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Glossary

Active Region—Theregion in the characteristic curve of an analog device in which the signal isampli-
fied linearly.

Amplification—The process of increasing the size of asignal. Also called gain.

Analog signal—A signal, usually electrical, that can have any amplitude (voltage or current) value and
exists at any point in time.

Anode—The element of an analog device that accepts electrons.

Base—The middle layer of a bipolar transistor, often the input.

Biasing—The addition of a dc voltage or current to a signal at the input of an analog device, which
changes the signal’ s position on the characteristic curve.

Bipolar Transistor—An analog device made by sandwiching alayer of doped semiconductor between
two layers of the opposite type: PNP or NPN.

Buffer—An analog stage that prevents loading of one analog stage by another.

Cascade—Placing one analog stage after another to combine their effects on the signal.

Cathode—The element of an analog device that emits electrons.

Characteristic Curve—A plot of the relative responses of two or three anal og-device parameters, usu-
ally output with respect to input.

Clamping—A nonlinearity in amplification where the signal can be made no larger.

Collector—One of the outer layers of a bipolar transistor, often the output.

Compensation—The process of counteracting the effects of signalsthat areinadvertently fed back from
the output to the input of an analog system. The process increases stability and prevents oscillation.

Cutoff Region—Theregion in the characteristic curve of an analog device in which thereis no current
through the device. Also called the OFF region.

Diode—A two-element vacuum tube or semiconductor with only a cathode and an anode (or plate).

Drain—The connection at one end of a field-effect-transistor channel, often the output.

Electron—A subatomic particle that has a negative charge and is the basis of electrical current.

Emitter—One of the outer layers of a bipolar transistor, often the reference.

Field-Effect Transistor (FET)—An analog device with a semiconductor channel whose width can be
modified by an electric field. Also called a unipolar transistor.
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Gain—see Amplification.

Gain-Bandwidth Product—Theinterrel ationship between amplification and frequency that definesthe
limits of the ability of adeviceto act asalinear amplifier. In many amplifiers, gain times bandwidth
IS approximately constant.

Gate—The connection at the control point of afield-effect transistor, often the input.

Grid—The vacuum-tube element that controlsthe el ectron flow from cathode to plate. Additional grids
in some tubes perform other control functions to improve performance.

Hole—A positively charged “particle’ that results when an electron is removed from an atom in a
semiconductor crystal structure.

Integrated Circuit (I C)—A semiconductor device in which many components, such as diodes, bipolar
transistors, field-effect transistors, resistors and capacitors are fabricated to make an entire circuit.

Junction FET (JFET)—A field-effect transistor that formsits electric field across a PN junction.

Linearity—The property found in nature and most anal og el ectrical circuitsthat governsthe processing
and combination of signals by treating all signal levels the same way.

Load Line—A line drawn through afamily of characteristic curves that shows the operating points of
an analog device for a given output load impedance.

Loading—The condition that occurs when a cascaded analog stage modifies the operation of the pre-
vious stage.

M etal-Oxide Semiconductor (MOSFET)—A field-effect transistor that formsitselectric field through
an insulating oxide layer.

N-Type I mpurity—A doping atom with an excess of electrons that is added to semiconductor material
to give it a net negative charge.

Noise—Any unwanted signal.

Noise Figure (NF)—A measure of the noise added to a signal by an analog processing stage.

Operational Amplifier (opamp)—Anintegrated circuit that containsasymmetrical circuit of transistors
and resistors with highly improved characteristics over other forms of analog amplifiers.

Oscillator—An unstable analog system, which causes the output signal to vary spontaneously.

P-Typel mpurity—A doping atom with an excessof holesthat isadded to semiconductor material togive
it a net positive charge.

Peak I nverse Voltage (Pl V)—The highest voltage that can be tolerated by areverse biased PN junction
before current is conducted.

Pentode—A five-element vacuum tube with a cathode, a control grid, a screen grid, a suppressor grid,
and a plate.

Plate—See anode, usually used with vacuum tubes.

PN Junction—The region that occurs when P-type semiconductor material is placed in contact with
N-type semiconductor material.

Saturation Region—Theregioninthecharacteristic curve of an analog deviceinwhichtheoutput signal
can be made no larger. See Clamping.

Semiconductor—An elemental material whose current conductance can be controlled.

Signal-To-Noise Ratio (SNR)—The ratio of the strength of the desired signal to that of the unwanted
signal (noise).

Slew Rate—The maximum rate at which asignal may change levelsand still be accurately amplifiedin
a particular device.

Source—The connection at one end of the channel of afield-effect transistor, often the reference.

Superposition—The natural process of adding two or more signals together and having each signal
retain its unique identity.
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Tetrode—A four-element vacuum tube with a cathode, a control grid, a screen grid, and a plate.
Triode—A three-element vacuum tube with a cathode, a grid, and a plate.
Unipolar Transistor—see Field-Effect Transistor (FET).

Zener Diode—A PN-junction diodewithacontrolled peak inversevoltagesothat it will start conducting
current at a preset reverse voltage.

Introduction

Thischapter, written by Greg Lapin, N9GL, treatsanal og signal processing intwo major parts. Analog
signals behave in certain well defined ways regardless of the specific hardware used to implement the
processing. Signal processing involves various electronic stages to perform functions such as amplify-
ing, filtering, modulation and demodulation. A piece of electronic equipment, such asaradio, cascades
a number of these circuits. How these stages interact with each other and how they affect the signal
individually and in tandem is the subject of the first part of this chapter.

Implementing analog signal processing functions involves several types of active components. An
active electronic component is one that requires a power source to function, and is distinguished in this
way from passive components (such asresistors, capacitors and inductors) that are described inthe DC
Theory and Resistive Components chapter and the AC Theory and Reactive Components chapter.
Thesecond part of thischapter describesthevarioustechnol ogiesthat implement activedevices. Vacuum
tubes, bipolar semiconductors, fiel d-effect semiconductorsand integrated semiconductor circuitry com-
prise awide spectrum of active devices used in analog signal processing. Several different devices can
perform the same function. The second part of the chapter describes the physical basis of each device.
Understanding the specific characteristics of each device allows you to make educated decisions about
which device would be best for a particular purpose when designing analog circuitry, or understanding
why an existing circuit was designed in a particular way.
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Analog Signal Processing

LINEARITY

The term, analog signal, refers to the continuously variable voltage of which all radio and audio
signals are made. Some signals are man-made and others occur naturally. In nature, analog signals
behave according to laws that make radio communication possible. These same laws can be put to use
in electronic instruments to allow us to manipulate signals in a variety of ways.

Thepremier propertiesof signalsin nature are super position and scaling. Superpositionisthe property
by which signals combine. If two signals are placed together, whether in acircuit, in apiece of wire, or
eveninair, they become one combined signal that isthe sum of theindividual signals. Thisisto say that
at any one point in time, the voltage of the combined signal isthe sum of the voltages of the two original
signals at the same time. In alinear system any number of signals will add in this way to give asingle

combined signal.

One of the more important features of superposition, for the purposes of signal processing, is that
signals that have been combined can be separated into their original components. Thisis what allows
signals that have been contaminated with noise to be separated from the noise, for example.

Amplification and attenuation scale signals to be larger and smaller, respectively. The operation of
scaling isthe same as multiplying the signal at each point in time by a constant value; if the constant is
greater than one then the signal is amplified, if less than one then the signal is attenuated.

0t Vo=6-Vp
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Vo Upper Clipping Level

Linear Portion

Slope = Gain (G)

Lower Clipping Level
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Fig 8.1 — Generic amplifier. (A)
Symbol. For the linear amplifier,
gain is the constant value, G, and
the output voltage is equal to the
input voltage times G; (B) Trans-
fer function, input voltage along
the x-axis is converted to the
output voltage along the y-axis.
The linear portion of the re-
sponse is where the plot is
diagonal; its slope is equal to the
gain, G. Above and below this
range are the clipping limits,
where the response is not linear
and the output signal is clipped.
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Linear Operations

Any operation that modifiesasignal and obeysthe rules of super-
position and scaling is a linear operation. The most basic linear
operationoccursinanamplifier, acircuit that increasestheamplitude
of asignal. Schematically, ageneric amplifier issignified by atrian-
gular symboal, itsinput along the left face and its output at the point
ontheright (seeFig 8.1). Thelinear amplifier multipliesevery value
of asignal by a constant value. Amplifier gain is often expressed as
amultiplication factor (x 5, for example).

.V,
Gain :V? (1)
where V,, is the output voltage from an amplifier when an input
voltage, Vi, is applied.

Ideal linear amplifiers have the same gain for all parts of a
signal. Thus, again of 10 changes10V to 100V, 1V to10V and
-1V to-10V. Amplifiersarelimited by their dynamic range and
frequency response, however. An amplifier can only produce
output levels that are within the range of its power supply. The
power-supply voltagesarealso called therailsof anamplifier. As
the amplified output approaches one of the rails, the output will
not go beyond a given voltage that is near the rail. The output is
limited at the clipping level of an amplifier. When an amplifier
tries to amplify a signal to be larger than this value, the output
remains at this level; thisis called output clipping. Clipping isa
nonlinear effect; an amplifier is considered linear only between
its clipping levels. See Fig 8.1.



Another limitation of an amplifier isitsfrequency response. Signalswithin arange of frequenciesare
amplified consistently but outside that range the amplification changes. At higher frequencies an am-
plifier acts as alow-passfilter, decreasing amplification with increasing frequency. For lower frequen-
cies, amplifiers are of two kinds: dc and ac coupled. A dc coupled amplifier equally amplifies signals
with frequenciesdowntodc. Anac coupled amplifier actsasahigh-passfilter, decreasing amplification
as the frequency decreases toward dc.

The combination of gain and frequency limitations is often expressed as a gain-bandwidth product.
At high gainsmany amplifierswork properly only over asmall range of frequencies. In many amplifiers,
gaintimesbandwidth isapproximately constant. Asgainincreases, bandwidth decreases, and viceversa.
Another similar descriptor is called slew rate. Thisterm describes the maximum rate at which a signal
can change levels and still be accurately amplified in a particular device. There is adirect correlation
between the signal-level rate of change and the frequency content of that signal.

Feedback and Oscillation

The stability of an amplifier referstoitsability to provide gain to asignal without tending to oscillate. For
example, an amplifier just on the verge of oscillating is not generally considered to be “ stable.” If the output
of anamplifier isfed back to theinput, the feedback can affect the amplifier stability. If the amplified output
isadded to the input, the output of the sum will belarger. Thislarger output, in turn, isalso fed back. Asthis
process continues, theamplifier output will continueto riseuntil theamplifier cannot go any higher (clamps).
Such positive feedback increases the amplifier gain, and is called regeneration.

Most practical amplifiers have intrinsic feedback that is unavoidable. To improve the stability of an
amplifier, negative feedback can be added to counteract any unwanted positive feedback. Negative
feedback is often combined with a phase-shift compensation network to improve the amplifier stability.

Thedesign of feedback networks depends on the desired result. For amplifiers, which should not oscill ate,
the feedback network is customized to give the desired frequency response without loss of stability. For
oscillators, the feedback network is designed to create a steady oscillation at the desired frequency.

Filtering

A filter is a common linear stage in radio equipment. Filters are characterized by their ability to
selectively attenuate certain frequencies (stop band) while passing or amplifying others (pass band).
PassivefiltersaredescribedintheFilter sand Projectschapter. Filterscan al so bedesigned using active
devices. All practical amplifiers are low-pass filters or band-pass filters, because the gain decreases as
the frequency increases beyond their gain-bandwidth products.

Summing Amplifiers

In alinear system, nature does most of the work for uswhen it Vi
comes to adding signals; placing two signals together naturally
causes them to add. When processing signals, we would like to
control the summing operation so the signalsdo not distort. If two Vs
signals come from separate stages and they are connected, the
stages may interact, causing both stages to distort their signals. _ _ .
Summing amplifiers generally use aresistor in series with each E'hge865@“3321'2;”69@2532'8{6 the
stage, sotheresistorsconnect tothecommoninput of thefollowing  sum of the input voltages times
stage. Fig 8.2 illustrates the resistors connecting to a summing the amplifier gain, G. As long as
amplifier. Ideally, any time we wanted to combine signals (for ~ the resistance values, R, are
exampl_e, com_bining an audi(_) signal with _aPL toneina2mFM ﬁﬂgghgggeﬂi‘f rirl?frlmlfrl]?;r:g?,utthe
transmitter prior to modulating the RF signal) we could use @  actual value of R does not affect
summing amplifier. the output signal.

A
Vo = G(V1+Vp+V3)
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Buffering

It is often necessary to isolate the stages of an analog circuit. This isolation reduces the loading,
coupling and feedback between stages. An intervening stage, called a buffer, is often used for this
purpose. A buffer is a linear circuit that is a type of amplifier. It is often necessary to change the
characteristic impedance of acircuit between stages. Buffers can have high values of amplification but
thisisunusual. A buffer performsimpedance transformations most efficiently whenit hasalow or unity
gain. Fig 8.3 shows common forms of bufferswith low-impedance outputs: the cathode follower using
a triode tube, the emitter follower using a bipolar transistor, the source follower using a field-effect
transistor and the voltage follower, using an operational amplifier.

In some circuits, notably power amplifiers, the desired goal is to deliver a maximum amount of
power to the output device (such as a speaker or an antenna). Matching the amplifier output impedance
to the output-device impedance provides maximum power transfer. A buffer amplifier may be just
the circuit for this type of application. Such amplifier circuits must be carefully designed to avoid
distortion.

Amplitude Modulation/Demodulation

Voice signals are transmitted over the air by amplitude modul ating them on higher frequency carrier
signals (seethe Mixer schapter). The process of amplitude modulation can be mathematically described
asthemultiplication (product) of thevoicesignal andthecarrier signal. Multiplicationisalinear process
since amplitude modulating the sum of two audio signals produces a signal that isidentical to the sum
of amplitude modulating each audio signal individually. When two equal-strength SSB signals are
transmitted on the samefrequency, the observer hears both of the voices simultaneously. Another aspect
of thelinear behavior of amplitude modulationisthat amplitude-modul ated signal s can be demodul ated
to be exactly in their original form. Amplitude demodulation is the converse of amplitude modulation,
and is represented as a division operation.

In the linear model of amplitude modulation, the signal to be modulated (such as the audio signal in

B + VCC VDD
V. v, ) ,_[) Ve
1 1
" Q | Y
Vo Vo +— Vo
RL RL % RL

CATHODE EMITTER SOURCE VOLTAGE
FOLLOWER FOLLOWER FOLLOWER FOLLOWER
Zp ~1MQ Zp = R X hee ~100kQ 121=10 MQ Z; > 10 MO

1

Zg ~ < %2000 Zg ~ = ~ 100 Q for JFET Z9 <10
m Zo~50 9M <1 for Power MOSFET
(A) ®) © ()

Fig 8.3 — Common buffer stages and some typical input (Z;) and output (Zo) impedances. (A) Cath-
ode follower, made with triode tube; (B) Emitter follower, made with NPN bipolar transistor; (C)
Source follower, made with FET; and (D) Voltage follower, made with operational amplifier. All of
these buffers are terminated with a load resistance, R., and have an output voltage that is approxi-
mately equal to the input voltage (gain = 1).
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an AM transmitter) is shifted in frequency by multiplying it with the carrier. The modulated waveform
isconsidered to be alinear function of the signal. The carrier is considered to be part of atime-varying
linear system and not a second signal.

