voltmeter (often called the "positiledd because of the color red's popular
association with the positive side of a power sypplelectronic wiring) is more positive than
the black, the meter will display a positive vokdigure, and vice versa:

66



—F | - .
_Differential — 8V +6.00V
input voltage — 6 Digital Voltmeter

-‘-‘-‘h‘:l__'l'_ﬂ_-
re +

— ; -
_Differential — BV -6.00V
IanIt voltage J— Digital Vo ltmetet

T | = L.
re +

Just as a voltmeter will only display the voltdgweernits two test leads, an ideal differential
amplifier only amplifies the potential differencettveen its two input connections, not the
voltage between any one of those connections anthdr The output polarity of a

differential amplifier, just like the signed indic@n of a digital voltmeter, depends on the
relative polarities of the differential voltage Wween the two input connections.

If the input voltages to this amplifier representedthematical quantities (as is the case
within analog computer circuitry), or physical pess measurements (as is the case within
analog electronic instrumentation circuitry), yancee how a device such as a differential
amplifier could be very useful. We could use ittoimpare two quantities to see which is
greater (by the polarity of the output voltage)perhaps we could compare the difference
between two quantities (such as the level of lignitivo tanks) and flag an alarm (based on
the absolute value of the amplifier output) if therence became too great. In basic
automatic control circuitry, the quantity being tofied (called theorocess variablgis
compared with a target value (called fetpoin}, and decisions are made as to how to act
based on the discrepancy between these two vdibedirst step in electronically controlling
such a scheme is to amplify the difference betvihemprocess variable and the setpoint with
a differential amplifier. In simple controller dgsss, the output of this differential amplifier
can be directly utilized to drive the final contedément (such as a valve) and keep the
process reasonably close to setpoint.

« REVIEW:

- A "shorthand" symbol for an electronic amplifieraigriangle, the wide end signifying
the input side and the narrow end signifying thgpou Power supply lines are often
omitted in the drawing for simplicity.

« To facilitate true AC output from an amplifier, wan use what is calledsplit or
dual power supply, with two DC voltage sources conrgtateseries with the middle
point grounded, giving a positive voltage to gro#d) and a negative voltage to
ground (-V). Split power supplies like this arequently used in differential amplifier
circuits.

« Most amplifiers have one input and one outputferential amplifiershave two inputs
and one output, the output signal being proportitméhe difference in signals
between the two inputs.

« The voltage output of a differential amplifier istdrmined by the following equation:
Vout = AV(Vnoninv' Vinv)
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The "operational™ amplifier

Long before the advent of digital electronic tedogy, computers were built to electronically
perform calculations by employing voltages and enits to represent numerical quantities.
This was especially useful for the simulation ofgibal processes. A variable voltage, for
instance, might represent velocity or force in ggital system. Through the use of resistive
voltage dividers and voltage amplifiers, the mathgoal operations of division and
multiplication could be easily performed on thegmals.

The reactive properties of capacitors and indudard themselves well to the simulation of
variables related by calculus functions. Remembaer tihe current through a capacitor was a
function of the voltage's rate of change, and huat tate of change was designated in
calculus as thderivative? Well, if voltage across a capacitor were madepoesent the
velocity of an object, the current through the @oa would represent the force required to
accelerate or decelerate that object, the capactapacitance representing the object's mass:

i-=C % F=m j—:
Where, Where,
i- =Instantaneous current F = Force applied to object
through capacitor
C = Capacitance in farads m =Mass of object
dv _ Rate of change of v _ Rate of change of
dt  voltage over Time de  velocity over ime

This analog electronic computation of the calculegvative function is technically known as
differentiation and it is a natural function of a capacitor'srent in relation to the voltage
applied across it. Note that this circuit requmes'programming"” to perform this relatively
advanced mathematical function as a digital conrputaild.

Electronic circuits are very easy and inexpensiveréate compared to complex physical
systems, so this kind of analog electronic simatatvas widely used in the research and
development of mechanical systems. For realistikition, though, amplifier circuits of
high accuracy and easy configurability were neadetdese early computers.

It was found in the course of analog computer desigt differential amplifiers with
extremely high voltage gains met these requiremaimiscuracy and configurability better
than single-ended amplifiers with custom-designaidgy Using simple components
connected to the inputs and output of the high-ddfarential amplifier, virtually any gain
and any function could be obtained from the ciraonerall, without adjusting or modifying
the internal circuitry of the amplifier itself. Tee high-gain differential amplifiers came to be
known asoperational amplifiersor op-amps because of their application in analog
computers' mathematicaperations

Modern op-amps, like the popular model 741, aré4pigrformance, inexpensive integrated
circuits. Their input impedances are quite high, itiputs drawing currents in the range of
half a microamp (maximum) for the 741, and far lesop-amps utilizing field-effect input
transistors. Output impedance is typically quite,labout 752 for the model 741, and many
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models have built-in output short circuit proteationeaning that their outputs can be directly
shorted to ground without causing harm to the mrdkcircuitry. With direct coupling between
op-amps' internal transistor stages, they can &pL signals just as well as AC (up to
certain maximum voltage-risetime limits). It wouddst far more in money and time to design
a comparable discrete-transistor amplifier cirtoiitnatch that kind of performance, unless
high power capability was required. For these reasop-amps have all but obsoleted
discrete-transistor signal amplifiers in many aqgdions.

The following diagram shows the pin connectionssiogle op-amps (741 included) when
housed in an 8-pin DIyal I nline Package) integrated circuit:

Typical 8-pin "DIP" op-amp

integrated circuit
No Offset
connection +V Output null
B 7 6 3
| 2 3 4
Offset -\

null

Some models of op-amp come two to a package, imgutie popular models TL082 and
1458. These are called "dual” units, and are tylgit@used in an 8-pin DIP package as well,
with the following pin connections:
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Dual op-amp in 8-pin DIP
+V

=]
=]
n

3

1 2 3 4
-V

Operational amplifiers are also available four fwaakage, usually in 14-pin DIP
arrangements. Unfortunately, pin assignments aasrstandard for these "quad" op-amps as
they are for the "dual” or single units. Consu#t thanufacturer datasheet(s) for details.