A curioustrait of amplitude modulation isthat it can be performed nonlinearly. Each nonlinear form
of amplitude modulation generates the desired linear product term in addition to other unwanted terms
that must be removed. Accurate analog multipliersand dividersare difficult and expensiveto fabricate.
Two common nonlinear amplitude modul ating schemes are much simpler to implement but have disad-
vantages as well.

Power-law modulators generate many frequencies in addition to the desired ones. These unwanted
frequencies, often called intermodulation products, steal energy from the desired first order product.
The unwanted signals must befiltered out. Theinefficiency of thisprocess makesthistype of modulator
good only for low-level modulation, with additional amplification required for the modulated signal. A
square-law modulator can beimplemented with asingle FET, biased initssaturation region, asthe only
active component.

Switching modulators are more efficient and provide high-level modulation. A single active device
acts as a switch to turn the signal on and off at the carrier frequency. Both the signal and the carrier
must be amplified to relatively high levels prior to this form of modulation. The modulated carrier
must befiltered by atank circuit to remove unwanted frequency components generated by the switch-
ing artifacts.

Nonlinear demodulation of an amplitude-modulated signal can be realized with a single diode. The
dioderectifiesthesignal (anonlinear process) and then the nonlinear products arefiltered out beforethe
desired signal is recovered.

NONLINEAR OPERATORS

All signal processing doesn’t haveto belinear. Any timethat wetreat varioussignal levelsdifferently,
the operationiscalled nonlinear. Thisisnot to say that all signals must be treated the same for acircuit
to be linear. High frequency signals are attenuated in alow-pass filter while low frequency signals are
not, yet the filter can be linear. The distinction is that all voltages of the high-frequency signal are
attenuated by the same amount, thus satisfying one of the linearity conditions. What if we do not want
to treat all voltage levels the same way? This is commonly desired in analog signal processing for
clipping, rectification, compression, modulation and switching.

Clipping and Rectification

Clipping is the process of limiting the range of signal voltages passing through a circuit (in other
words, clipping thosevoltagesoutside the desired range of f of thesignals). Thereareanumber of reasons
why we would like to do this. Clipping generally refers to the process of limiting the positive and
negative peaks of asignal. We might use thistechnique to avoid overdriving an amplifier, for example.
Another type of clipping results in rectification. The rectifier clips off all voltages of one polarity
(positive or negative) and allows only the other polarity through, thus changing ac to pulsating dc (see
the Power Suppliesand Projects chapter). Another use of clipping iswhen only one signal polarity is
allowed to drive an amplifier input; a clipping stage precedes the amplifier to ensure this.

Logarithmic Amplification

Itissometimesdesirabletoamplify asignal logarithmically, which meansamplifyinglow levelsmore
than high levels. This type of amplification is often called signal compression. Speech compression is
sometimes used in audio amplifiers that feed modulators. The voice signal is compressed into a small
range of amplitudes, allowing more voice energy to be transmitted without overmodulation (see the
Modulation Sour ces chapter).
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ANALOG BUILDING BLOCKS

Many types of electronic equipment are developed by combining basic analog signal processing
circuits or “building blocks.” This section describes several of these building blocks and how they are
combined to perform complex functions. Although not all basic el ectronic functions are discussed here,
the characteristics of combining them can be applied generally.

An analog building block can contain any number of discrete components. Since our main
concern is the effect that circuitry has on a signal, we often describe the building block by its
actions rather than its specific components. For this reason, an analog building block is often
referred to as a two-port network or a black box. Two basic properties of analog networks are of
principal concern: the effect that the network has on an analog signal and the interaction that the
network has with the circuitry surrounding it. The two network ports are the input and output
connections. The signal is fed into the input port, is modified inside the network and then exits
from the output port.

An analog network modifies a signal in a specific way that can be described mathematically. The
output is related to the input by a transfer function. The math-
ematical operation that combinesasignal with atransfer function
ispictured symbolically in Fig 8.4. The output signal, w(t), hasa
value that changes with time. The output signal is created by the
action of an analog transfer function, h(t), ontheinput signal, g(t).

Whileitisnot necessary to understand transfer functionsmath-  Fig 8.4 — Linear function block.
ematically to work with analog circuits, it isuseful torealizethat ~ The output signal, w(t) is pro-
they describe how asignal interacts with other signalsin an elec- duced by the action of the

) . transfer function, h(t) on the
tronic system. In general, the output signal of an analog system  input signal s(t).
depends not only on theinput signal at the same time, but also on
past valuesof theinput signal. Thisisavery important concept and isthe basisof such essential functions
as analog filtering.

s(t) ——»f h(t) —> w(t)

Cascading Stages

If an analog circuit can be described with atransfer function, acombination of analog circuitscan also
be described similarly. Thisdescription of the combined circuits depends upon the rel ationship between
thetransfer functionsof the partsand that of thecombined circuits. In many casesthisrelationship allows
us to predict the behavior of large and complex circuits from what we know about the parts that make
them up. Thisaids in the design and analysis of analog circuits.

When two analog circuits are cascaded (the output signal of one stage becomesthe input signal to the
next stage) their transfer functions are combined. The mechanism of the combination depends on the
interaction between the stages. The ideal case is when there is no interaction between stages. In other
words, the action of the first stage is unchanged, regardless of whether or not the second stage follows
it. Just as the signal entering the first stage is modified by the action of the first transfer function, the
ideal cascading of analog circuits resultsin changes produced only by the individual transfer functions.
For any number of stages that are cascaded, the combination of their transfer functions resultsin a new
transfer function. The signal that enters the circuit is changed by the composite transfer function, to
produce the signal that exits the cascaded circuits.

Cascaded Buffers

Buffer stages that are made with single active devices can be more effective if cascaded. Two
types of such buffers are in common use. The Darlington pair is a cascade of two common-
collector transistors as shown in Fig 8.5. (The various amplifier configurations will be described
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later in this chapter.) The
input impedance of the
Darlington pair isequal tothe
load impedance times the
current gain, hee. The current
gain of the Darlington pair is
the product of the current
gains for the two transistors.

Z1=Zioap X hrer x heex - (2)

For example, if atypical bi-
polar transistor has hrg = 100
and a circuit has a Z pap =
15 kQ, a pair of these transis-

Vee

Out

Fig 8.5 — Darlington pair made
with two emitter followers. Input
impedance, Z,, is far higher than
for a single transistor and
output impedance, Zo, is nearly
the same as for a single transis-
tor. DC biasing has been

Out

Fig 8.6 — Cascode pair made
with two NPN bipolar transistors
has a medium input impedance
and high output impedance. DC
biasing has been omitted for
simplicity.

i : : itted for simplicity.
torsinthe Darlington-pair con- omitted tor simplicity

figuration would have:

Z, = 15kQ x 100 x 100 = 150 MQ.

The shunt capacitance at the input of real transistors can lower the actual impedance as the frequency
increases.

A common-emitter amplifier followed by a common-base amplifier is called a cascode buffer (see
Fig 8.6). Cascodesare also madewith FETs by following acommon-source amplifier by acommon-gate
configuration. Theinput impedance and current gain of the cascode are approximately the same asthose
of the first stage. The output impedance is much higher than that of a single stage. Cascode amplifiers
have excellent input/output isolation (very low unwanted feedback) and this can provide high gain with
good stability. An example of a cascode buffer made with bipolar transistors has moderate input imped-
ance, Z; = 1kQ, high current gain, hgg = 50 and high output impedance, Zo =1 MQ. Thereisvery little
reverseinternal feedback in the cascode design, making it very stable, and the amplifier design haslittle
effect on external tuning components. Cascodecircuitsareoftenusedintuned amplifier designsfor these
reasons.

Interstage Loading and Impedance Matching

If thetransfer function of astage changeswhenitiscascaded with another stage, we say that the second
stage has |loaded the first stage. This often occurs when an appreciable amount of current passes from
one stage to the next.

Every two-port network can be further defined by its input and output impedance. The input imped-
anceisthe opposition to current, asafunction of frequency, that is seen when looking into the input port
of the network. Likewise, the output impedance is similarly defined when looking back into a network
through its output port. Interstage loading is related to the relative output impedance of a stage and the
input impedance of the stage that is cascaded after it.

In some applications the goal is to transfer a maximum amount of power. In an RF amplifier, the
impedanceat theinput of thetransmission linefeeding an antennaistransformed by means of amatching
network to produce the resistance the amplifier needs in order to efficiently produce RF power.

In contrast, it isthe goal of most analog signal processing circuitry to modify asignal rather than to
deliver large amounts of energy. Thus, an impedance-matched condition may not be what is desired.
Instead, current between stages can be minimized by having mismatched impedances. Ideally, if the
output impedance of a network approaches zero ohms and the input impedance of the following stage
isvery high, very little current will pass between the stages, and interstage loading will be negligible.
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Noise

Generally we are only interested in specific man-made signals. Nature allows many signals to com-
bine, however, so the desired signal becomes combined with many other unwanted signals, both man-
made and naturally occurring. The broadest definition of noiseisany signal that is not the onein which
we are interested. One of the goals of signal processing is to separate desired signals from noise.

Oneform of noisethat occursnaturally and must be dealt withinlow-level processing circuitsiscalled
thermal noise, or Johnson noise. Thermal noise is produced by random motion of free electrons in
conductors and semiconductors. This motion increases as temperature increases, hence the name. This
kind of noiseispresent at all frequencies and is proportional to temperature. Naturally occurring noise
can bereduced either by decreasi ng the bandwidth or by reducing thetemperaturein the system. Thermal
noise voltage and current vary with the circuit impedance, according to Ohm’s Law. L ow-noise-ampli-
fier-design techniques are based on these relationships (see the Amplifier s chapter).

Analog signal processing stagesare characterizedin part by thenoisethey addtoasignal. A distinction
ismade between enhancing existing noise (such asamplifying it) and adding new noise. The noise added
by anal og signal processing iscommonly quantified by the noise factor, f. Noisefactor istheratio of the
total output noise power (thermal noise plus noise added by the stage) to the input noise power when the
termination is at the standard temperature of 290 K (17°C). When the noise factor is expressed in dB,
we often call it noise figure, NF. NF is calculated as:

Pvo
NF=10 |Og m (3)
where:

Pn o = total noise output power,

A = amplification gain, and

Pn TH = input thermal noise power.

The noise factor can also be cal culated as the difference between the input and output signal-to-noise
ratios (SNR), with SNR expressed in dB.

Inasystem of many cascaded signal processing stages, each stage affectsthe noise of the system. The
noise factor of the first stage dominates the noise factor of the entire system. Designerstry to optimize
system noise factor by using afirst stage with a minimum possible noise factor and maximum possible
gain. A circuit that overloads is often as useless as one that generates too much noise. See the Trans-
ceiver s chapter for more information about circuit noise.

8.10 Chapter 8



Analog Devices

There are several different kinds of components that can be used to build circuits for analog signal
processing. The same processing can be performed with vacuum tubes, bipolar semiconductors, field-
effect semiconductors or integrated circuitry, each with its own advantages and disadvantages.

TERMINOLOGY

A similar terminology is used for most active electronic devices. The letter V standsfor voltages and
| for currents. Voltages generally have two subscripts indicating the terminals the voltage is measured
between (Vgg is the voltage between the base and the emitter of a bipolar transistor). Currents have a
single subscript indicating the terminal that the current flows into (Ip is the current into the plate of a
vacuum tube). If the current flows out of the device, itisgenerally indicated with anegative sign. Power
supply voltages have two subscripts that are the same, indicating the terminal to which the voltage is
applied (Vpp is the power supply voltage applied to the drain of a field-effect transistor). A transfer
characteristic isaratio of an output parameter to an input parameter, such as output current divided by
input current. Transfer characteristics are represented with letters, such as h, s, y or z. Resistance is
designated with theletter r, and impedancewith theletter Z. For example, rpsisresistance betweendrain
and source of an FET and Z; isinput impedance. In some designators, valuesdiffer for dc and ac signals.
Thisisindicated by using capital lettersin the subscripts for dc and lower-case subscripts for ac. For
example, the common-emitter dc current gain for abipolar transistor is designated as hgg, and hse isthe
ac current gain. Qualifiers are sometimes added to the subscripts to indicate certain operating modes of
the device. SS for saturation, BR for breakdown, ON and OFF are all commonly used.

The abbreviations for tubes existed before these standards were adopted so some tube-performance
descriptors are different. For example, B+ is usually used for the plate bias voltage. Since integrated
circuits are collections of semiconductor components, the abbreviations for the type of semiconductor
used also apply to the integrated circuit. Vcc is a power supply voltage for an integrated circuit made
with bipolar transistor technology.

Amplifier Types

Amplifier configurationsare described by the common part of the device. Theword “ common” isused
to describe the connection of alead directly to areference. The most common reference is ground, but
positive and negative power sourcesare also valid references. Thetype of reference used dependsonthe
type of device (vacuum tube, transistor [NPN or PNP], FET [P-channel or N-channel]), which lead is
common and the range of signal levels. Once acommon lead is chosen, the other two leads are used for
signal input and output. Based on the biasing conditions, thereisonly oneway to select theseleads. Thus,
there are three possible amplifier configurations for each type of three-lead device.

The operation of an amplifier isspecified by itsgain. A gaininthissenseisdefined asthe change (A)
intheoutput parameter divided by the corresponding changeintheinput parameter. If aparticular device
measures its input and output as currents, the gain is called a current gain. If the input and output are
voltages, the amplifier is defined by itsvoltage gain. If theinput isavoltage and the output isacurrent,
theratio is called the transconductance.

Characteristic Curves

Analog devicesaredescribed most completely with their characteristic curves. Almost all devicesthat
we deal with are nonlinear over awide range of operating parameters. We are often interested in using
adeviceonly in the region that approximates a linear response. The characteristic curveisaplot of the
interrelationships between two or three variables. The vertical (y) axis parameter isthe output, or result
of the device being operated with an input parameter on the horizontal (x) axis. Often the output isthe
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result of two input values. Thefirst input parameter isrepresented along the x axis and the second input
parameter by several curves, each for adifferent value. For example, avacuum tube characteristic curve
may have the plate current along the y axis, the grid voltage along the x axis and several curves, each
representing a different value of the plate bias voltage (see Fig 8.7).

The parameters plotted in the characteristic curve depend on how the device will be used. The
common amplifier configuration defines the input and output leads, and their relationship is dia-
grammed by the curves. Device parameters are usually derived

from the characteristic curve. To calculate a gain, the operating .

region of the curve is specified, usually a straight portion of the o1 My

curveif linear operation isdesired. Two points along that portion £z g / /

of the curve are selected, each defined by itslocation along the x S0 S §/ Ly

. . S 8 & /

andy axes. If thetwo points are defined by (x1,y1) and (x2,y2), the 5 N 7VANINE

slope, m, of the curve, which can be a gain, a resistance or a 2, ;f// / ,

conductance, is calculated as: & AVAVAVAVIS/
L
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A characteristic curve that plots device output voltage and cur-
rent along the x and y axes permits the inclusion of an additional
curve. Theloadlineisastraight linewith aslopethat isequal tothe
load impedance. The intersections between the load line and the
characteristic curves indicate
the operating points for that

Fig 8.7 — Tube characteristic
curve. Input signal is the grid
voltage, Vg, along the x-axis and
the output signal is the plate
current, Ip, along the y-axis.
Different curves are plotted for

various values of plate bias
circuit. Load lines are only ap- 40 voltage, Vp (also called B+).
plicable to output characteris- 235
tic plots; they cannot be used E 30 /
ith input or transfer (input 520 !
wi P ) p_ T 20 - 4
versus output) characteristic Ss / ~ /
curves. @ 1.0 //; 1 } Increasing E 3 Output
£ 09 - -+
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The operation of an analog T E  input E 1 e
signal processing device is H L AT
greatly affected by which 5 SCIECIIECI: ara vatage
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portion of the characteristic N 9
|
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curve is used to do the pro-
cessing. As an example, con-
sider the vacuum tube char-
acteristic curves in Fig 8.8
and Fig 8.9.