Practical operational amplifier voltage gains ar¢hie range of 200,000 or more, which
makes them almost useless as an analog differamtiplifier by themselves. For an op-amp
with a voltage gain (&) of 200,000 and a maximum output voltage swing13V/-15V, all

it would take is a differential input voltage of @% (microvolts) to drive it to saturation or
cutoff! Before we take a look at how external comgats are used to bring the gain down to
a reasonable level, let's investigate applicatfonghe "bare" op-amp by itself.

One application is called tltmwmparator For all practical purposes, we can say that the
output of an op-amp will be saturated fully pogti¥the (+) input is more positive than the (-
) input, and saturated fully negative if the (Hunis less positive than the (-) input. In other
words, an op-amp's extremely high voltage gain makeseful as a device to compare two
voltages and change output voltage states whempneexceeds the other in magnitude.

+V
4

v L LED

1n —

I
v

In the above circuit, we have an op-amp conneciel@mparator, comparing the input
voltage with a reference voltage set by the pademeier (R). If Vi, drops below the voltage
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set by R, the op-amp's output will saturate to +V, thereglgting up the LED. Otherwise, if
Vin is above the reference voltage, the LED will rem@df. If Vi, is a voltage signal produced
by a measuring instrument, this comparator circoitld function as a "low" alarm, with the
trip-point set by R Instead of an LED, the op-amp output could dawelay, a transistor, an
SCR, or any other device capable of switching pdwer load such as a solenoid valve, to
take action in the event of a low alarm.

Another application for the comparator circuit simo& a square-wave converter. Suppose
that the input voltage applied to the invertingifgut was an AC sine wave rather than a
stable DC voltage. In that case, the output voltageld transition between opposing states of
saturation whenever the input voltage was equtildaeference voltage produced by the
potentiometer. The result would be a square wave:

alt

N N

Adjustments to the potentiometer setting would cfeatine reference voltage applied to the
noninverting (+) input, which would change the gsiat which the sine wave would cross,
changing the on/off times, duty cycleof the square wave:
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It should be evident that the AC input voltage vebabt have to be a sine wave in particular
for this circuit to perform the same function. Tihput voltage could be a triangle wave,
sawtooth wave, or any other sort of wave that rafrgmeoothly from positive to negative to
positive again. This sort of comparator circuivésy useful for creating square waves of
varying duty cycle. This technique is sometimesmefd to apulse-width modulatigror

PWM (varying, omodulatinga waveform according to a controlling signal,histcase the
signal produced by the potentiometer).

Another comparator application is that of the bapgrdriver. If we had several op-amps
connected as comparators, each with its own refereoltage connected to the inverting
input, but each one monitoring the same voltageasign their noninverting inputs, we could
build a bargraph-style meter such as what is contyrsmen on the face of stereo tuners and
graphic equalizers. As the signal voltage (repriasgmadio signal strength or audio sound
level) increased, each comparator would "turn arsaquence and send power to its
respective LED. With each comparator switching "ana different level of audio sound, the
number of LED's illuminated would indicate how stgathe signal was.
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Simple bargraph driver circuit

o

LED
\ 3 "

hLF
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>
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m

In the circuit shown above, LERvould be the first to light up as the input vokidgcreased
in a positive direction. As the input voltage coned to increase, the other LED's would
illuminate in succession, until all were lit.

This very same technology is used in some analaljgital signal converters, namely the
flash converterto translate an analog signal quantity into &esesf on/off voltages
representing a digital number.

REVIEW:

A triangle shape is the generic symbol for an afeplcircuit, the wide end signifying
the input and the narrow end signifying the output.

Unless otherwise specifiedl| voltages in amplifier circuits are referenced to a
commongroundpoint, usually connected to one terminal of the/@osupply. This
way, we can speak of a certain amount of voltagegd®n" a single wire, while
realizing that voltage ialwaysmeasured between two points.

A differential amplifieris one amplifying the voltag#ifferencebetween two signal
inputs. In such a circuit, one input tends to dtive output voltage to the same
polarity of the input signal, while the other indes just the opposite. Consequently,
the first input is called theoninverting(+) input and the second is called theerting
(-) input.

An operational amplifieror op-ampfor short) is a differential amplifier with an
extremely high voltage gain (A= 200,000 or more). Its name hails from its oréin
use in analog computer circuitry (performing mathéoal operations.
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« Op-amps typically have very high input impedanass fairly low output impedances.

« Sometimes op-amps are used as sigoalparators operating in full cutoff or
saturation mode depending on which input (inverongoninverting) has the greatest
voltage. Comparators are useful in detecting "gretlitan” signal conditions
(comparing one to the other).

« One comparator application is called fhése-width modulatgrand is made by
comparing a sine-wave AC signal against a DC rafee/oltage. As the DC
reference voltage is adjusted, the square-wavaubofghe comparator changes its
duty cycle (positive versus negative times). This,DC reference voltage controls,
or modulateghe pulse width of the output voltage.

Neqgative feedback

If we connect the output of an op-amp to its inmgrinput and apply a voltage signal to the
noninverting input, we find that the output voltaafehe op-amp closely follows that input
voltage (I've neglected to draw in the power suppW/-V wires, and ground symbol for
simplicity):

+

in

As Vi, increases, Y{;: will increase in accordance with the differengain. However, as ¥
increases, that output voltage is fed back tortkerting input, thereby acting to decrease the
voltage differential between inputs, which act®timg the output down. What will happen

for any given voltage input is that the op-amp wilkput a voltage very nearly equal t@,V

but just low enough so that there's enough volthfjerence left betweenyand the (-) input
to be amplified to generate the output voltage.

The circuit will quickly reach a point of stabiliknown asequilibriumin physics), where the
output voltage is just the right amount to mainthi@ right amount of differential, which in
turn produces the right amount of output voltagekiig the op-amp's output voltage and
coupling it to the inverting input is a techniqueokvn asegative feedbacland it is the key
to having a self-stabilizing system (this is tru anly of op-amps, but of any dynamic
system in general). This stability gives the op-dah®gcapacity to work in its linear (active)
mode, as opposed to merely being saturated fufly 6o "off" as it was when used as a
comparator, with no feedback at all.