Therelationship betweenthe
input and the output of a tube
amplifier is illustrated in Fig
8.8. The input signal (a sine
wave in this example) is plot-
tedinthevertical direction and
below thegraph. For agridbias
level of -5 V, the sine wave
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Fig 8.8 — Determination of
output signal (to the right of the
plot) for a given input signal
(below the plot, turned on its
side) with a tube characteristic
curve plotted for a given plate
bias. Note that the grid bias
voltage, =5 V, causes the entire
range of the input signal to be
mapped onto the linear (diago-
nal straight line) portion of the
characteristic curve. The output
signal has the same shape as
the input signal except that it is
larger in amplitude.

Fig 8.9 — Same characteristic
curve and input signal as in Fig
8.8 except the grid bias voltage
is now about —8.75 V. The input
signal falls on the curved (non-
linear) portion of the plot and
causes distortion in the output
signal. Note how the upper
portion of the output sine wave
was amplified more than the
lower portion.
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causesthegrid voltage, Vg, to deviate between -3 and —7 V. These values correspond to arange of plate
currents, Ip, between 1.4 and 2.6 mA. With aplate bias of 200 V and aload resistance, Ry, of 50 kQ, the
corresponding changein platevoltage, Vp, isbetween 70 and 130 V. Thus, thistriode amplifier configu-
ration changes arange of 4 V at the input to 60 V at the output. Also there is a change of output-signal
voltage polarity; thisamplifier both amplifies the signal magnitude 15 times and shifts the phase of the
signal by 180°.

In the previous example the signal was biased so that it fell on a linear (straight) portion of the
characteristic curve. If a different bias voltage is selected so that the signal does not fall on a linear
portion of the curve, the output signal will be a distorted version of the input signal. Thisisillustrated
inFig 8.9. Theinput signal isamplified within a curved region of the characteristic curve. The positive
part of the signal isamplified morethan the negative part of thesignal. Proper biasing iscrucial to ensure
amplifier linearity.

Input biasing serves to modify the relative level (dc offset) of the input signal so that it falls on the
desired portion of the characteristic curve. Devices that perform signal processing (vacuum tubes,
diodes, bipolar transistors, field-effect transistors and operational amplifiers) usually require appropri-
ate input signal biasing.

Manufacturers’ Data Sheets

Manufacturer’ s data sheetslist device characteristics, along with the specifics of the part type (polar-
ity, semiconductor type), identification of the pins, and the typical use (such as small signal, RF,
switching or power amplifier). The pin identification isimportant because, although common package
pinoutsarenormally used, thereare exceptions. Manufacturersmay differ slightly inthevaluesreported,
but certain basic parameters are listed. Different batches of the same devices are rarely identical, so
manufacturers specify the guaranteed limits for the parameters of their device. There are usually three
columns of values listed in the data sheet. For each parameter, the columns may list the guaranteed
minimum value, the guaranteed maximum value and/or the typical value.

Another section of the datasheet listsSABSOLUTE MAXIMUM RATINGS, beyond which device damage may
result. For example, the parameters listed in the ABSOLUTE MAXIMUM RATINGS section for a solid-state
device are typically voltages, continuous currents, total device power dissipation (Pp) and operating-
and storage-temperature ranges.

Rather than plotting the characteristic curves for each device, the manufacturer often selects key
operating parametersthat describe the device operation for the configurations and parameter rangesthat
are most commonly used. For example, a bipolar transistor data sheet might include an OPERATING
PARAMETERS section. Parametersare listed in an oOFF CHARACTERISTICS Subsection and an ON CHARACTER-
IsTics subsection that describethe conduction propertiesof thedevicefor dcvoltages. The SMALL-SIGNAL
CHARACTERISTICS section often contains the guaranteed minimum Gain-Bandwidth Product (f1), the
guaranteed maximum output capacitance, the guaranteed maximum input capacitance and the guaran-
teed range of the transfer parameters applicable to a given device. Finally, the swiTCHING CHARACTER-
IsTICS section lists absolute maximum ratings for Delay Time (tg), Rise Time (t;), Storage Time (ts) and
Fall Time (t;). Other types of devices list characteristics important to operation of that specific device.

When sel ecting equivalent partsfor replacement of specified devices, the datasheet providesthe necessary
information to tell if agiven part will perform the functions of another. Lists of equivalenciesgeneraly only
specify devicesthat have nearly identical parameters. Thereare usually alarge number of additional devices
that can be chosen as replacements. Knowledge of the circuit requirements adds even more to the list of
possiblereplacements. Thedevice parameters should be compared individually to make surethat thereplace-
ment part meets or exceeds the parameter values of the original part required by the circuit. Beawarethat in
someapplicationsafar superior part may fail asareplacement, however. A transi stor withtoomuch gaincould
easily oscillate if there were insufficient negative feedback to ensure stability.
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VACUUM TUBES

Currentisgenerally described astheflow of electronsthrough aconductor, such asmetal. Thevacuum
tube controls the flow of electronsin avacuum, which is analogous to afaucet that adjusts the flow of
afluid. The British commonly refer to vacuum tubes as valves. Although the physics of the operation
of vacuum tubes varies greatly from that of semiconductors, there are many similaritiesin the way that
they behave in analog circuits.

Thermionic Theory

Metals are elements that are characterized by their large number of free electrons. Individual atoms
donot hold onto all of their electronsvery tightly, anditisrelatively easy to dislodge them. Thisproperty
makes metal s good conductors of electricity. Under electrical pressure (voltage), electrons collide with
metal atoms, dislodging an equal number of free electrons from the metal. These collide with adjoining
metal atoms to continue the process, resulting in a flow of electrons.

Itisalsopossibleto causethefree el ectronsto be emitted into spaceif enough energy isadded to them.
Heat is one way of adding energy to metal atoms, and the resulting flow of electronsinto spaceiscalled
thermionic emission. It isimportant to remember that the metal atoms don’t permanently lose el ectrons;
the emitted el ectrons arereplaced by othersthat come from an electrical connection to the heated metal.
Thus, an electron that flowsinto the heated metal collideswith andiscaptured by ametal atom, knocking
loose a highly energized electron that is emitted into space.

In a vacuum, there are no other atoms with which the emitted electron can collide, so it follows a
straight path until it collides with another atom. A vacuum tube has nearly all of the air evacuated from
it, so the emitted el ectrons proceed unhindered to another piece of metal, where they continue to move
as part of the electrical current.

Components of a Vacuum Tube

A basic vacuum tube contains at | east two parts: acathode and aplate. The electrons are emitted from
the cathode. The cathode can either be heated directly by passing alarge dc current throughiit, or it can
belocated adjacent to aheating element. Although ac currents can al so be used to directly heat cathodes,
if any of the ac voltage mixeswith the signal, ac hum will be introduced into the output. If the ac heater
supply voltage can be obtained from a center tapped transformer, and the center tap is connected to the
signal ground, hum can be minimized. Cathodes are made of substances that have the highest emission
of electrons for the lowest temperatures and voltages. Tungsten, thoriated tungsten and oxide-coated
metals are commonly used.

Every vacuum tube needs a receptor for the emitted electrons. After moving though the vacuum, the
electrons are absorbed by the plate. Since the plate receives electrons, it is also called the anode. Each
electron has a negative charge, so a positively biased plate will attract the emitted electronsto it, and a
current will result. For every electron that is accepted by the plate, another electron flows into the
cathode; the plate and cathode currents must be the same. As the plate voltage is increased, thereis a
larger electrical field attracting electrons, causing more of them to be emitted from the cathode. This
increases the current through the tube. Thisrelationship continues until alimit isreached where further
increasesto theelectrical field do not cause any more el ectronsto be emitted. Thisisthe saturation point
of the vacuum tube.

A vacuum tubethat containsonly acathode and aplateiscalled adiode tube (di- for two components).
See Fig 8.10. The diode tube is similar to a semiconductor diode since it allows current to passin only
onedirection; it isused as arectifier. When the plate voltage becomes negative, the electrical field that
is set up repels electrons, preventing them from being emitted from the cathode.

To amplify signals, a vacuum tube must also contain a control grid. This name comes from its
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physical construction. The
gridisamesh of wireslocated
between the cathode and the
plate. Electrons from the )
cathode pass between thegrid ¢
wires on their way to the
plate. Theelectrical field that Vi

is set up by the voltage on v+

these wires affects the elec- @
| *
(8)

tron flow from cathode to
plate. A negativegridvoltage
setsup an electrical field that

repels electrons, decreasing

emission from the cathode

because of the higher energy ~ Fig 8.10 — Vacuum tube diode.
needed for theelectronsto es- ﬁigiﬁh(ir;agzhsg &b((g)daerfg'“ng
capefromtheir atomsintothe pjate (P). (B) Power supply

vacuum. A positivegrid volt-  circuit using diode as a half
agewill havethe oppositeef- ~ Wave rectifier.
fect. Since the plate voltage
isalways positive, however, grid voltages are usually negative.
The more negative the grid, the less effective the electrical
field from the plate will be at attracting electrons from the
cathode.

Vacuum tubes containing acathode, agrid and aplate are called
triode tubes (tri- for three components). See Fig 8.11. They are
generally used as amplifiers, particularly at frequenciesin the HF
range and below. Characteristic curvesfor triodes normally relate
grid bias voltage and plate bias voltage to plate current for the
triode(Fig8.7). Therearethreedescriptorsof atube’ sperformance
that can be derived from the characteristic curves. Theplateresis-
tance, rp, describes the resistance to the flow of electrons from
cathode to plate. Thery is calculated by selecting avertical linein
thecharacteristic curveand dividing the changein plate-to-cathode
voltage (AVp) of two of the lines by the corresponding change in
plate current (Alp).

AV,
r,=—%5
P AT,

G (A)

B+

Input
Signal

(®

Fig 8.11 — Vacuum tube triode.
(A) Schematic symbol detailing
heater (H), cathode (C), grid (G)
and plate (P). (B) Audio ampli-
fier circuit using a triode. C1
and C3 are dc blocking capaci-
tors for the input and output
signals to isolate the grid and
plate bias voltages. C2 is a
bypass filter capacitor to de-
crease noise in the plate bias
voltage, B+. R1 is the grid bias
resistor, R2 is the cathode bias
resistor and R3 is the plate bias
resistor. Note that although the
cathode and grid bias voltages
are positive with respect to
ground, they are still negative
with respect to the plate.

(5)

Theratio of changein plate voltage (AV ) to the change in grid-to-cathode voltage (AV y) for agiven
plate current isthe amplification factor (i). Amplification factor is calculated by selecting ahorizontal
line in the characteristic curve and dividing the difference in plate voltage of two of the lines by the
difference in grid voltages that corresponds to the same points.

_&Vp

A\/g (6)
Triode amplification factors range from 10 to about 100.
Theplatecurrent flowsto the plate bias supply, so the output from atriode amplifier isoften expressed
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as the voltage that is developed as this current passes through a

load resistor. The value of the load resistance affects the tube 20 |

amplification, asillustrated by the dynamic characteristic curves 2 16 S‘/Q/
in Fig 8.12, so the tube p does not fully describe its action as an < 4 g;{«?*
amplifier. Grid-plate transconductance (gm) takes into account £ 10 % v
the change of amplification duetoload resistance. Theslopeof the 3 2 y/ 'rfa*f\ ]
lines in the characteristic curve represents gnm. (Since the various § 4 40@//
lines are nearly parallel in the linear operating region, they have : P 100 KO

-30 -256 -20 -15 -10 -5 O

about the same slope.) ord Votoge, Y (¥

— p
m = By, (7)

Fig 8.12 — Vacuum tube dynamic

This ratio represents a conductance, which is measured in sie-
mens. Triodes have g, values that range from about 1000 to sev-
eral thousand microsiemens, the higher values indicating greater
possible amplification.

The input impedance of a vacuum tube amplifier is directly
related to the grid current. Grid current varies with grid voltage,
increasing as the voltage becomes more positive. The normal
operation uses a negative grid-bias voltage, and the input imped-
ance can be in the megohm range for very negative grid bias val-
ues. Thisislimited by the desired operating point on the charac-
teristic curve, however, as illustrated in Figs 8.8 and 8.9. The
output impedance of the amplifier isafunction of the plate resis-
tance, rp, in parallel with the output capacitance. Typical output
impedance is on the order of hundreds of ohms.

The physical configuration of the components within the
vacuum tube appear as conductors that are separated by an insu-
lator (inthiscase, the vacuum). Thisdescriptionisvery similar to
that of acapacitor. The capacitance between the cathode and grid,
between the grid and plate, and between the cathode and plate can
be large enough to affect the operation of the amplifier at high
frequencies. These capacitances, which are usually on the order of

characteristic curve. This corre-
sponds to the V, = 300 line in Fig
8.7 with different values of load
resistance. This shows how the
tube will behave when cascaded
to circuits with different input
impedances.

P

%

Grids

Screen

Control

Fig 8.13 — Vacuum tube tetrode.
Schematic symbol detailing
heater (H), cathode (C), the two
grids: control and screen and
plate (P).

a few picofarads, can limit the frequency response of a vacuum

tubeamplifier and can also providesignal feedback pathsthat may

lead to unwanted oscillation. Neutralizing circuits are sometimes used to counteract the effects of
internal capacitances and to prevent oscillations.

The grid-to-plate capacitance is the chief source of unwanted signal feedback. A special form of
vacuumtube hasbeen devel opedto deal with thegrid-to-plate capacitance. A second grid, called ascreen
grid, isinserted between the original grid (now called acontrol grid) and the plate. The additional tube
component |eads to the namefor this new tube—tetrode (tetra- for four components). See Fig 8.13. The
screen grid reduces the capacitance between the control grid and the plate, but it also reduces the
electrical field from the plate that attracts electrons from the cathode. Like the control grid, the screen
grid is made of awire mesh and electrons pass through the spaces between the wiresto get to the plate.
The bias of the screen grid is positive with respect to the cathode, in order to enhance the attraction of
electrons from the cathode. The electrons accelerate toward the screen grid and most of them pass
through the spaces and continue to accel erate until they reach the plate. The presence of the screen grid
adversely affects the overall efficiency of the tube, since some of the electrons strike the grid wires. A
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bypass capacitor with alow reactance at the frequency being amplified by the vacuum tube is generally
connected between the screen grid and the cathode.

A special form of tetrode concentrates the electrons flowing between the cathode and the plate into
a tight beam. The decreased electron-beam area increases the efficiency of the tube. Beam tetrodes
permit higher plate currentswith lower plate voltages and large power outputswith smaller grid driving
power. RF power amplifiers are usually made with this type of vacuum tube.

Another unwanted effect in vacuum tubes is the emission of electrons from the plate. The electrons
flowing within the tube have so much energy that they are capabl e of dislodging el ectronsfrom the metal
atomsintheplate. These secondary emission electrons are repelled back to the plate by the negative bias
of thegridinatriodeand are of no concern. Inthetetrode, the screen gridispositively biased and attracts
the secondary emission electrons, causing a reverse current from the plate to the screen grid.