Because the op-amp's gain is so high, the voltageeinverting input can be maintained
almost equal to . Let's say that our op-amp has a differentialaggtgain of 200,000. If;y
equals 6 volts, the output voltage will be 5.9998WL 49999 volts. This creates just enough
differential voltage (6 volts - 5.99997000014999hty = 29.99985 V) to cause
5.999970000149999 volts to be manifested at theupterminal, and the system holds there
in balance. As you can see, 29.99985 uV is not aefldifferential, so for practical
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calculations, we can assume that the differenbéibge between the two input wires is held
by negative feedback exactly at O volts.

The effects of negative feedback

29.99985 LV —
. A
5.999970000149999 V
v = /
e
The effects of negative feedback
(rounded figures)
oV -7 ) —
S — i+ AN 6V
e
L L
6V = -

One great advantage to using an op-amp with negtgadback is that the actual voltage gain
of the op-amp doesn't matter, so long as it's l&ge. If the op-amp's differential gain were
250,000 instead of 200,000, all it would mean & the output voltage would hold just a little
closer to \, (less differential voltage needed between inputgenerate the required output).
In the circuit just illustrated, the output voltageuld still be (for all practical purposes) equal
to the non-inverting input voltage. Op-amp gaihgréfore, do not have to be precisely set by
the factory in order for the circuit designer tolthan amplifier circuit with precise gain.
Negative feedback makes the system self-correciing.above circuit as a whole will simply
follow the input voltage with a stable gain of 1.

Going back to our differential amplifier model, wan think of the operational amplifier as
being a variable voltage source controlled by areexely sensitivaull detector the kind of
meter movement or other sensitive measuremente&esgied in bridge circuits to detect a
condition of balance (zero volts). The "potentioaenéinside the op-amp creating the variable
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voltage will move to whatever position it must tzatance" the inverting and noninverting
input voltages so that the "null detector" has zZeritage across it:

Wt

+V

6V —
el fo N

6V —

As the "potentiometer” will move to provide an auitpoltage necessary to satisfy the "null
detector” at an "indication" of zero volts, themuitvoltage becomes equal to the input
voltage: in this case, 6 volts. If the input vokaghanges at all, the "potentiometer” inside the
op-amp will change position to hold the "null degetin balance (indicating zero volts),
resulting in an output voltage approximately eqoahe input voltage at all times.

This will hold true within the range of voltagesttihe op-amp can output. With a power
supply of +15V/-15V, and an ideal amplifier thahcawing its output voltage just as far, it
will faithfully "follow" the input voltage betweethe limits of +15 volts and -15 volts. For
this reason, the above circuit is known a®kage follower Like its one-transistor
counterpart, the common-collector ("emitter-follaiyeamplifier, it has a voltage gain of 1, a
high input impedance, a low output impedance, ahgjla current gain. Voltage followers are
also known asoltage buffersand are used to boost the current-sourcing ploiivoltage
signals too weak (too high of source impedanceljrectly drive a load. The op-amp model
shown in the last illustration depicts how the aityoltage is essentially isolated from the
input voltage, so that current on the output pinassupplied by the input voltage source at
all, but rather from the power supply powering tpeamp.

It should be mentioned that many op-amps cannaigthieir output voltages exactly to +V/-
V power supply rail voltages. The model 741 is ohthose that cannot: when saturated, its
output voltage peaks within about one volt of thepower supply voltage and within about 2
volts of the -V power supply voltage. Thereforethna split power supply of +15/-15 volts, a
741 op-amp's output may go as high as +14 voles dow as -13 volts (approximately), but
no further. This is due to its bipolar transistesign. These two voltage limits are known as
the positive saturation voltagandnegative saturation voltageespectively. Other op-amps,
such as the model 3130 with field-effect transsiarthe final output stage, have the ability
to swing their output voltages within millivolts efther power supplyail voltage.
Consequently, their positive and negative satunatmtages are practically equal to the
supply voltages.
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- REVIEW:

« Connecting the output of an op-amp to its inver{w)gnput is callechegative
feedbackThis term can be broadly applied to any dynarystesn where the output
signal is "fed back" to the input somehow so ag#xh a point of equilibrium
(balance).

- When the output of an op-ampdsectly connected to its inverting (-) inputyvaltage
follower will be created. Whatever signal voltage is impegsupon the noninverting
(+) input will be seen on the output.

« An op-amp with negative feedback will try to dritg output voltage to whatever
level necessary so that the differential voltagevben the two inputs is practically
zero. The higher the op-amp differential gain,dluser that differential voltage will
be to zero.

« Some op-amps cannot produce an output voltage &mjtiair supply voltage when
saturated. The model 741 is one of these. The wpEklower limits of an op-amp's
output voltage swing are known pgsitive saturation voltagandnegative saturation
voltage respectively.

Divided feedback

If we add a voltage divider to the negative feedthaiting so that only draction of the

output voltage is fed back to the inverting inmsgtead of the full amount, the output voltage
will be amultiple of the input voltage (please bear in mind thatgbeer supply connections
to the op-amp have been omitted once again forlsityfs sake):

The effects of divided negative feedback

bmA Ry 6V R, 6mA
A% ' A%
1 kQ 1 kQ

B bV
oV — 12V

All voltage figures shown in
— referenceto ground

If R1 and R are both equal andiMs 6 volts, the op-amp will output whatever voktag
needed to drop 6 volts across(® make the inverting input voltage equal to @sas well,
keeping the voltage difference between the twotmpgual to zero). With the 2:1 voltage
divider of R, and R, this will take 12 volts at the output of the apyato accomplish.

Another way of analyzing this circuit is to stayt @alculating the magnitude and direction of
current through R knowing the voltage on either side (and therefbyesubtraction, the
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voltage across B, and R's resistance. Since the left-hand side pisRtonnected to ground
(O volts) and the right-hand side is at a potemtid volts (due to the negative feedback
holding that point equal to;)), we can see that we have 6 volts acrosSRis gives us 6 mA
of current through Rfrom left to right. Because we know that both itspaf the op-amp have
extremely high impedance, we can safely assumewioeit add or subtract any current
through the divider. In other words, we can treaa® R as being in series with each other:
all of the electrons flowing through Rhust flow through R Knowing the current through;R
and the resistance obRve can calculate the voltage acrogg6rvolts), and its polarity.
Counting up voltages from ground (0 volts) to tight-hand side of R we arrive at 12 volts
on the output.

Upon examining the last illustration, one might \@en "where does that 1 mA of current
go?" The last illustration doesn't show the entugent path, but in reality it comes from the
negative side of the DC power supply, through gdytinrough R, through R, through the
output pin of the op-amp, and then back to thetpesside of the DC power supply through
the output transistor(s) of the op-amp. Using thk aeetector/potentiometer model of the op-
amp, the current path looks like this:

Rl — e Rl — -
A A%
T__ 1kQ kQ . |

|~-—

N
i
|

E—

6V — T

The 6 volt signal source does not have to suppyycamnrent for the circuit: it merely
commands the op-amp to balance voltage betwednwbding (-) and noninverting (+) input
pins, and in so doing produce an output voltageith@vice the input due to the dividing
effect of the two 1 R resistors.

We can change the voltage gain of this circuitralNgust by adjusting the values of Bnd
R> (changing the ratio of output voltage that is lbiedk to the inverting input). Gain can be
calculated by the following formula:

R,
Ar: _+].
Y Rl
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Note that the voltage gain for this design of afigslicircuit can never be less than 1. If we
were to lower Rto a value of zero ohms, our circuit would be atad#ly identical to the
voltage follower, with the output directly connatt® the inverting input. Since the voltage
follower has a gain of 1, this sets the lower denit of the noninverting amplifier. However,
the gain can be increased far beyond 1, by inargd®iin proportion to R

Also note that the polarity of the output matches Of the input, just as with a voltage
follower. A positive input voltage results in a io® output voltage, and vice versa (with
respect to ground). For this reason, this ciraureferred to as @oninverting amplifier

Just as with the voltage follower, we see thatifferential gain of the op-amp is irrelevant,
so long as it's very high. The voltages and cusremthis circuit would hardly change at all if
the op-amp's voltage gain were 250,000 instead@f0®0. This stands as a stark contrast to
single-transistor amplifier circuit designs, whére Beta of the individual transistor greatly
influenced the overall gains of the amplifier. Witegative feedback, we have a self-
correcting system that amplifies voltage accordnthe ratios set by the feedback resistors,
not the gains internal to the op-amp.

Let's see what happens if we retain negative fezdtteough a voltage divider, but apply the
input voltage at a different location:

bmA Ry oV R, 6mA

— M ' WV—
1 kQ 1 kQ
6V ——
J— — '6-\'?
- Y

All voltage figures shown in
ge— referenceto ground

By grounding the noninverting input, the negatigedback from the output seeks to hold the
inverting input's voltage at 0 volts, as well. Bas reason, the inverting input is referred to in
this circuit as airtual ground being held at ground potential (O volts) by teedback, yet

not directly connected to (electrically common wigiound. The input voltage this time is
applied to the left-hand end of the voltage divifler= R, = 1 ki again), so the output
voltage must swing to -6 volts in order to balatimiddle at ground potential (0 volts).
Using the same techniques as with the noninvedampglifier, we can analyze this circuit's
operation by determining current magnitudes anelctions, starting with R and continuing

on to determining the output voltage.

We can change the overall voltage gain of thisudgiyoverall, just by adjusting the values of
R: and R (changing the ratio of output voltage that is liedk to the inverting input). Gain
can be calculated by the following formula:

R,
Ar: —
Y Rl
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Note that this circuit's voltage gatanbe less than 1, depending solely on the ratio,dbR
R1. Also note that the output voltage is always tppasite polarity of the input voltage. A
positive input voltage results in a negative outmltage, and vice versa (with respect to
ground). For this reason, this circuit is referte@s arinverting amplifier Sometimes, the
gain formula contains a negative sign (before thi&Rraction) to reflect this reversal of
polarities.

These two amplifier circuits we've just investighterve the purpose of multiplying or
dividing the magnitude of the input voltage sigridiis is exactly how the mathematical
operations of multiplication and division are tygllg handled in analog computer circuitry.

« REVIEW:

« By connecting the inverting (-) input of an op-adigectly to the output, we get
negative feedback, which gives usatage followercircuit. By connecting that
negative feedback through a resistive voltage div{teeding back &raction of the
output voltage to the inverting input), the outpaltage becomesmaultiple of the
input voltage.

« A negative-feedback op-amp circuit with the inpghal going to the noninverting (+)
input is called anoninverting amplifier The output voltage will be the same polarity
as the input. Voltage gain is given by the follogviequation: A& = (R/Ry) + 1

« A negative-feedback op-amp circuit with the inpghal going to the "bottom" of the
resistive voltage divider, with the noninverting {mput grounded, is called an
inverting amplifier Its output voltage will be the opposite polawfythe input.
Voltage gain is given by the following equation; A Ry/R;

An analogy for divided feedback

A helpful analogy for understanding divided feedbampilifier circuits is that of a
mechanical lever, with relative motion of the lésends representing change in input and
output voltages, and the fulcrum (pivot point) esanting the location of the ground point,
real or virtual.