A third grid, called the suppressor grid, can be added between the screen grid and the plate. This
overcomes the effects of secondary emission in tetrodes. A vacuum tube with three gridsis called a
pentode (penta- for fivecomponents). See Fig 8.14. The suppressor gridisnegatively biased with respect
to the screen grid and the plate. In some tube designs it is internally connected to the cathode. The
suppressor grid repels the secondary emission electrons back to the plate.

Asthe number of gridsisincreased between the cathode and the plate, the effect of the electrical field
from the positive plate voltage at the cathode is decreased. This limits the number of electronsthat can
be emitted from the cathode and the characteristic curvestend to flatten out asthe grid bias becomes|ess
negative. Thisflattening isanother nonlinearity of the tube asan amplifier, since the response saturates
at a given plate current and will go no higher. Tube saturation can be used advantageously in some
circuits if a constant current source is desired, since the current does not change within the saturation
region regardless of changes in plate voltage.

Types of Vacuum Tube Amplifiers

The descriptions of vacuum
tube amplifiers up to this point
havebeenfor only oneconfigu-
ration, the common cathode,
wherethe cathodeisconnected
to the signal reference point,
the grid is the input and the
plate is the output. Although
this is the most common con-
figuration of the vacuum tube ¢ H
as an amplifier, other configu- *) 4
rations exist. If the signal is o
introduced into thecathodeand
the grid is at areference level
(still negatively biased but with
no ac component), with the

p Output B+

I Plate Tank
c4

Circuit

Grids

Suppressor

Screen

Control

Fig 8.14 — Vacuum tube pentode. (A) Schematic symbol detailing

output at the plate, the ampli-
fier is called a grounded-grid
(Fig 8.15). This amplifier is
characterized by a very low
input impedance, on the order
of a few hundred ohms, and a
low output impedance, that is

heater (H), cathode (C), the three grids: control, screen and sup-
pressor, and plate (P). (B) RF amplifier circuit using a pentode. C1,
C2 and C3 are bypass (filter) capacitors and C4 is a dc blocking
capacitor to isolate the plate bias voltage from the output signal.
R1 is the cathode bias resistor and R2 is the screen voltage drop-
ping resistor. The plate tank circuit is tuned to the desired
frequency bandpass. As is common, the heater circuit is not
shown.
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mainly determined by the plate
resistance of the tube.

The third configuration is
called the cathode follower
(Fig 8.16). The plate is the
common element, the grid is
theinput and the cathode isthe
output. This type of amplifier
is often used as a buffer stage
due to its high input imped-
ance, similar tothat of thecom-
mon cathode amplifier, and its
very low output impedance.
The output impedance (Z,) can
be calculated from the tube
characteristics as:

_ "
Zo= Ty (8)

Output

Fig 8.15 — Grounded grid
amplifier schematic. The input
signal is connected to the
cathode, the grid is biased to
the appropriate operating point
by a dc bias voltage, — Vg, and
the output voltage is obtained
by the voltage drop through R

Fig 8.16 — Cathode follower
schematic. The input signal is
biased by —Vg and fed into the
grid. The plate bias, B+ is fed
directly into the plate terminal.
The output is derived by the
cathode current (which is equal
to the plate current, Ip) dropping
the voltage through the load
resistor, R..

that is developed by the plate
current, Ip.

where:
Ip = tube plate resistance
M = tube amplification factor.
For a close approximation, we can simplify this equation as:

1

f
Z:_p:_
TR

Other Types of Tubes

Vacuum tube identifiers do not generally indicate what type of tube the device is. The format is
typically anumber, one or two letters and a number (such as 6AU6 or 12AT7). The first number in the
identifier indicates the heater voltage (usually either 6 or 12 V). The last number often indicates the
number of elements, including the heater. Some tubes also have an additional letter following the
identifier (usually A or B) that indicates arevision of the tube design that represents an improvement
in its operating parameters. There are also tubes that do not follow this naming convention, many of
which are power amplifiers or military-type tubes (such as 6146 and 811).

To reduce stray reactances, some tubes do not have the plate connection in the tube base, where all
the other connections are located. Rather, a connection is made at the top of the tube through ametallic
cap. This requires an additional connector for the plate circuitry.

Tubes may share componentsin asingle envelope to reduce size and incidental power requirements.
A very common example of thisisthe dual triode tube (such as 12AT7 or 12AU7) that containsasingle
heater circuit and two completetriodetubesin the samedevice. Other configurationsof multiple devices
contained in asingle vacuum tube also exist. The 6GW8 and 6EA8 tubes each contain both atriode and
a pentode. The 6BN8 contains three distinct devices, one triode and two diodes.

M ost common vacuum tubes are encased in glass. It isal so possibleto encasethemin metal or ceramic
material sto attain higher tube power and smaller size. Since heat dissipation from the plate is one of the
major limiting factors for vacuum tube power amplifiers, the alternate materials remove heat more
efficiently. These tubes can be cooled by convection, with the casing connected to alarge heat sink, or
with water flowing past the tube for hydraulic cooling.
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A variation of the vacuum
tube that is widely used in os- Conducive
cilloscopes and television Y—Deflection \

- . Cathode Plates
monitors is the cathode ray Hoator 6 Anods
tube (CRT), diagrammedinFig \ \ Phosphor

8.17. The CRT has a cathode {‘ 4 l(~ Y ) —— Sereen

r =3 |
and grid much like a triode = l| D ~

tube. The plate, usually re-

ferred to as the anode in this PE'?&EMA betoction
device, is designed to acceler- Plates
ate the electrons to very high

velocities, with anode voltages
that can be as high as tens of Fig 8.17 f_ ICrotss sectign of C(Ij?T. Thefelehctr(t)n gunﬂ?e(;]eratgj a .

stream of electrons and is made up of a heater, cathode, grid an
thousands of VpItS. The anode anode (plate). The electron beam passed by two pairs of deflection
of the CRT differs from the  pjates that deviate the path of the beam in the vertical (y) direction
plates of other vacuum tubes, and then the horizontal (x) direction. The deflected electron beam
since it is designed as a set of sltriktes a pt?]ots%hor screfe]cntrz]ind causes it t%glogv 3tghzithspot. dAny

electrons that bounce o e screen are absorbed by the conduc-
plates that are parallel to the

tive layer along the sides of the tube, preventing spurious
electronbeam. Theanodevolt-  |yminescence.

age accelerates the electrons

but does not absorb them. The

el ectron beam passes by the anode and continuesto the face of the tube. The cathode, grid and anode are
al located in the neck of the CRT and are collectively referred to as the electron gun.

The electron beam is deflected from its path by either magnetic deflectors that surround the yoke of
thetube or by electrostatic deflection platesthat are built into the tube neck just beyond the el ectron gun.
A CRT typically hastwo sets of deflectors: vertical and horizontal. When a potential is applied to a set
of deflectors, the passing electron beam is bent, altering its path. In an oscilloscope, the time base
typically drivesthe horizontal deflectors and the input signal drivesthe vertical deflectors, although in
many oscilloscopes it is possible to connect another input signal to the horizontal deflectors to obtain
an X-Y, or vector, display. Intelevisionsand some computer monitors, the deflectorsaretypically driven
by araster generator. The horizontal deflectors are driven by a sawtooth pattern that causes the beam
tomoverepeatedly fromleft toright and then retrace quickly totheleft. Thevertical deflectorsaredriven
by aslower sawtooth pattern that causesthe beam to moverepeatedly fromtop to bottom and then retrace
quickly to thetop. Therelative timing of the two sawtooth patternsis such that the beam scansfrom left
to right, retraces to the left and then begins the next horizontal trace just below the previous one.

Beyond the deflectors, the CRT flaresout. Thefront faceiscoated with aphosphorescent material that
glowswhen struck by the el ectron beam. To prevent spurious phosphorescence, aconductivelayer along
the sides of the tube absorbs any electrons that reflect off the glass.

Vector displays have better resolution than raster scanning. The trace lines are clearer, which is the
reason oscilloscope displays use this technique. It is faster to fill the screen using raster scanning,
however. Thisiswhy TVs use raster scanning.

Some CRT tubes are designed with multiple electron beams. The beams are sometimes generated by
different electron gunsthat are placed next to each other in the neck of the tube. They can also be generated
by splitting the output of a single electron gun into two or more beams. Very high quality oscilloscopes use
two electron beamsto trace two input channels rather than the more common method of alternating asingle
beam between thetwoinputs. Color tel evisiontubesusethreeel ectron beamsfor thethreeprimary colors(red,
green and blue). Each beam isfocused on only one of these colored phosphors, which areinterleaved on the
face of the tube. A metal shadow mask keeps the colors separate as the beams scan across the tube.
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A variation of the CRT isthe vidicon tube. The vidicon is used in many video cameras and operatesin a
similar fashion to the CRT. The vidicon absorbs light from the surroundings, which charges the plate at the
location of the light. This charge causes the cathode-to-plate current to increase when the raster scan points
the electron beam at that location. The current increase is converted to a voltage that is proportiona to the
amount of light absorbed. Thisresultsin an electrical signal that represents the pattern of a visual image.

Standard vacuum tubeswork well for frequencies up to hundreds of megahertz. At frequencies higher
than this, the amount of time that it takes for the electrons to move between the cathode and the plate
becomes alimiting factor. There are several special tubes designed to work at microwave frequencies.
The klystron tube uses the principle of velocity modulation of the electrons to avoid transit time limi-
tations. The beam of electrons travels down a metal drift tube that has interaction gaps along its sides.
RF voltages are applied to the gaps and the el ectric fields that they generate accelerate or decel erate the
passing electrons. The relative positions of the electrons shift due to their changing velocities causing
the electron density of the beam to vary. The modulation of the electron density is used to perform
amplification or oscillation. Klystron tubestend to be relatively large, with lengths ranging from 10 cm
to2mandweightsranging fromaslittleas 150 g to over 100 kg. Unfortunately, klystronshaverelatively
narrow bandwidths, and are not retunable by amateurs for operation on different frequencies.

The magnetron tube is an efficient oscillator for microwave frequencies. Magnetrons are most com-
monly found in microwave ovens and high powered radar equipment. The anode of amagnetronis made
up of a number of coupled resonant cavities that surround the cathode. The magnetic field causes the
el ectronsto rotate around the cathode and the energy that they give off asthey approach the anode adds
totheRF electricfield. The RF power isobtained from the anode through avacuum window. Magnetrons
are self oscillating with the frequency determined by the construction of their anodes; however, they can
be tuned by coupling either inductance or capacitance to the resonant anode. The range of frequencies
depends on how fast the tuning must be accomplished. The tube may be tuned slowly over a range of
approximately 10% of the center frequency. If faster tuning is necessary, such as is required for fre-
guency modulation, the range decreases to about 5%.

A third type of tube capable of operating in the microwave rangeisthetraveling wave tube. For wide band
amplifiersinthe microwave rangethisisthetube of choice. Either permanent magnetsor electromagnetsare
used tofocusthe beam of electronsthat emergesfrom an electron gun similar to the one described for the CRT
tube. The electron beam passes through a helical slow-wave structure, in which electrons are accelerated or
decelerated, providing density modulation due to the applied RF signal, similar to that in the klystron. The
modul ated electron beam induces voltagesin the helix that provides an amplified tube output whose gainis
proportional tothelength of theslow-wavestructure. After the RF energy isextracted from the electron beam
by the helix, the electrons are collected and recycled to the cathode. Traveling wave tubes can often be
operated outside their designed frequencies by carefully optimizing the beam voltage.

PHYSICAL ELECTRONICS OF SEMICONDUCTORS

Every atom of matter consistsof, among other things, an equal number of protonsand el ectrons. These
two subatomic particles must match in number to neutralize the el ectric charge: one positive charge for
a proton and one negative charge for an electron.

Electrons orbit the nucleus, which contains the protons, at different energy levels. The binding of the
electrons to the nucleus determines how an atom will behave electrically. Loosely bound electrons are
easily liberated from their nuclei; atoms with this property are called conductors. In contrast, tightly
bound electrons require considerable energy to be dislodged from their atoms; these atoms are called
insulators. In between these two extremes is a class of elements called semiconductors, or partial
conductors. Asenergy isadded to a semiconductor atom, electrons are more easily freed. This property
leads to many potential applications for this type of material.

In aconductor, such asametal, the outer, or valence, electrons of each atom are shared with the adjacent
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atoms so there are many electrons that can move about freely between atoms. The moving free electrons are
the constituents of electrical current. In a good conductor, the concentration of these free electronsis very
high, ontheorder of 1022electrons/ cm?3. Inaninsulator, nearly all theel ectronsaretightly held by their atoms;
the concentration of free electronsis very small, on the order of 10 electrons/ cm?d.

Semiconductor atoms (germanium—Ge and silicon—Si) share their valence electronsin a chemical
bond that holds adjacent atomstogether. The electrons are not free to leave their atom in order to move
into the sphere of the adjacent atom, asinaconductor. They can be shared by the adjacent atom, however.
The sharing of electrons means that the adjacent atoms are attracted to each other, forming a bond that
gives the semiconductor its physical structure.

When energy isadded to asemiconductor | attice, generally intheform of heat, someelectronsareliberated
fromtheir bondsand movefreely throughout the structure. The bond that oses an el ectronisthen unbalanced
and the space that the electron came from is referred to as a hole. Electrons from adjacent bonds can leave
their positionsandfill the holes, thus creating new holesin the adjacent bonds. Two opposite movementscan
besaidto occur: negatively charged el ectronsmovefrom bond to bond in onedirectionand positively charged
holesmovefrombondto bondintheoppositedirection. Both of thesemovementsrepresent formsof electrical
current, but thisisvery different from the current in aconductor. While the conductor hasfree electronsthat
flow regardless of the crystalline structure, the current in asemiconductor is constrained to move only along
the crystalline lattice between adjacent bonds.

Crystals formed from pure semiconductor atoms (Ge or Si) are called intrinsic semiconductors. In
these materialsthe number of free electronsisequal to the number of holes. Each atom hasfour valence
electrons that form bonds with adjacent atoms. Impurities can be added to the semiconductor material
to enhance the formation of electrons or holes. These are extrinsic semiconductors. There aretwo types
of impurities that can be added: one kind with five valence electrons donates free electrons to the
crystalline structure; thisis called an N-type impurity, for the negative charge that it adds. Some ex-
amples are antimony (Sb), phosphorus (P) and arsenic (As). N-type extrinsic semiconductors have more
electrons and fewer holes than intrinsic semiconductors. | mpurities with three valence el ectrons accept
free electrons from the lattice, adding holes to the overall structure. These are called P-type impurities,
for the net positive charge; some examples are boron (B), gallium (Ga) and indium (In).

Intrinsic semiconductor material can be formed by combining equal amounts of N-type and P-type
impurity materials. Some examples of thisinclude gallium-arsenide (GaAs), gallium-phosphate (GaP)
and indium-phosphide (InP). To make an N-type compound semiconductor, aslightly higher amount of
N-type material is used in the mixture. A P-type compound semiconductor has a little more P-type
material in the mixture.

The conductivity of an extrinsic semiconductor depends on the charge density (in other words, the
concentration of free electronsin N-type, and holes in P-type, semiconductor material). Asthe energy
in the semiconductor increases, the charge density also increases. Thisisthe basis of how all semicon-
ductor devicesoperate: themajor differenceistheway in whichtheenergy level isincreased. Variations
are: The transistor, where conductivity is altered by injecting current into the device via a wire; the
thermistor, wherethelevel of heat inthe deviceisdetected by its conductivity, and the photoconductor,
where light energy that is absorbed by the semiconductor material increases the conductivity.