Take for example the following noninverting op-aoigcuit. We know from the prior section
that the voltage gain of a noninverting amplifieniguration can never be less than unity
(2). If we draw a lever diagram next to the amelischematic, with the distance between
fulcrum and lever ends representative of resisttwas, the motion of the lever will signify
changes in voltage at the input and output terreiohthe amplifier:
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vin ‘?D'llt = zﬁ?fﬂ]
R, R,
' A
B 1 kQ 1 kQ
ov ——a
Vf_ﬂlt

Physicists call this type of lever, with the infoitce (effort) applied between the fulcrum and
output (load), ahird-classlever. It is characterized by an output displacen(eotion) at

least as large than the input displacement -- en™gdi at least 1 -- and in the same direction.
Applying a positive input voltage to this op-ampcait is analogous to displacing the "input”
point on the lever upward:
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oV —s |

Vf_ﬂlt

Due to the displacement-amplifying characteristitthe lever, the "output” point will move
twice as far as the "input” point, and in the satinection. In the electronic circuit, the output
voltage will equal twice the input, with the sanapity. Applying a negative input voltage is
analogous to moving the lever downward from iteléxzero” position, resulting in an
amplified output displacement that is also negative

vin
\K th
w  n U
o Mo | Vou=20V
D A\ — -
th
1
1||“"Jin _T )
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If we alter the resistor ratioAR;, we change the gain of the op-amp circuit. In teeems,
this means moving the input point in relation te falcrum and lever end, which similarly
changes the displacement "gain" of the machine:

AY

R f——— R, —HH

R

vin ‘Imlt = 4(1,?“]
Rl Rl
AAA ' VAL
e 1 kQ 3 kQ
ov —»
th
L
V. -

Now, any input signal will become amplified by &tiar of four instead of by a factor of two:
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ov * 1
+ Vout
it r

V.

Inverting op-amp circuits may be modeled usingléver analogy as well. With the inverting
configuration, the ground point of the feedbackagé divider is the op-amp'’s inverting input
with the input to the left and the output to thghti This is mechanically equivalent tdirst-
classlever, where the input force (effort) is on thgoogite side of the fulcrum from the

output (load):

| R, | Ry —
3 Y
n vmlt
Rl Rl ‘T _ _["T ]
. VWA ' VAL out in
- 1 kQ 1 kQ
1 =
h A%

ont

L

With equal-value resistors (equal-lengths of lemeeach side of the fulcrum), the output
voltage (displacement) will be equal in magnitualéhie input voltage (displacement), but of

the opposite polarity (direction). A positive inpesults in a negative output:
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Changing the resistor ratiofR; changes the gain of the amplifier circuit, justhanging the
fulcrum position on the lever changes its mechaniisplacement "gain.” Consider the
following example, where HRs made twice as large as:R

{p v

R, R,
—A—— A Vour = 2(Vy)
L To H'kQ
1|IHIIIi n —
- v::rut

_

With the inverting amplifier configuration, thoughains of less than 1 are possible, just as
with first-class levers. Reversing Bnd R values is analogous to moving the fulcrum to its
complementary position on the lever: one-thirdhaf way from the output end. There, the
output displacement will be one-half the input thspment:
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Voltage-to-current signal conversion

In instrumentation circuitry, DC signals are oftesed as analog representations of physical
measurements such as temperature, pressure, feEmghtwand motion. Most commonipC
currentsignals are used in preferencdX@ voltagesignals, because current signals are
exactly equal in magnitude throughout the seriegitiloop carrying current from the source
(measuring device) to the load (indicator, recardercontroller), whereas voltage signals in a
parallel circuit may vary from one end to the ottlae to resistive wire losses. Furthermore,
current-sensing instruments typically have low iogogces (while voltage-sensing
instruments have high impedances), which givesatisensing instruments greater electrical
noise immunity.

In order to use current as an analog representatiarphysical quantity, we have to have
some way of generating a precise amount of cuwéhtn the signal circuit. But how do we
generate a precise current signal when we mighkmmtv the resistance of the loop? The
answer is to use an amplifier designed to holderurto a prescribed value, applying as much
or as little voltage as necessary to the load ititoumaintain that value. Such an amplifier
performs the function of eurrent sourceAn op-amp with negative feedback is a perfect
candidate for such a task:
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250 O 4 to 20 mA

= load
\ +
-
+ 4 to 20 mA

_|_
Vin ;le to 5 volt signal range

The input voltage to this circuit is assumed tabming from some type of physical
transducer/amplifier arrangement, calibrated talpoe 1 volt at O percent of physical
measurement, and 5 volts at 100 percent of physieasurement. The standard analog
current signal range is 4 mA to 20 mA, signifyirig @ 100% of measurement range,
respectively. At 5 volts input, the 2%D(precision) resistor will have 5 volts applied@ss it,
resulting in 20 mA of current in the large loopctiit (with Roaq). It does not matter what
resistance value§2qis, or how much wire resistance is present in ldrge loop, so long as
the op-amp has a high enough power supply vol@agetput the voltage necessary to get 20
mA flowing through Ra¢ The 2500 resistor establishes the relationship betweentinpu
voltage and output current, in this case creatiegetjuivalence of 1-5 V in / 4-20 mA out. If
we were converting the 1-5 volt input signal to0a5D mA output signal (an older, obsolete
instrumentation standard for industry), we'd ud®@Q precision resistor instead.

Another name for this circuit isansconductance amplifien electronics, transconductance

is the mathematical ratio of current change dividgdoltage changeM / A V), and it is
measured in the unit of Siemens, the same unit tesexipress conductance (the mathematical
reciprocal of resistance: current/voltage). In thisuit, the transconductance ratio is fixed by
the value of the 25Q resistor, giving a linear current-out/voltage-@éhationship.

« REVIEW:

- Inindustry, DC current signals are often usedrafgrence to DC voltage signals as
analog representations of physical quantities. €xifin a series circuit is absolutely
equal at all points in that circuit regardless aing resistance, whereas voltage in a
parallel-connected circuit may vary from end to éedause of wire resistance,
making current-signaling more accurate from thari$mitting” to the "receiving"
instrument.

« Voltage signals are relatively easy to produceadiydrom transducer devices,
whereas accurate current signals are not. Op-aarpbe used to "convert" a voltage
signal into a current signal quite easily. In ttmede, the op-amp will output whatever
voltage is necessary to maintain current throughstgnaling circuit at the proper
value.
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Averager and summer circuits

If we take three equal resistors and connect odeoérach to a common point, then apply
three input voltages (one to each of the resisties'ends), the voltage seen at the common
point will be the mathematicalverageof the three.

"Passive averager" circuit

R,

4 ViV, Vs
2 5+ B+

. Vo = " R 7 Ry

R S S

'JM:'# Rl * RE * R?

Vi — V, — V; — With equal value resistors:
L 1L 1 v-Yr%rv

3

This circuit is really nothing more than a pradtigpplication of Millman's Theorem:

V3

1

7
VWA
5
£
VAW
<

]

i

= +
vo= X
Vo — V5 = R4

ul

R, TR
1 1
R, TR

fmd

This circuit is commonly known aspassive averagebecause it generates an average
voltage with non-amplifying componentassivesimply means that it is an unamplified
circuit. The large equation to the right of the @ger circuit comes from Millman's Theorem,
which describes the voltage produced by multipléage sources connected together through
individual resistances. Since the three resistotke averager circuit are equal to each other,
we can simplify Millman's formula by writingsRR;, and R simply as R (one, equal
resistance instead of three individual resistances)
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If we take a passive averager and use it to corthes input voltages into an op-amp
amplifier circuit with a gain of 3, we can turnglaveragingfunction into araddition
function. The result is calledreoninverting summegircuit:

1 k€2 2k

_E\/VV‘ * VWA

With a voltage divider composed of a@ k1 kQ combination, the noninverting amplifier
circuit will have a voltage gain of 3. By takingetholtage from the passive averager, which is
the sum of VY, V,, and \4 divided by 3, and multiplying that average by & avrive at an
output voltage equal to tleimof Vi, Vo, and \4:

Vi+V,+V,

ot 3

th:VI-I-VE-I-V_.i

Much the same can be done with an inverting op-amplifier, using a passive averager as
part of the voltage divider feedback circuit. Tlesult is called amverting summecircuit:
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Now, with the right-hand sides of the three averggesistors connected to the virtual ground
point of the op-amp's inverting input, Millman'sédrem no longer directly applies as it did
before. The voltage at the virtual ground is novdlat O volts by the op-amp's negative
feedback, whereas before it was free to float ¢oatberage value ofyV,, and \4. However,
with all resistor values equal to each other, timeaents through each of the three resistors will
be proportional to their respective input voltaggisice those three currents vétid at the
virtual ground node, the algebraic sum of thoseerus through the feedback resistor will
produce a voltage atoM equal to \{ + V, + V3, except with reversed polarity. The reversal in
polarity is what makes this circuit amverting summer:

Vo =-(Vi+V,+V,)

Summer (adder) circuits are quite useful in analmgputer design, just as multiplier and
divider circuits would be. Again, it is the extreymbigh differential gain of the op-amp
which allows us to build these useful circuits wathare minimum of components.

- REVIEW:
- A summercircuit is one thasums or adds, multiple analog voltage signals together
There are two basic varieties of op-amp summeuitgcnoninverting and inverting.

Building a differential amplifier

An op-amp with no feedback is already a differdraraplifier, amplifying the voltage
difference between the two inputs. However, itsigainnot be controlled, and it is generally
too high to be of any practical use. So far, oyliaption of negative feedback to op-amps
has resulting in the practical loss of one of tipauts, the resulting amplifier only good for
amplifying a single voltage signal input. With #lé& ingenuity, however, we can construct an
op-amp circuit maintaining both voltage inputs, wéh a controlled gain set by external
resistors.
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Vi WA ' VWA
Y vﬂut
R R
vV, MW + AN

If all the resistor values are equal, this amplifi@l have a differential voltage gain of 1. The
analysis of this circuit is essentially the saméhas of an inverting amplifier, except that the
noninverting input (+) of the op-amp is at a vodagjual to a fraction of )/ rather than being
connected directly to ground. As would stand t@soea \4 functions as the noninverting
input and \{ functions as the inverting input of the final affipt circuit. Therefore:

vﬂut:vl_ Vl

If we wanted to provide a differential gain of amyig other than 1, we would have to adjust
the resistances imothupper and lower voltage dividers, necessitatingfipie resistor

changes and balancing between the two dividersyimmetrical operation. This is not always
practical, for obvious reasons.

Another limitation of this amplifier design is tfect that its input impedances are rather low
compared to that of some other op-amp configuratiorost notably the noninverting (single-
ended input) amplifier. Each input voltage souras to drive current through a resistance,
which constitutes far less impedance than the ingeg of an op-amp alone. The solution to
this problem, fortunately, is quite simple. All weed to do is "buffer" each input voltage
signal through a voltage follower like this:

vy + R R
VA ' VA
Y vout
- R R
AN ‘ AN
v, + 1

Now the W and \4 input lines are connected straight to the inpéitsvo voltage-follower op-
amps, giving very high impedance. The two op-ampthe left now handle the driving of

91



current through the resistors instead of lettirgitiput voltage sources (whatever they may
be) do it. The increased complexity to our cirgsiininimal for a substantial benefit.

The instrumentation amplifier

As suggested before, it is beneficial to be abledjoist the gain of the amplifier circuit
without having to change more than one resistaresas is necessary with the previous
design of differential amplifier. The so-callggtrumentatiorbuilds on the last version of
differential amplifier to give us that capability:

Vi + 3 R R
—/ A —WA
- R
1
Rgajn ._vout
2
R
) AW
vl 4 R

This intimidating circuit is constructed from a bared differential amplifier stage with three
new resistors linking the two buffer circuits toget. Consider all resistors to be of equal
value except for Rin. The negative feedback of the upper-left op-amyses the voltage at
point 1 (top of Rain) to be equal to V Likewise, the voltage at point 2 (bottom of:.f is

held to a value equal to,VThis establishes a voltage drop acrogs Bqual to the voltage
difference between Mand \4. That voltage drop causes a current througiy,FRnd since the
feedback loops of the two input op-amps draw noeruy that same amount of current
through Rain must be going through the two "R" resistors albawve below it. This produces a
voltage drop between points 3 and 4 equal to:

Via=(Vo,-V(l + 2R )
Rgain

The regular differential amplifier on the right-fthside of the circuit then takes this voltage
drop between points 3 and 4, and amplifies it lggia of 1 (assuming again that all "R"
resistors are of equal value). Though this lodks & cumbersome way to build a differential
amplifier, it has the distinct advantages of posisgsextremely high input impedances on the
V1 and \ inputs (because they connect straight into thenverting inputs of their

respective op-amps), and adjustable gain that eaebby a single resistor. Manipulating the
above formula a bit, we have a general expressioovierall voltage gain in the
instrumentation amplifier:

92



Aw,rr:(].‘l‘ RZR )

Fain

Though it may not be obvious by looking at the sahtc, we can change the differential gain
of the instrumentation amplifier simply by changthg value of one resistoryf. Yes, we
could still change the overall gain by changing\vhkies of some of the other resistors, but
this would necessitatealancedresistor value changes for the circuit to remgmnraetrical.
Please note that the lowest gain possible witlabwve circuit is obtained withgR,

completely open (infinite resistance), and thahgailue is 1.