The PN Semiconductor Junction

If apieceof N-type semiconductor material isplaced against apiece of P-type semiconductor material, the
location at which they joiniscalled aPN semiconductor junction. The junction has characteristicsthat make
it possibleto devel op diodes and transistors. The action of thejunction is best described by adiode operating
as arectifier. Initially, when the two types of semiconductor material are placed in contact, each type of
material will have only its maority carriers: P-type will have only holes and N-type will have only free
electrons. The net positive charge of the P-type material attracts free el ectrons from across the junction and
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the oppositeistruein the N-type material. These attractions|ead to diffusion of some of the majority carriers
across the junction, which neutralize the carriers immediately on the other side. The region close to the
junction isthen depleted of carriers, and, as such, isnamed the depletion region (or the space-chargeregion
or the transition region). The width of the depletion region is very small, on the order of 0.5 pm.

If the N-type material is placed at a more negative voltage than the P-type material, current will pass
through the junction because el ectrons are attracted from the lower potential to the higher potential and
holesare attracted in the opposite direction. When the polarity isreversed, current does not flow because
the electronsthat are trying to enter the N-type material are repelled, as are the holestrying to enter the
P-type material. This unidirectional current is what allows a semiconductor diode to act as rectifier.

Diodesare commonly made of silicon or germanium. Although
they act similarly, they haveslightly different characteristics. The
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Fig 8.18 — Semiconductor diode

(PN junction) response curve.
(A) Forward biased (anode
voltage higher than cathode)
response for Germanium — Ge
and Silicon — Si devices. Each
curve breaks away from the
x-axis at its junction threshold

voltage. The slope of each curve

is its forward resistance. (B)
Reverse biased response. Very
small reverse current increases
until it reaches the reverse
saturation current (lg). The
reverse current increases sud-
denly and drastically when the
reverse voltage reaches the

reverse breakdown voltage, Vgr.
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junction threshold voltage, or junction barrier voltage, isthefor-
ward bias voltage at which current begins to pass through the
device. Thisvoltageisdifferent for thetwo kinds of diodes. Inthe
diode response curve of Fig 8.18, this value corresponds to the
voltage at which the positive portion of the curve begins to rise
sharply fromthex axis. Most silicon diodeshaveajunctionthresh-
old voltage of about 0.7 V, while the value for germanium diodes

Fig 8.19 — Bipolar transistors.
(A) A layer of N-type semicon-
ductor sandwiched between two
layers of P-type semiconductor
makes a PNP device, the sche-
matic symbol has three leads:
collector (C), base (B) and
emitter (E), with the arrow
pointing in toward the base. (B)
A layer of P-type semiconductor
sandwiched between two layers
of N-type semiconductor makes
an NPN device. The schematic
symbol has three leads: collec-
tor (C), base (B) and emitter (E),
with the arrow pointing out
away from the base.

typically is0.3 V. Thereverse
biased |eakage current ismuch
lower for silicon diodes than
for germaniumdiodes. Thefor-
ward resistance of a diode is
typically very low and varies
with the amount of forward
current.

Multiple Junctions

A bipolar transistor is
formed whentwo PN junctions
areplaced nextto each other. If
N-type material is surrounded
by P-typematerial, theresultis
a PNP transistor. Alterna-
tively, if P-type material isin
the middle of two layers of
N-typematerial, the NPN tran-
sistor is formed (Fig 8.19).

Physically, we can think of
the transistor as two PN junc-
tionsback-to-back, such astwo
diodes connected at their an-
odes (thepositiveterminal) for
an NPN transistor or two di-
odes connected at their cath-
odes(thenegativeterminal) for
a PNP transistor. The connec-
tion point is the base of the



transistor. (Y ou can’'t actually make atransistor thisway.) A transistor conducts when the base-emitter
junction isforward biased and the base-collector is reverse biased. Under these conditions, the emitter
region emitsmajority carriersinto thebaseregion, wherethey areminority carriersbecausethematerials
of the emitter and base regions have opposite polarity. The excess minority carriers in the base are
attracted across the base-collector junction, where they are collected and are once again considered
majority carriers. The flow of majority carriers from emitter to collector can be modified by the appli-
cation of abias current to the base terminal. If the bias current has the same polarity asthe base material
(for exampleholesflowinginto aP-type base) theemitter-collector current increases. A transistor allows
asmall base current to control a much larger collector current.
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Fig 8.20 — PNPN diode. (A)
Alternating layers of P-type and
N-type semiconductor. (B)

Schematic symbol with cathode

(C) and anode (A) leads. (C)

Voltage-current response curve.

Reverse biased response is the
same as normal PN junction
diodes. Forward biased re-
sponse acts as a hysteresis
switch. Resistance is very high
until the bias voltage reaches
Vo and exceeds the cutoff
current, Igg. The device exhibits
a negative resistance with the
current increases as the bias
voltage decreases until a volt-

age of Vy and saturation current

of Iy is reached. After this the
resistance is very low, with
large increases in current for
small voltage increases.

As in a semiconductor diode, the forward biased base-emitter
junction has athreshold voltage (Vgg) that must be exceeded before

the emitter current increases.

PNPN Diode

If four alternate layers of P-type and N-type material are placed
together, a PNPN (usually pronounced like pinpin) diode with three
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Fig 8.21 — Bilateral switch. (A)
Alternating layers of P-type and
N-type semiconductor. (B)
Schematic symbol. (C) Voltage-
current response curve. The
right-hand side of the curve is
identical to the PNPN diode
response in Fig 8.20. The device
responds identically for both
forward and reverse bias so the
left-hand side of the curve is
symmetrical to the right-hand

Analog Signals and Components

junctions is obtained (see
Fig8.20). Thisdevice, whenthe
anodeisat ahigher potential than
thecathode, hasitsfirstandthird
junctionsforward biased and its
center junction reverse biased.
In this state, there is little cur-
rent, just asinthereverse biased
diode. Asthe forward biasvolt-
age is increased, the current
through the device increases
slowly until the breakover (or
firing) voltage, Vgo, is reached
and the flow of current abruptly
increases. The PNPN diode is
often considered to be a switch
that is off below Vgo and on
aboveit.

Bilateral Diode Switch

A semiconductor device
similar to two PNPN diodes
facing in opposite directions
and attached in parallel is the
bilateral diode switch or diac.
This device has the character-
istic curve of the PNPN diode
for both positive and negative
bias voltages. Its construction,
schematic symbol and charac-
teristic curve are shown in
Fig 8.21.
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Silicon Controlled Rectifier

Another devicewithfour alternatelayersof P-typeand N-type semiconductor isthesilicon controlled
rectifier (SCR), or thyristor. In addition to the connections to the outer two layers, two other terminals
can be brought out for the inner two layers. The connection to the P-type material near the cathode is
called the cathode gate and the N-type material near the anode is called the anode gate. In nearly all
commercially available SCRs, only the cathode gate is connected (Fig 8.22).

Like the PNPN diode switch, the SCR is used to abruptly start conducting when the voltage exceeds
agivenlevel. By biasing thegateterminal appropriately, the breakover voltage can be adjusted. The SCR
ishighly efficient and isused in power control applications. SCRs are available that can handle currents
of greater than 100 A and voltage differentials of greater than 1000 V, yet can be switched with gate

currents of less than 50 mA.

Triac

A fivelayered semiconductor whose operationissimilar to abidirectional SCRisthetriac (Fig 8.23).
Thisisalso similar to abidirectional diode switch with abias control gate. The gate terminal of thetriac
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Fig 8.22 — SCR. (A) Alternating
layers of P-type and N-type
semiconductor. This is similar to
a PNPN diode with gate terminals
attached to the interior layers. (B)
Schematic symbol with anode
(A), cathode (C), anode gate (Ga)
and cathode gate (G¢). Many
devices are constructed without
Ga. (C) Voltage-current response
curve with different responses for
various gate currents. Ig = 0 has
the same response as the PNPN
diode.
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can control both positive and negative breakover voltages and the
devices can pass both polarities of voltage.

SCRsandtriacsare often used to modify ac power sources. A sine
wave with agiven RM S value can be switched on and off at preset
points during the cycleto decrease the RM S voltage. When conduc-
tion is delayed until after the peak (as Fig 8.24 shows) the peak-to-
peak voltage is reduced. If conduction starts before the peak, the
RMS voltage is reduced, but the peak-to-peak value remains the
same. This method is used to operate light dimmersand 240V ac to
120 V ac converters. The sharp switching transients created when
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Fig 8.24 — Triac operation on
sine wave. The dashed line is
the original sine wave and the

Fig 8.23 — Triac. (A) Alternat-
ing layers of P-type and N-type
semiconductor. This behaves
as two SCR devices facing in
opposite directions with the
anode of one connected to the
cathode of the other and the
cathode gates connected
together. (B) Schematic
symbol.

solid line is the portion that
conducts through the triac. The
relative delay and conduction
period times are controlled by
the amount or timing of gate
current, Ig. The response of an
SCR is the same as this for
positive voltages (above the
x-axis) and with no conduction
for negative voltages.



thesedevicesswitch arecommon sourcesof RFinterference. SCRs

are used as “crowbars’ in power supply circuits, to short the out- s 6 D

pu_t to ground and blow a fuse when an overvoltage condition ¢W§ . D

exists. é//////%y/////% @

FIELD-EFFECT TRANSISTORS Substrate

The field-effect transistor (FET) controls the current be- ®

tween two points but does so differently than the bipolar tran- s ¢ oD

e low of lectrons trough a singe ype o semiconauctor | | )| ~{af)"
S

material. Thisiswhy the FET is sometimes called a unipolar
transistor. Also, unlike bipolar semiconductors that can be
arranged in many configurations to provide diodes, transis-
tors, photoelectric devices, temperature sensitive devices and
so on, thefield effect isusually only used to make transistors, Fig 8.25 — JFET devices with
although FETSs are also available as special-purpose diodes, terminals labeled: source (S),
for use as constant current sources. gate (G) and drain (D). A) Picto-
s . rial of N-type channel embedded

Current moves withinthe FET inachannel, from thesourcecon- i, p_type substrate and sche-
nection to thedrain connection. A gateterminal generatesanelectric  matic symbol. B) P-channel
field that controlsthe current (see Fig 8.25). Thechannel ismadeof ~ embedded in N-type substrate

. . L. . . and schematic symbol.
either N-type or P-type semiconductor material; an FET is specified
as either an N-channel or P-channel device. Mgjority carriers flow
from source to drain. In N-channel devices, electrons flow so the drain potential must be higher than that of
thesource (Vps> 0). In P-channel devices, theflow of holesrequiresthat Vps< 0. Thepolarity of theelectric
field that controls current in the channel is determined by the majority carriers of the channel, ordinarily
positive for P-channel FETs and negative for N-channel FETSs.

Variations of FET technology are based on different ways of generating the electric field. In all of
these, however, electrons at the gate are used only for their charge in order to create an electric field
around the channel, and thereisaminimal flow of electronsthrough the gate. Thisleadsto avery high
dc input resistance in devices that use FETs for their input circuitry. There may be quite a bit of
capacitance between the gate and the other FET terminals, however. The input impedance may be quite
low at RF.

The current through an FET only has to pass through a single type of semiconductor material. There
isvery littleresistance in the absence of an electric field (no bias voltage). The drain-source resistance
(rpson) isbetween afew hundred ohmsto lessthan an ohm. The output impedance of devicesmadewith
FETsisgenerally quitelow. If agate biasvoltageisadded to operate thetransistor near cutoff, thecircuit
output impedance may be much higher.

FET devices are constructed on a substrate of doped semiconductor material. The channel isformed
within the substrate and has the opposite polarity (a P-channel FET has N-type substrate). Most FETs
are constructed with silicon. In order to achieve a higher gain-bandwidth product, other materials have
been used. Gallium Arsenide (GaAs) has electron mobility and drift velocities that are far higher than
the standard doped silicon. Amplifiers designed with GaAs FET devices have much higher frequency
response and lower noise factor at VHF and UHF than those made with standard FETSs.

Substrate
®

JFET

Therearetwobasictypesof FET. Inthejunction FET (JFET), the gate material ismade of the opposite
polarity semiconductor to the channel material (for a P-channel FET the gate is made of N-type semi-
conductor material). The gate-channel junction is similar to adiode’ s PN junction. As with the diode,
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current is high if the junction is forward biased and is extremely small when the junction is reverse
biased. The latter case isthe way that JFETs are used, since any current in the gate is undesirable. The
magnitude of thereversebiasat the junctionisproportional to the size of the electric field that “ pinches
the channel. Thus, the current in the channel is reduced for higher reverse gate bias voltage.

Because the gate-channel junction in aJFET issimilar to abipolar junction diode, thisjunction must
never be forward biased; otherwise large currents will pass through the gate and into the channel. For
an N-channel JFET, the gate must always be at alower potential than the source (Vgs < 0). The channel
is as fully open as it can get when the gate and source voltages are equal (Vgs = 0). The prohibited
conditioniswhenVgs> 0. For P-channel JFETsthese conditionsarereversed (in normal operationVgs
0 and the prohibited condition is when Vgs < 0).

MOSFET

Placing aninsulating layer between the gate and the channel allowsfor awider range of control (gate)
voltages and further decreases the gate current (and thus increases the device input resistance). The
insulator is typically made of
an oxide (such as silicon diox-
ide, SiOy). Thistype of device
is called a metal-oxide-semi-
conductor FET (MOSFET) or
insulated-gate FET (IGFET).
The substrate is often con-
nected to the sourceinternally.
The insulated gate is on the
opposite side of the channel
from the substrate (see Fig
8.26). The bias voltage on the
gate terminal either attracts or
repels the majority carriers of
the substrate across the PN
junction with the channel. This
narrows (depletes) or widens
(enhances) the channel, re-
spectively, as Vgs changes
polarity. For N-channel
MOSFETS, positive gate volt-
ages with respect to the sub- ©
strate and the source (Vgs > 0)
repel holes from the channel

Aluminum
Si0p

Diffused
Channel

\\

Substrate

(A) (8)

Aluminum
1 //// Sioy
v

Substrate

Fig 8.26 — MOSFET devices with terminals labeled: source (S),

into the substrate, thereby wid-
ening the channel and decreas-
ing channel resistance. Con-

gate (G) and drain (D). N-channel devices are pictured. P-channel
devices have the arrows reversed in the schematic symbols and
the opposite type semiconductor material for each of the layers.

(A) N-channel depletion mode device schematic symbol and picto-
rial of P-type substrate, diffused N-type channel, SiO; insulating
layer and aluminum gate region and source and drain connections.
The substrate is connected to the source internally. A negative gate
potential narrows the channel. (B) N-channel enhancement mode
device schematic and pictorial of P-type substrate, N-type source

versely, Vs < 0 causes holes
to be attracted from the sub-
strate, narrowing the channel
and increasing the channel re-

sistance. Once again, the po-
larities discussed in this ex-
ample are reversed for
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and drain wells, SiOz insulating layer and aluminum gate region
and source and drain connections. Positive gate potential forms a
channel between the two N-type wells.



P-channel devices. The common abbreviation for an N-channel MOSFET isNMOS, and for aP-channel
MOSFET, PMOS.

Because of the insulating layer next to the gate, input resistance of aMOSFET isusually greater than
1012 O (a million megohms). Since MOSFETS can both deplete the channel, like the JFET, and also
enhance it, the construction of MOSFET devices differs based on the channel size in the resting state,
Vs = 0. A depletion mode device (also called a normally on MOSFET) has a channel in resting state
that gets smaller as areverse bias is applied; this device conducts current with no bias applied (see
Fig 8.26 A and B). An enhancement mode device (also called a normally off MOSFET) is built without
a channel and does not conduct current when Vgs = 0; increasing forward bias forms a channel that
conducts current (see Fig 8.26 C and D).