« REVIEW:
« Aninstrumentation amplifieis a differential op-amp circuit providing highpint
impedances with ease of gain adjustment througkahation of a single resistor.

Differentiator and integrator circuits

By introducing electrical reactance into the feedaops of op-amp amplifier circuits, we
can cause the output to respond to changes imphe voltage ovetime Drawing their
names from their respective calculus functionsjntegrator produces a voltage output
proportional to the product (multiplication) of thut voltage and time; and the
differentiator(not to be confused witttifferential) produces a voltage output proportional to
the input voltage's rate of change.

Capacitance can be defined as the measure of aitajsaopposition to changes in voltage.
The greater the capacitance, the more the opposiapacitors oppose voltage change by
creating current in the circuit: that is, they eitlcharge or discharge in response to a change
in applied voltage. So, the more capacitance acti@pdnas, the greater its charge or
discharge current will be for any given rate oftage change across it. The equation for this
is quite simple:

Changing — oL
DC T
voltage T
o~ dv
1=C a

Thedv/dtfraction is a calculus expression representingahe of voltage change over time.

If the DC supply in the above circuit were steadhigreased from a voltage of 15 volts to a
voltage of 16 volts over a time span of 1 hour,dheent through the capacitor would most
likely beverysmall, because of the very low rate of voltagenglea(dv/dt = 1 volt / 3600
seconds). However, if we steadily increased thesDygply from 15 volts to 16 volts over a
shorter time span of 1 second, the rate of volthgege would be much higher, and thus the
charging current would be much higher (3600 timghér, to be exact). Same amount of
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change in voltage, but vastly differeatesof change, resulting in vastly different amourits o
current in the circuit.

To put some definite numbers to this formula, € ttoltage across a 47 pF capacitor was
changing at a linear rate of 3 volts per secorelctirrent "through" the capacitor would be
(47 puF)(3 VIs) = 141 pA.

We can build an op-amp circuit which measures caamgoltage by measuring current
through a capacitor, and outputs a voltage progaatito that current:

Differentiator
(|j| ov E
Vin ] * M
ov
— -V::rut
ov

The right-hand side of the capacitor is held tokage of 0 volts, due to the "virtual ground"
effect. Therefore, current "through” the capaasosolely due tehangein the input voltage.
A steady input voltage won't cause a current thind@Dgbut achanginginput voltage will.

Capacitor current moves through the feedback msigtoducing a drop across it, which is
the same as the output voltage. A linear, positite of input voltage change will result in a
steady negative voltage at the output of the op-&opversely, a linear, negative rate of
input voltage change will result in a steady pwesitioltage at the output of the op-amp. This
polarity inversion from input to output is due betfact that the input signal is being sent
(essentially) to the inverting input of the op-arep,it acts like the inverting amplifier
mentioned previously. The faster the rate of vatalgange at the input (either positive or
negative), the greater the voltage at the output.

The formula for determining voltage output for thiferentiator is as follows:

dv.

Vour =-RC dl;"

Applications for this, besides representing thevddive calculus function inside of an analog
computer, include rate-of-change indicators forcpss instrumentation. One such rate-of-
change signal application might be for monitoringdontrolling) the rate of temperature
change in a furnace, where too high or too low t&@maperature rise rate could be detrimental.
The DC voltage produced by the differentiator dircould be used to drive a comparator,
which would signal an alarm or activate a contr¢hé rate of change exceeded a pre-set
level.
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In process control, the derivative function is usedake control decisions for maintaining a
process at setpoint, by monitoring the rate of @ssachange over time and taking action to
prevent excessive rates of change, which can tead tinstable condition. Analog electronic
controllers use variations of this circuitry to foem the derivative function.

On the other hand, there are applications whereege precisely the opposite function,
calledintegrationin calculus. Here, the op-amp circuit would geteeen output voltage
proportional to the magnitude and duration thaih@ut voltage signal has deviated from O
volts. Stated differently, a constant input sigmaluld generate a certaiate of changen the
output voltage: differentiation in reverse. To et all we have to do is swap the capacitor
and resistor in the previous circuit:

Integrator
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As before, the negative feedback of the op-ampresdhat the inverting input will be held at
0 volts (the virtual ground). If the input voltageexactly 0 volts, there will be no current
through the resistor, therefore no charging ofcdugacitor, and therefore the output voltage
will not change. We cannot guarantee what voltatdjebe at the output with respect to
ground in this condition, but we can say that thigpot voltagewill be constant

However, if we apply a constant, positive voltagéhe input, the op-amp output will fall
negative at a linear rate, in an attempt to prodheechanging voltage across the capacitor
necessary to maintain the current establisheddyattage difference across the resistor.
Conversely, a constant, negative voltage at thetirgsults in a linear, rising (positive)
voltage at the output. The output voltage ratekarge will be proportional to the value of
the input voltage.

The formula for determining voltage output for theegrator is as follows:
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Where,
c = Output voltage at start time (t=0)

One application for this device would be to keepuaning total" of radiation exposure, or
dosage, if the input voltage was a proportionahaigupplied by an electronic radiation
detector. Nuclear radiation can be just as damaafitgw intensities for long periods of time
as it is at high intensities for short periodsiofd. An integrator circuit would take both the
intensity (input voltage magnitude) and time intoc@unt, generating an output voltage
representing total radiation dosage.

Another application would be to integrate a sigegresenting water flow, producing a signal
representing total quantity of water that has pssethe flowmeter. This application of an
integrator is sometimes calledaalizerin the industrial instrumentation trade.