Semiconductor Temperature Effects

Thenumber of excessholesand el ectronsisincreased asthetemperature of asemiconductor increases.
Since the conductivity of a semiconductor isrelated to the number of excess carriers, thisalso increases
with temperature. With respect to resistance, semiconductors have a negative temperature coefficient.
Theresistance of silicon decreases by about 8% / °C and by about 6%/ °C for germanium. Semiconduc-
tor temperature properties are the opposite of most metals, which increase their resistance by about
0.4% / °C. These opposing temperature characteristics permit the design of circuits with opposite
temperature coefficients that cancel each other out, making a temperature insensitive circuit. Left by
itself, the semiconductor can experience an effect called thermal runaway as the current causes an
increase in temperature. The increased temperature decreases resistance and may lead to a further
increase in current (depending on the circuit) that leads to an additional temperature increase. This
sequence of events can continue until the semiconductor destroys itself.

Semiconductor Failure

Thereare several common failure modesfor semiconductorsthat arerelated to heat. The semiconduc-
tor material is connected to the outside world through metallic leads. The point at which the metal and
the semiconductor are connected isone common placefor the semiconductor devicetofail. Asthedevice
heats up and cools down, the materials expand and contract. The rate of expansion and contraction of
semiconductor material isdifferent fromthat of metal. Over many cyclesof heating and cooling the bond
between the semiconductor and the metal can break. Some experts have suggested that the lifetime of
semiconductor equipment can be extended by leaving the devices on all the time. While this would
decreasethetype of failurejust described, inadequate cooling can lead to another type of semiconductor
failure.

Impurities are introduced into intrinsic semiconductors by diffusion, the same physical property that
lets you smell cookies baking from several rooms away. Smells diffuse through air much faster than
molecules diffuse through solids. Once the impurities diffuse into the semiconductor, they tend to stay
in place. Rates of diffusion are proportional to temperature, and semiconductors are doped with impu-
rities at high temperature to save time. Once the doped semiconductor material is cooled, the rate of
diffusion of the impuritiesis so low that they are essentially immobile for many years to come.

A common failure mode of semiconductorsis due to the heat generated during semiconductor use. If
the temperatures at the junctions rise to high enough levels for long enough periods of time, the impu-
ritiesstart to diffuseacrossthe PN junctions. When enough of these atomsget acrossthejunction, it stops
functioning properly and the semiconductor device fails.

Thermistors

The effect of temperature on current in semiconductors is put to use in a controlled fashion in a
thermistor. The temperature coefficients of silicon and germanium are highly dependent on the amount
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of doping. For stability, thermistorsare made of oxidessuch asnickel oxide (NiO), dimanganesetrioxide
(Mn20O3) or dicobalt trioxide (Co203). If the doping concentration of a semiconductor is high enough,
itwill start to take on some of the properties of ametal and the temperature coefficient becomes positive.
A device made from this type of material is sometimes called a sensistor.

Practical Semiconductors

SEMICONDUCTOR DIODES

Although many types of semiconductor diodes are available, there are not many differences between
them. The diode is made of a single PN junction that affects current differently depending on its
direction. This leads to alarge number of applications in electronic circuitry.

The diode symbol is shown in Fig 8.27. Current passes most
easily from anode to cathode, in the direction of the arrow. This
isoften referred to asthe forward direction and the oppositeisthe
reverse direction. Remember that current refers to the flow of
electricity from higher to lower potentials and is in the opposite
direction to the flow of electrons (current moves from anode to
cathode and electronsflow from cathode to anode, as based on the
definitions of the words, anode and cathode). The anode of a > o
semiconductor junction diode is made of P-type material and the
cathodeis made of N-type material, asindicated in Fig 8.27. Most L
diodes are marked with aband on the cathode end (Fig 8.27). The

Anode
A
Y
Cathode

ideal diode would have zero resistance in the forward direction
andinfiniteresistanceinthereversedirection. Thisisnot the case
for actual devices, which behave as shown in the plot of a diode
response in Fig 8.18. Note that the scales of the two parts of the
graph aredrastically different. Theinverse of the slope of theline
(the change in voltage between two points on a straight portion of
the line divided by the corresponding change in current) on the
upper right isthe resistance of the diode in the forward direction.
The range of voltages is small and the range of currentsis large
since the forward resistanceis very small (in this example, about
2 Q). Thelower left portion of the curveillustrates amuch higher
resistance that increases from tens of kilohms to thousands of
megohms asthe reverse voltage getslarger, and then decreases to

Fig 8.27 — Practical semiconduc-
tor diodes. All devices are
aligned with anode on the left
and cathode on the right. (A)
Standard PN junction diode. (B)
Point-contact or “cat’s whisker”
diode. (C) PIN diode formed with
heavily doped P-type (P*),
undoped (intrinsic) and heavily
doped N-type (N*) semiconductor
material. (D) Diode schematic
symbol. (E) Diode package with
marking stripe on the cathode
end.

near zero (anearly vertical line) very suddenly at the peak inversevoltage (PIV =100V inthisexample).

There are five major characteristics that distinguish standard junction diodes from one another: the
PIV, thecurrent or power handling capacity, the response speed, reverseleakage current and thejunction
barrier voltage. Each of these characteristics can be manipulated during manufacture to produce special
purpose diodes.

Themost common application of adiodeisto performrectification; that is, allowing positive voltages
to pass and stopping negative voltages. Rectification isused in power suppliesthat convert ac to dc and
in amplitude demodulation. The most important diode parametersto consider for power rectification are
the PIV and current ratings. The peak negative voltages that are stopped by the diode must be smaller
in magnitude than the PI'V and the peak current through the diode when it isforward biased must beless
than the maximum amount for which the device was designed. Exceeding the current rating in adiode
will cause excessive heating (based on P =1 x V) that leads to PN junction failure as described earlier.
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Fast Diodes

Thespeed of adiodeaffectsthefrequenciesthat it can act on. ThedioderesponseinFig 8.18 isasteady
state response, showing how that diode will act at dc. Asthe frequency increases, the diode may not be
able to keep up with the changing polarity of the signal and its response will not be as expected. Diode
speed mainly dependson chargestorageinthedepletionregion. Under reversebias, excesschargesmove
away from the junction, forming alarger space-charge region that is the equivalent of adielectric. The
diodethusexhibitscapacitance, whichisinversely proportional tothewidth of thedielectricand directly
proportional to the cross-sectional surface area of the junction.

One way to decrease charge storage time in the depletion region is to form a metal-semiconductor
junction. This can be accomplished with a point-contact diode, where a thin piece of aluminum wire,
often called awhisker, is placed in contact with one face of apiece of lightly doped N-type material. In
fact, the original diodes used for detecting radio signals (“cat’ s whisker diodes”) were made this way.
A more recent improvement to thistechnology, the hot-carrier diode, islike a point-contact diode with
more ideal characteristics attained by using more efficient metal's, such as platinum and gold, that act
to lower forward resistance and increase PIV. Thistype of contact is known as a Schottky barrier, and
diodes made this way are called Schottky diodes.

The PIN diode, shown in Fig 8.27C is a slow response diode that is capable of passing microwave
signals when it is forward biased. This device is constructed with alayer of intrinsic (undoped) semi-
conductor placed between very highly doped P-type and N-type material (called P*-type and N*-type
material to indicate the high level of doping), creating a PIN junction. These devices provide very
effective switches for RF signals and are often used in TR switches in transceivers. PIN diodes have
longer than normal carrier lifetimes, resulting in aslow switching process that causes them to act more
like resistors than diodes at high radio frequencies.

Varactors

If the PN junction capacitanceiscontrolled rather than reduced, adiode can bemadeto act asavariable
capacitor. As the reverse bias voltage on a diode increases, the width of the junction increases, which
decreases its capacitance. A varactor is a diode whose junction is specially formulated to have arela-
tively largerange of capacitance valuesfor amodest range of reverse biasvoltages (Fig 8.28). Although
special forms of varactors are available from manufacturers, other types of diodes may be used as
inexpensive varactor diodes, but the relationship between reverse voltage and capacitance is not always
reliable. When designing with varactor diodes, the reverse bias voltage must be absolutely free of noise
since any variationsin the biasvoltage will cause changesin capacitance. Unwanted frequency shiftsor
instability will result if thereverse biasvoltageisnoisy. It is possible to frequency modulate asignal by
adding the audio signal to the reverse bias on a varactor diode used in the carrier oscillator.

Zener Diodes

WhenthePIV of areversebiased diodeisexceeded, thediodebeginsto conduct current asit doeswhen
it is forward biased. This current does not destroy the diode if it is limited to less than the device's
maximum allowable value. When the PIV is controlled during manufacture to be at desired levels, the
deviceiscalled aZener diode. Zener diodes (named after the American physicist Clarence Zener) pro-
vide accurate voltage references and are often used for this purpose in power supply regulators.

When the reverse breakdown voltage is exceeded, the reverse voltage drop across the Zener diode
remains constant. With an appropriate current limiting resistor in serieswithit, the Zener diode provides
an accurate voltagereference (Fig 8.29). Zener diodes arerated by their reverse breakdown voltage and
their power handling capacity. The power isaproduct of the current passing through the reverse biased
Zener diode “in breakdown” (that is, in the breakdown mode of operation) and the breakdown voltage.
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Fig 8.28 — Varactor diode. (A)
Schematic symbol. (B) Equiva-
lent circuit of the reverse
biased varactor diode. Rs is
the junction resistance, R; is
the leakage resistance and C;
is the junction capacitance,
which is a function of the
magnitude of the reverse bias
voltage. (C) Plot of junction
capacitance, Cj, as a function
of reverse voltage, Vg, for three
different varactor devices.
Both axes are plotted on a
logarithmic scale. (D) Oscilla-
tor circuit with varactor tuning.
D1-L1 is a tuned circuit with a
dual varactor diode that is
controlled by the voltage from
potentiometer R2. C1 is a filter
capacitor to insure that the
varactor bias voltage is clean
dc. C2 and C6 are dc blocking
capacitors. Q1 is an N-channel
JFET in common drain con-
figuration with feedback to the
gate through C3. R3 is the gate
bias resistor. R4 is the drain
voltage resistor with filter
capacitor C5.
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Fig 8.29 — Zener diode. (A)
Schematic symbol. (B) Basic
voltage regulating circuit. Vz is
the Zener reverse breakdown
voltage. The Zener diode draws
more current until V| - iR = Vz.
The circuit design should select
R so that when the maximum
current is drawn, R < (V|=Vz) /
lo. The diode should be capable
of passing the same current
when there is no output current
drawn. (C) For small voltages,
several forward biased diodes
can be used in place of Zener
diodes. Each diode will drop the
voltage by about 0.7 V for
silicon or 0.3 V for germanium.

Constant Current Diodes

| | |
I I
Reverse ~2 4 Forward 100
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Fig 8.30 — Current regulator
diode. (A) Schematic symbol
and package with line marking
cathode end. (B) Diode charac-
teristic curve (1N5283 device).
When forward bias voltage
exceeds about 4 V the current
passing through the device is
held constant regardless of the
voltage across the device.

Since the same current must al-
ways pass though the resistor to
drop the source voltage down to
the reference voltage, with that
current divided between the Ze-
ner diode and the load, thistype
of power sourceisvery wasteful
of current. The Zener diode does
make an excellent and efficient
voltagereferenceinalarger volt-
age regulating circuit where the
load currentisprovidedfroman-
other devicewhosevoltageisset
by thereference. (Seethe Power
Supplies and Projects chapter
for more information about us-
ingZener diodesasvoltageregu-
lators.) The major sources of er-
ror in Zener-diode derived
voltages are the variation with
load current and the variation
due to heat. Temperature
compensated Zener diodes are
availablewith temperature coef-
ficientsaslow as0.0005 %/ °C.
If this is unacceptable, voltage
reference integrated circuits
based on Zener diodes have
been developed that include
additional circuitry to counter-
act temperature effects.

A form of diode, called afield-effect regulator diode, provides a constant current over a wide range
of forward biased voltages. The schematic symbol and characteristic curve for this type of device are
shown in Fig 8.30. Constant current diodes are very useful in any application where a constant current
is desired. Some part numbers are 1N5283 through 1N5314.

Common Diode Applications

Standard semi conductor diodeshave many usesin analog circuitry. Several examplesof diodecircuits
are shown in Fig 8.31. Rectification has already been described. There are three basic forms of rectifi-
cation using semiconductor diodes: half wave (1 diode), full-wave center-tapped (2 diodes) and full-
wave bridge (4 diodes). These are more fully described in the Power Supplies and Proj ects chapter.

Diodes are commonly used to protect circuits. In battery powered devices a forward biased series
diodeis often used to protect the circuitry from the user inadvertently inserting the batteries backwards.
Likewise, when acircuit is powered from an external dc source, a diode is often placed in series with
the power connector in the device to prevent incorrectly wired power supplies from destroying the
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Fig 8.31 — Diode circuits. (A) Half
wave rectifier circuit. Only when
the ac voltage is positive does
current pass through the diode.
Current flows only during half of
the cycle. (B) Full-wave center-
tapped rectifier circuit. Center-tap
on the transformer secondary is
grounded and the two ends of the
secondary are 180° out of phase.
During the first half of the cycle the
upper diode conducts and during
the second half of the cycle the
lower diode conducts. There is
conduction during the full cycle
with only positive voltages appear-
ing at the output. (C) Full-wave
bridge rectifier circuit. In each half
of the cycle two diodes conduct
capacity. (D) Polarity protection for
external power connection. J1 is
the connector that power is applied
to. If polarity is correct, the diode
will conduct and if reversed the
diode will block current, protecting
the circuit that is being powered.
(E) Over-voltage protection circuit.
If excessive voltage is applied to
J1, D1 will conduct current until
fuse, F1, is blown. (F) Bipolar
voltage clipping circuit. In the
positive portion of the cycle, D2 is
forward biased but no current is
shunted to ground because D1 is
reverse biased. D1 starts to con-
duct when the voltage exceeds the
Zener breakdown voltage and the
positive peak is clipped. When the
negative portion of the cycle is
reached, D1 is forward biased but
no current is shunted to ground
because D2 is reverse biased.
When the voltage exceeds the
Zener breakdown voltage of D2, it
also begins to conduct and the
negative peak is clipped. (G) Diode
switch. The signal is ac coupled to
the diode by C1 at the input and C2
at the output. R2 provides a refer-
ence for the bias voltage. When
switch Sl is in the ON position, a
positive dc voltage is added to the
signal so it is forward biased and is
passed through the diode. When S1
is in the OFF position, the negative
dc voltage added to the signal
reverse biases the diode and the
signal does not get through.



equipment. Diodes are commonly used to protect analog meters from both reverse voltage and over
voltage conditions that would destroy the delicate needle movement.

Zener diodes are sometimes used to protect low-current (a few amps) circuits from over-voltage
conditions. A reverse biased Zener diode connected between the positive power lead and ground will
conduct excessive current if itsbreakdown voltageisexceeded. Used in conjunction with afusein series
with the power lead, the Zener diode will cause the fuse to blow when an over-voltage condition exists.

Very high, short-duration voltage spikes can destroy certain semiconductors, particularly MOS de-
vices. Standard Zener diodes can’t handle the high pul se powers found in these voltage spikes. Special
Zener diodes are designed for this purpose, such asthe mosorb. (General Semiconductor Industries, Inc
calls these devices TransZorbs.) A reverse biased TransZorb with a low-value series resistor can de-
creasethevoltage reaching the sensitive device. Sincethe polarity of the spike can be positive, negative,
or both, over voltage transient suppressor circuits can be designed with two deviceswired back-to-back.
They protect a circuit over a range of voltages rather than just suppressing positive peaks.