« REVIEW:

- A differentiatorcircuit produces a constant output voltage faeadily changing
input voltage.

- Anintegratorcircuit produces a steadily changing output vatéay a constant input
voltage.

- Both types of devices are easily constructed, usagtive components (usually
capacitors rather than inductors) in the feedbackgf the circuit.

Positive feedback

As we've seen, negative feedback is an incredibdyull principle when applied to operational
amplifiers. It is what allows us to create all tagsactical circuits, being able to precisely set
gains, rates, and other significant parameters jwgha few changes of resistor values.
Negative feedback makes all these circuits staidesalf-correcting.

The basic principle of negative feedback is thatdbtput tends to drive in a direction that
creates a condition of equilibrium (balance). Inogramp circuit with no feedback, there is
no corrective mechanism, and the output voltagkesaturate with the tiniest amount of
differential voltage applied between the inputse Tlsult is a comparator:

With negative feedback (the output voltage "fedkdaomehow to the inverting input), the

circuit tends to prevent itself from driving thetput to full saturation. Rather, the output
voltage drives only as high or as low as needdzhtance the two inputs' voltages:
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Negative feedback

Whether the output is directly fed back to the niwvg (-) input or coupled through a set of
components, the effect is the same: the extremglydifferential voltage gain of the op-amp
will be "tamed" and the circuit will respond accmglto the dictates of the feedback "loop”
connecting output to inverting input.

Another type of feedback, nameigsitive feedbaglalso finds application in op-amp circuits.
Unlike negative feedback, where the output voliadéed back" to the inverting (-) input,
with positive feedback the output voltage is somehauted back to the noninverting (+)
input. In its simplest form, we could connect aigfint piece of wire from output to
noninverting input and see what happens:

Positive feedback

The inverting input remains disconnected from #edback loop, and is free to receive an
external voltage. Let's see what happens if wergtdhe inverting input:

ov -

With the inverting input grounded (maintained atozeolts), the output voltage will be
dictated by the magnitude and polarity of the \g@tat the noninverting input. If that voltage
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happens to be positive, the op-amp will drive oot positive as well, feeding that positive
voltage back to the noninverting input, which weébult in full positive output saturation. On
the other hand, if the voltage on the noninvertimmut happens to start out negative, the op-
amp's output will drive in the negative directiémeding back to the noninverting input and
resulting in full negative saturation.

What we have here is a circuit whose outplissable stable in one of two states (saturated
positive or saturated negative). Once it has rehone of those saturated states, it will tend to
remain in that state, unchanging. What is necedsaygt it to switch states is a voltage
placed upon the inverting (-) input of the sameapbl, but of a slightly greater magnitude.

For example, if our circuit is saturated at an atiypltage of +12 volts, it will take an input
voltage at the inverting input of at least +12 sdti get the output to change. When it
changes, it will saturate fully negative.

So, an op-amp with positive feedback tends to istayhatever output state it's already in. It
"latches" between one of two states, saturatedipesir saturated negative. Technically, this
is known ashysteresis

Hysteresis can be a useful property for a compacatcuit to have. As we've seen before,
comparators can be used to produce a square waweafty sort of ramping waveform (sine
wave, triangle wave, sawtooth wave, etc.) inputhdf incoming AC waveform is noise-free
(that is, a "pure" waveform), a simple comparatdrwork just fine.
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AC input
voltage

A "clean" AC input wavefarm praduces predictable
fransition paints an the autput valtage square wave

However, if there exist any anomalies in the wakmafeuch as harmonics or "spikes" which

cause the voltage to rise and fall significantlyhivi the timespan of a single cycle, a
comparator's output might switch states unexpegted|
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Any time there is a transition through the refeeenoltage level, no matter how tiny that

transition may be, the output of the comparatol swilitch states, producing a square wave
with "glitches."

If we add a little positive feedback to the comparaircuit, we will introduce hysteresis into
the output. This hysteresis will cause the outpuetnain in its current state unless the AC
input voltage undergoesnaajor change in magnitude.

+V
J.

Positive feedback
resistor

What this feedback resistor creates is a dualeafar for the comparator circuit. The voltage
applied to the noninverting (+) input as a refeeemtiich to compare with the incoming AC
voltage changes depending on the value of the gpsamutput voltage. When the op-amp
output is saturated positive, the reference volaghe noninverting input will be more
positive than before. Conversely, when the op-antpud is saturated negative, the reference

voltage at the noninverting input will be more n@gathan before. The result is easier to
understand on a graph:
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When the op-amp output is saturated positive, gpeureference voltage is in effect, and the
output won't drop to a negative saturation levééssmthe AC input risesbovethat upper
reference level. Conversely, when the op-amp ouspséturated negative, the lower
reference voltage is in effect, and the output tmase to a positive saturation level unless the
AC input dropsbelowthat lower reference level. The result is a cleguare-wave output
again, despite significant amounts of distortiothi@a AC input signal. In order for a "glitch”

to cause the comparator to switch from one statmther, it would have to be at least as big
(tall) as the difference between the upper and toeference voltage levels, and at the right
point in time to cross both those levels.

Another application of positive feedback in op-aomgpuits is in the construction of oscillator
circuits. Anoscillator is a device that produces an alternating (ACatdeast pulsing, output
voltage. Technically, it is known as astabledevice: having no stable output state (no
equilibrium whatsoever). Oscillators are very usdkvices, and they are easily made with
just an op-amp and a few external components.
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Oscillator circuit using paositive feedback
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When the output is saturated positive, thg Will be positive, and the capacitor will charge
up in a positive direction. When.,, exceeds Y by the tiniest margin, the output will
saturate negative, and the capacitor will chargberopposite direction (polarity). Oscillation
occurs because the positive feedback is instantsnead the negative feedback is delayed
(by means of an RC time constant). The frequendkisfoscillator may be adjusted by
varying the size of any component.

- REVIEW:

+ Negative feedback creates a conditiore@dilibrium (balance). Positive feedback
creates a condition difysteresigthe tendency to "latch” in one of two extremdesa

« An oscillatoris a device producing an alternating or pulsingpouvoltage.
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