Diodes can be used to clip signals, similar to rectification. If the signal is appropriately biased it can
be clipped at any level. Two Zener diodes placed back-to-back can be used to clip both the positive and
negative peaks of asignal. Such an arrangement is used to convert asine wave to an approximate square
wave.

Care must be taken when using Zener diodes to process signals. The Zener diodeisarelatively noisy
device and can add excessive noise to the signalsif it operatesin breakdown. The Zener diode is often
specified for at intentionally generate noise, such as the noise bridge (see the Test Procedures and
Proj ects chapter). The reverse biased Zener diode in breakdown generates wide band (nearly white)
noise levels as high as 2000 pV / JHz . (The noise voltage is determined by multiplying this value by
the square root of the circuit bandwidth in Hz.)

Diodes are used as switches for ac coupled signals when a dc bias voltage can be added to the signal
to permit or inhibit the signal from passing through the diode. In this case the bias voltage must be added
to the ac signal and be of sufficient magnitude so that the entire envelope of the ac signal is above or
below the junction barrier voltage, with respect to the cathode, to pass through the diode or inhibit the
signal. Special forms of diodes, such as the PIN diode described earlier, which are capable of passing
higher frequencies, are used to switch RF signals.

BIPOLAR TRANSISTORS

Thebipolar transistor isacurrent-controlled device. The current between the emitter and the coll ector
isgoverned by the current that enters the base. The convention when discussing transistor operationis
that the three currents into the device are positive (I into the collector, I into the base and | into the
emitter). Kirchhoff’s current law appliesto transistorsjust as it does to passive electrical networks: the
total current entering the device must be zero. Thus, the relationship between the currents into a tran-
sistor can be generalized as

O=lc+Ip+le 9)
which can be rearranged as necessary. For example, if we are interested in the emitter current,
le=—(lc+ Ip) (10)

The back-to-back diode model is appropriate for visualization of transistor construction. In actual
transistors, however, the relative sizes of the collector, base and emitter regions differ. A common
transistor configuration that spans a distance of 3 mm between the collector and emitter contacts typi-
cally has a base region that is only 25 um across.

Current conduction between collector and emitter is described by regions in the common-base re-
sponse curves of thetransistor device (seeFig 8.32). Thetransistor isinitsactive region when the base-
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collector junction is reverse
biased and the base-emitter
junctionisforward biased. The
slope of the output current (1)
versus the output voltage (Vo)
isvirtually flat, indicating that
the output current is nearly in-
dependent of the output volt-
age. The slight slope that does
exist is due to base-width
modulation (known as the
“Early effect”). Under these
conditions, thereisalinear re-

lationship between the input
current (1) and Io. When both
the junctions in the transistor
areforward biased, thetransis-
torissaidtobeinitssaturation
region. In this region, Vo is
nearly zero and large changes
in lo occur for very small
changes in V. The cutoff re-
gion occurs when both junc-
tions in the transistor are re-
verse biased. Under this condition, there is very little current in the output, only the nanoamperes or
microamperesthat result from thevery small |eakage acrosstheinput-to-output junction. These descrip-
tions of junction conditions are the basis for the use of transistors. Various configurations of the tran-
sistor in circuitry make use of the properties of the junctionsto serve different purposesin analog signal
processing.

In the common base configuration, where theinput is at the emitter and the output is at the collector,
the current gain is defined as

—% ~ 1
Al (11)

In the common emitter configuration, with the input at the base and the output at the collector, the
current gain is

Fig 8.32 — Transistor response curve. The x-axis is the output
voltage and the y-axis is the output current. Different curves are
plotted for various values of input current. The three regions of the
transistor are its cutoff region, where no current flows in any
terminal, its active region, where the output current is nearly
independent of the output voltage and there is a linear relationship
between the input current and the output current, and the satura-
tion region, where the output current has large changes for small
changes in output voltage.

_Al¢
P= 5 (12)
and the relationship between a and (3 is defined as
B
o=—:
1+B (13)

Since the common-emitter configuration isthe most used transistor-amplifier configuration, another
designation for (3 isoften used: hrg, theforward dc current gain. (The*h” refersto “h parameters,” a set
of parameters for describing atwo-port network.) The symboal, hse, is used for the forward current gain
of ac signals. Other transistor transfer function relationships that are measured are hje, the input im-
pedance, hee, the output admittance (reciprocal of impedance) and hye, the voltage feedback ratio.
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The behavior of atransistor can be defined in many ways, depending on which type of amplifier itis
wired to be. A complete description of atransistor must include characteristic curves for each configu-
ration. Typically, two sets of characteristic curves are presented: one describing the input behavior and
the other describing the output behavior in each amplifier configuration. Different transistor amplifier
configurations have different gains, input and output impedances. At low frequencies, where parasitic
capacitances aren’t afactor, the common emitter configuration hasahigh current gain (about — 50, with
the negative sign indicating a 180° phase shift), medium to high input impedance (about 50 kQ) and
amedium to low output impedance (about 1 kQ). The common collector has a high current gain (about
50), ahighinput impedance (about 150 kQ) and alow output impedance (about 80 Q). The common base
amplifier has alow current gain (about 1), alow input impedance (about 25 Q) and a very high output
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Fig 8.33 — The three configurations of transistor amplifiers. Each has a table of its relative impedance
and current gain. The output characteristic curve is plotted for each, with the output voltage along the x-
axis, the output current along the y-axis and various curves plotted for different values of input current.
The input characteristic curve is plotted for each configuration with input current along the x-axis, input
voltage along the y-axis and various curves plotted for different values of output voltage. (A) Common
base configuration with input terminal at the emitter and output terminal at the collector. (B) Common
emitter configuration with input terminal at the base and output terminal at the collector. (C) Common
collector with input terminal at the base and output terminal at the emitter.
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impedance (about 2 MQ). Depending on theintended use of the transistor amplifier in an analog circuit,
oneconfiguration will be more appropriate than others. Oncethe common |ead of thetransistor amplifier
configurationischosen, theinput and output impedance arefunctions of thedevicebiaslevelsand circuit
loading (Fig 8.33). Theactual input and output impedancesof atransistor amplifier are highly dependent
on the input, biasing and load resistors that are used in the circuit.

A typical general-purpose bipolar-transistor data sheet lists important device specifications. Parameters

listed inthe ABSOLUTE MAXIMUM
RATINGS section are the three
junction voltages (Vceo, Vceo
and Vggp), the continuous col-
lector current (Ic), the total de-
vice power dissipation (Pp) and
the operating and storage tem-
peraturerange. Inthe OPERATING
PARAMETERS section, the three
guaranteed minimum junction
breakdown voltagesarelisted—
V@Rriceo, V@RrRcso and
V er)EBO—4ao0ONg With the two
guaranteed maximum collector
cutoff currents—Icgp and
| cBo—under OFF CHARACTERIS-
Tics. Under oN CHARACTERISTICS
are the guaranteed minimum dc
current gain (hgg), guaranteed
maximum  collector-emitter
saturation voltage—V ce(saty—
and the guaranteed maximum
base-emitter on voltage—
VBE(©n). The next section is
SMALL-SIGNAL  CHARACTERIS-
Tics, wheretheguaranteed mini-
mum current gain-bandwidth
product—fy, the guaranteed
maximum output capacitance—
Cobo, the guaranteed maximum
input capacitance—Cipo, the
guaranteed range of input im-
pedance—hie, the small-signal
current gain—hse, the guaran-
teed maximum voltagefeedback
ratio—hye and output admit-
tance—hge are listed. Finally,
the SWITCHING CHARACTERISTICS
section lists absolute maximum
ratings for delay time—tg, rise
time—t,, storage time—ts and
fal time—ts.
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Fig 8.34 — Transistor biasing circuits. (A) Fixed bias. Input signal
is ac coupled through C;. The output has a voltage that is equal to
Vce — Ic X Rc. This signal is ac coupled to the load, R, through C,.
For dc signals, the entire output voltage is based on the value of
Rc. For ac signals, the output voltage is based on the value of R¢
in parallel with R.. (B) Characteristic curve for the transistor ampli-
fier pictured in (A). The slope of the dc load line is equal to

— 1/ Rc. For ac signals, the slope of the ac load line is equal to
—1/(Rc|| RL)- The quiescent operating point, Q, is based on the
base bias current with no input signal applied and where this
characteristic line crosses the dc load line. The ac load line must
also pass through point Q. (C) Self-bias. Similar to fixed bias
circuit with the base bias resistor split into two: R1 connected to
Vce and R2 connected to ground. Also an emitter bias resistor, Rg,
is included to compensate for changing device characteristics. (D)
This is similar to the characteristic curve plotted in (B) but with an
additional “bias curve” that shows how the base bias current
varies as the device characteristics change with temperature. The
operating point, Q, moves along this line and the load lines con-
tinue to intersect it as it changes.



Transistor Biasing

Biasing in atransistor adds or subtracts a fixed amount of current from the signal at the input port. This
differs from vacuum tube, FET and operational amplifier biasing where abias voltage is added to the input
signal. Fixed bias is the ssmplest form, as shown in Fig 8.34A. The operating point is determined by the
intersection between the characteristic curves, the load line and the quiescent current biasline (Fig 8.34B).
Theproblemwithfixingthebiascurrentisthat if thetransistor parametersdrift dueto heat, the operating point
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will change. The operating point can be stabilized by self biasing, also
called emitter biasing, aspictured in Fig 8.34C. If I increasesdueto
temperature changes, the current in Rg increases. The larger current
through Rg increases the voltage drop across that resistor, causing a
decreaseinthebase current, Ig. This, inturn, leadsto adecreasing I,
minimizing itsvariation dueto heat. The operating point for thistype
of biasing is plotted in Fig 8.34D.

FIELD-EFFECT TRANSISTORS

FET devices are more closely related to vacuum tubes than are
bipolar transistors. Both the vacuum tube and the FET are con-
trolled by the voltage level of the input rather than the input cur-
rent, asin the bipolar transistor. FETs have three basic terminals,
the gate, the sourceand thedrain. These arerelated to both vacuum
tube and bipolar transistor terminals: the gate to the grid and the
base, the source to the cathode and the emitter, and the drain to the
plateandthecollector. Different formsof FET devicesarepictured
in Fig 8.35.

Thecharacteristic curvesfor FETsare similar tothoseof vacuum
tubes. The two most useful relationships are called the transcon-
ductance and output curves (Fig 8.36). Transconductance curves
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Fig 8.35—FET schematic symbols.

Fig 8.36 — JFET output and transconductance response curves
for common source amplifier configuration. (A) Output voltage
(Vps) on the x-axis versus output current (Ip) on the y-axis, with
different curves plotted for various values of input voltage (Vgs).
(B) Transconductance curve has the same three variables rear-
ranged, Vgs on the x-axis, Ip on the y-axis and curves plotted for
different values of Vps.
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Transistor Amplifier Design—a Practical Approach

The design of a transistorized amplifier is a straightforward process. Just as you don’'t need a degree in
mechanical engineering to drive an automobile, neither do you need detailed knowledge of semiconductor
physics in order to design a transistor amplifier with predictable and repeatable properties.

This sidebar will describe how to design a small-signal “Class A” transistor amplifier, following
procedures detailed in one of the best books on the subject—Solid State Design for the Radio Amateur,
by Wes Hayward, W7ZOI, and Doug DeMaw, W1FB. For many years, both hams and professional
engineers have used this classic ARRL book to design untold numbers of working amplifiers.

How Much Gain?

One of the simple, yet profound, observations made in Solid State Design for the Radio Amateur is
that a designer should not attempt to extract every last bit of gain from a single amplifier stage. Trying
to do so virtually guarantees that the circuit will be “touchy”—it may end up being more oscillator than
amplifier! While engineers might debate the exact number, modern semiconductors circuits are
inexpensive enough that you should try for no more than 25 dB of gain in a single stage.

For example, if you are designing a high-gain amplifier system to follow a direct-conversion receiver
mixer, you will need a total of about 100 dB of audio amplification. We would recommend a conserva-
tive approach where you use four stages, each with 25 dB of gain. But you might risk oscillation and
instability by using only two stages, with 50 dB gain each. The component cost will not be greatly
different between these approaches, but the headaches and lack of reproducibility of the “simpler”
two-stage design will very likely far outweigh any small cost advantages!

Biasing the Transistor Amplifier

The first step in amplifier design is to bias the transistor properly. A small-signal linear amplifier is
biased properly when there is current at all times. Once you have biased the stage, you can then use
several simple rules of thumb to determine all the major properties of the resulting amplifier.

Solid State Design for the Radio Amateur introduces several elegant transistor models. We won't
get into that much detail here, except to say that the most fundamental property of a transistor is this:
When there is current in the base-emitter junction, a larger current will flow in the collector-emitter
junction. When the base-emitter junction is thus forward
biased, the voltage across the base and emitter leads of a
silicon transistor will be relatively constant, at 0.7 V. For
most modern transistors, the dc current in the collector-
emitter junction will be at least 50 to 100 times greater than
the base-emitter current. This dc current gain is called the
transistor’'s Beta (B).

See Fig A, which shows a simple capacitively coupled
low-frequency amplifier suitable for use at 1 MHz. Resistors
R1 and R2 form a voltage divider feeding the base of the
transistor. The amount of current in the resistive voltage
divider is purposely made large enough so the base current
is small in comparison, thus creating a “stiff” voltage supply
for the base. As stated above, the voltage at the emitter will
be 0.7 V less than the base voltage for this NPN transistor.
The emitter voltage Vg appears across the series combina-
tion of R4 and R5. Note that R5 is bypassed by capacitor
C4 for ac current.

By Ohm'’s Law, the emitter current is equal to the emitter
voltage Vg divided by the sum of R4 plus R5. Now, the

Fig A—Example of a simple low-
frequency capacitively coupled
transistorized small-signal ampli-
fier. The voltages shown are the
preliminary values desired for a

emitter current is made up of both the base-emitter and the collector current of 5 mA. The ac
collector-emitter current, but since the base current is much voltage gain is the ratio of the
smaller than the collector current, the amount of collector collector load resistor, R3, divided
current is essentially equal to the emitter current, at by the unbypassed portion of the
Ve / (R4 + R5). emitter resistor, R4.
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Our design process starts by specifying the amount of current we want to flow in the collector, with
the dc collector voltage equal to half the supply voltage. For good bias stability with temperature
variation, the total emitter resistor should be at least 100 Q for a small-signal amplifier. Let's choose a
collector current of 5 mA, and use a total emitter resistance of 200 Q, with R4 = R5 =100 Q each.
The voltage across 200 Q for 5 mA of current is 1.0 V. This means that the voltage at the base must
be 1.0V +0.7V =17V, provided by the voltage divider R1 and R2.

The dc base current requirements for a collector current of 5 mA is approximately
5 mA /50 = 0.1 mA if the transistor’'s dc Beta is at least 50, a safe assumption for modern transistors.
To provide a “stiff” base voltage, we want the current through the voltage divider to be about five to
ten times greater than the base current. For convenience then, we choose the current through R1 to
be 1 mA. This is a convenient current value, because the math is simplified—we don’t have to worry
about decimal points for current or resistance: 1 mA x 1.8 kQ = 1.8 V. This is very close to the 1.7 V
we are seeking. We thus choose a standard value of 1.8 kQ for R2. The voltage drop across R1 is
12V -1.8V =10.2 V. With 1 mA in R1, the necessary value is 10.2 kQ, and we choose the closest
standard value, 10 kQ.

Let’s now look at what is happening in the collector part of the circuit. The collector resistor R3 is
1 kQ, and the 5 mA of collector current creates a 5 V drop across R3. This means that the collector
dc voltage must be 12 V-5V =7 V. The dc power dissipated in the transistor will be essentially all in
the collector-emitter junction, and will be the collector-emitter voltage (7 V — 1 V = 6 V) times the
collector current of 5 mA = 0.030 W, or 30 mW. This dissipation is well within the 0.5 W rating typical
of small-signal transistors.

Now, let’s calculate more accurately the result from using standard values for R1 and R2. The actual
base voltage will be 12 V x [1.8 kQ / (1.8 kQ + 10 kQ)] = 1.83 V, rather than 1.7 V. The resulting emitter
voltage is 1.83 V- 0.7 V =1.13 V, resulting in 1.13 V/ 200 Q = 5.7 mA of collector current, rather than
our desired 5 mA. We are close enough—we have finished designing the bias circuitry!

Performance: Voltage Gain

Now we can analyze how our little amplifier will work. The use of the unbypassed emitter resistor
R4 results in emitter degeneration—a fancy word describing a form of negative feedback. The bottom
line for us is that we can use several handy rules of thumb. The first is for the ac voltage gain of an
amplifier: Ay = R3 / R4, where A, is shorthand for voltage gain. The ac voltage gain of such an
amplifier is simply the ratio of the collector load resistor and the unbypassed emitter resistor. In this
case, the gain is 1000 / 100 = 10, which is 20 dB of voltage gain. This expression for gain is true
virtually without regard for the exact kind of transistor used in the circuit, provided that we design for
moderate gain in a single stage, as we have done.

Performance: Input Resistance

Another useful rule of thumb stemming from use of an unbypassed emitter resistor is the expression
for the ac input resistance: R;, = Beta x R4. If the ac Beta at low frequencies is about 50, then the
input resistance of the transistor is 50 x 100 W = 5000 Q. The actual input resistance includes the
shunt resistance of voltage divider R2 and R1, about 1.5 kQ. Thus the biasing resistive voltage
divider essentially sets the input resistance of the amplifier.

Performance: Overload

We can accurately predict how this amplifier will perform. If we were to supply a peak positive 1 V
signal to the base, the voltage at the collector will try to fall by the voltage gain of 10. However, since
the dc voltage at the collector is only 7 V, it is clear that the collector voltage cannot fall 10 V. In
theory, the collector voltage could fall as low as the 1.13 V dc level at the emitter. This amplifier will
“run out of voltage” at a negative collector voltage swing of about 6.3 V—-1.13V =5.17 V, when the
input voltage is 5.17 divided by the gain of 10 = 0.517 V.

When a negative-going ac voltage is supplied to the base, the collector current falls, and the collec-
tor voltage will rise by the voltage gain of 10. The maximum amount of voltage possible is the 12 V
supply voltage, where the transistor is cut off with no collector current. The maximum positive collec-
tor swing is from the standing collector dc voltage to the supply voltage: 12 V — 6.3 V = 5.7 V positive
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in output resistor R3 is (3.6)2
/1000 = 0.013 W = 13 mW,
which is +11.1 dBm (refer-
enced to 1 mW on 50 Q).

At the 1 dB compression
point, the third-order IMD
(intermodulation distortion)
will be roughly 25 dB below
the level of each tone. Fig B
shows a graph of output
versus input levels for both
the desired signal and for
third-order IMD products.
The rule of thumb for IMD is
that if the input level is
decreased by 10 dB, the IMD
will decrease by 30 dB. Thus,
if input is restricted to be
10 dB below the 1 dB com-
pression point, the IMD will
be 25 dB + 30 dB = 55 dB
below each output tone.

With very simple math we
have thus designed and
characterized a simple
amplifier. This amplifier will
be stable for both dc and ac
under almost any thermal
and environmental condi-
tions conceivable. That
wasn’t too difficult, was
it?—R. Dean Straw, N6BV,
ARRL Senior Assistant
Technical Editor

swing. This occurs with a peak negative input voltage of 5.7 V /10 = 0.57 V. Our amplifier will over-
load rather symmetrically on both negative and positive peaks. This is no accident—we biased it to
have a collector voltage halfway between ground and the supply voltage.

When the amplifier “runs out of output voltage” in either direction, another useful rule of thumb is
that this is the 1 dB compression point. This is where the amplifier just begins to depart from linearity,
where it can no longer provide any more output for further input. For our amplifier, this is with a peak-
to-peak output swing of approximately 5.1 V x 2 = 10.2 V, or 3.6 V rms. The output power developed

T T e

Output Intercept /

+10 |- 71

Gain
Compression

-10

Desired

Outputs

PoyT. dBm, per Tone

Third—Order
Distortion
Outputs

Input
Intercept |

\ \
| | |
0

-60 =50 —40 =30 =20 -10

+10
P|N . dBm, per Tone

Fig B—Output IMD (intermodulation distortion) as a function of
input. In the region below the 1 dB compression point, a de-
crease in input level of 10 dB results in a drop of IMD products
by 30 dB below the level of each output tone in a two-tone signal.
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give the drain current, Ip, due to different gate-source voltage
differences, Vgs, for various drain-source voltages, Vps. The 1000
same parameters are interrelated in a different way in the output 100+
curve. For different values of Vgs, Ip is plotted against Vps. In
both of theserepresentations, thedevice output isthedrain current
and these curvesdescribethe FET in the common-source configu- T
ration. The action of the FET channel is so nearly ideal that, as 01 R S S
long as the JFET gate does not become forward biased, the drain 60 %0 ‘4°V;S3‘(’V)‘2° -lo o
and source currents are virtually identical. For JFETSs the gate
Ie_akage_current, G, isgfunction ofVGSandthis_isoften e_xpressed Fig 8.37 — JFET input leakage
with an input curve (Fig 8.37). The point at which thereisagreat  ,rves for common source
increasein g iscalled thejunction break point voltage. Theinsu-  amplifier configuration. Input
lated gatesin M OSFET devicesdo away withany appreciablegate  voltage (Ves) on the x-axis versus
leakage current. MOSFETSs do not need input and reverse wiﬁ’r‘]‘tt\fv‘(‘)r:irltlgg)pcl’:ut:f Lo,
transconductance curves. Their output curves (Fig8.38) aresimi-  {ifferent operating temperatures,
lar to those of the JFET. 25°C and 125°C. Input current
The parameters used to describe a FET’ sperformance arealso ~ increases greatly when the gate
similar to those of vacuum tubes. The dc channel resistance, rps, \éfét;?peo?ﬁtc\elgﬂzéze Junction
is specified in data sheets to be |ess than a maximum value when '
thedeviceisbiased on (rps(on)).
For ac signals, rgsion) is not
necessarily the same asrpson),
but it is not very different 164 Vos=4V 164
as long as the frequency is
not so high that capacitive
reactance becomessignificant. 8T oV 8T
The common source forward 4- _av_ ot
transconductance, gss, is ob- . . . . —4v L
tained asthe slope of one of the o 4 8 12 16 20 -6 -4 -2 0 2 4 6
lines in the forward trans-
conductance curve, @ ®

_Alp
Ors= AVGS (14) 201 Vgg=10V 20

Tp=125°C

Junction
Breakpoint
Voltage

10—+

I (pA)

Vpg=10V

Ip (mA)
Ip (mA)

Vpg=10V

When gate voltage is maxi-
mum (Vgs = 0 for a JFET)
'bs(on) IS Minimum. This de-
scribes the effectiveness of the
device as an analog switch.

A typical FET data sheet
QiVESABSOLUTE MAXIMUM RAT-
INGsfor Vps, Vpag, Vesand I p,
alongwiththeusual devicedis-
sipation (Pp) and storage tem-
perature range. The oFr cHAR-  Fig 8.38 — MOSFET output [(A) and (C)] and transconductance [(B)
acreristics listed are the G0 0 TRORSE TLlTEN T Sl Ve varics from negative o
gate-source breakdown volt-  positive values. Plots (C) and (D) are for an N-channel enhance-
age, VGS(BR), the reverse gate ment mode device. Vgs has only positive values.

Ip (mA)
Ip (mA)

4V
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current, Igss and the gate-source cutoff voltage, Vgsiorr). The ON CHARACTERISTIC is the zero-gate-
voltage drain current (Ipss). The SMALL SIGNAL CHARACTERISTICS include the forward transfer admit-
tance, yss, the output admittance, yos, the static drain-source on resistance, rqsion) and various capaci-
tances such asinput capacitance, Cig, reversetransfer capacitance, C,ss, thedrain-substrate capacitance,
Cd(sub)- FUNCTIONAL CHARACTERISTICS include the noise figure, NF and the common source power gain
Gps-

Therelatively flat regionsin the MOSFET output curves are often used to provide a constant current
source. Asisplottedinthesecurves, thedrain current, I p, changesvery little asthe drain-sourcevoltage,
Vps, variesin this portion of the curve. Thus, for afixed gate-source voltage, Vgs, thedrain current can
be considered to be constant over a wide range of drain-source voltages.

Multiple gate MOSFETS are also available (MFE130, MPF201, MPF211, MPF521). Due to the
insulating layer, the two gates are isolated from each other and allow two signalsto control the channel
simultaneously with virtually no loading of one signal by the other. A common application of thistype
of deviceisan automatic gain control (AGC) amplifier. Thesignal isapplied to one gateand arectified,
low-pass filtered form of the output (the AGC voltage) is fed back to the other gate. Another common
application is for mixers.

1.6 Vps=15V
Vbp
1.2 4
Rg=1kQ
Input <
E 08+
Output \'C/,
Re
Rs 0.4 4
0 I I I !
-1.6 -1.2 -0.8 -0.4 0
Ves (V)

(A) ®

VbD 1.6

Input @ 12
Output -
utpu 2

E 08—
Rg o

VrB 0.4 1

Rq
0 I
-1.6 2.0
(©) (D)

Fig 8.39 — FET biasing circuits. (A) Self biased common drain JFET circuit. (B) Transconductance
curve for self biased JFET in (A). Gate bias is determined by current through Rs. Load line has a
slope of — 1/ Rs and gate bias voltage can vary between where the load line crosses the characteris-
tic curves. (C) Feedback bias common drain JFET circuit.
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FET Biasing

There are two waysto bias an FET, with and without feedback. Source self biasing for an N-channel
JFET is pictured in Fig 8.39A. In this common-drain amplifier circuit, bias level is determined by
the current through Rs, since Ig is very small and there is essentially no voltage drop across Rg. The
characteristic curvefor this configuration is plotted in Fig 8.39B. The operating points of the amplifier
arewheretheload line intersectsthe curves. An example of feedback biasing isshownin Fig 8.39C. Ry
isgenerally much larger than Rg and the load line is determined by the sum of these resistors, as shown
in Fig 8.39D. Feedback biasing increases the input impedance of the amplifier, but is rarely required,
since input resistance (Rg) can be made very large.

MOSFET Gate Protection

The MOSFET is constructed with a very thin layer of SiO, for the gate insulator. This layer is
extremely thin in order to improve the gain of the device but this makes it susceptible to damage from
high voltage levels. If enough charge accumulates on the gate terminal, it can punch through the gate
insulator and destroy it. Theinsulation of the gateterminal isso good that virtually none of thispotential
is eased by leakage of the charge into the device. While this condition makes for nearly ideal input
impedance (approaching infinity), it puts the device at risk of destruction from even such seemingly
innocuous electrical sources as static electricity in the air.

Some MOSFET devices contain an internal Zener diode with its cathode connected to the gate and its
anodeto the substrate. If the voltage at the gate risesto adamaging level the Zener junction breaks down
and bleeds the excess charges off to the substrate. When voltages are within normal operating limitsthe
Zener has little effect on the signal at the gate, although it may decrease the input impedance of the
MOSFET. Thissolutionwill not work for all MOSFETSs. The Zener diode must always bereverse biased
to be effective. In the enhancement mode MOSFET, Vgs > 0 for all valid uses of the part. In depletion
mode devicesV gs can be both positive and negative; when negative, aprotection Zener diode would be
forward biased and the MOSFET would not work properly. In some depletion mode MOSFET devices,
back-to-back Zener diodes are used to protect the gate.

MOSFET devices are at greatest risk of damage from static electricity when they are out of circuit.
Even though static electricity is capable of delivering little current, it can generate thousands of volts.
When storing MOSFETS, the leads should be placed into conductive foam. When working with
MOSFETS, it is a good idea to minimize static by wearing a grounded wrist strap and working on a
grounded table. A humidifier may help to decrease the static electricity in the air. Before inserting a
MOSFET into acircuit board it helpsto first touch the device leads with your hand and then touch the
circuit board. Thisservesto equalizethe excess charge so that when the deviceisinserted into thecircuit
board little charge will flow into the gate terminal.

OPTICAL SEMICONDUCTORS

In addition to electrical energy and heat energy, light energy also affectsthe behavior of semiconduc-
tor materials. If adeviceismadeto allow light to fall on the surface of the semiconductor material, the
light energy will break covalent bonds and increase the number of electron-hole pairs, decreasing the
resistance of the material.

Photoconductors

In commercial photoconductors (also called photoresistors) the resistance can change by as much as
several kilohms for a light intensity change of 100 ft-candles. The most common material used in
photoconductorsis cadmium sulfide (CdS), with aresistance range of morethan 2 MQ in total darkness
tolessthan 10 Q in bright light. Other materials used in photoconductorsrespond best at specific colors.
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L ead sulfide (PbS) ismost sen-
sitivetoinfrared light and sele- 8007
nium (Se) works best in the
blue end of the visible spec-
trum.

A similar effect is used in
some diodes and transistors so
that their operation can be con-
trolled by light instead of elec-
trical current biasing. These e i i: i y
devices are called photodiodes Reverse Voltage (V)
and phototransistors. Theflow

of mlnorlf[y Camers_ acro_ss the Fig 8.40 — Photodiode response curve. Reverse voltage is plotted
reverse biased PN junction is  gn the x-axis and current through diode is plotted on the y-axis.
increased by lightfallingonthe  Various response lines are plotted for different illumination. Except
doped semiconductor material. ~ for the zero illumination line, the response does not pass through
Inthedark, thejunction actsthe the origin since there is current generated at the PN junction by the

. light energy. A load line is shown for a 50 kQ resistor in series with
same as any reversebiased PN the photodiode.

junction, with a very low cur-

rent (ontheorder of 10 uA) that

is nearly independent of reverse voltage. The presence of light not only increases the current but also
provides aresistance-like relationship (reverse current increases as reverse voltage increases). See Fig
8.40 for the characteristic response of aphotodiode. Even with no reverse voltage applied, the presence
of light causes asmall reverse current, asindicated by the points at which thelinesin Fig 8.40 intersect
the left side of the graph. Photoconductors and photodiodes are generally used to produce light-related
analog signals that require further processing. The phototransistor can often be used to serve both
purposes, acting as an amplifier whose gain varies with the amount of light present. It is also more
sensitive to light than the other devices. Phototransistors have lots of gain, but photodiodes normally
have less noise, so they make sensitive detectors.

3000 foot—candles

600 +

2000 foot—candles
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1000 foot—candles
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Photovoltaic Effect

Whenilluminated, thereverse biased photodiode hasareverse current dueto excessminority carriers.
Asthereverse voltage is reduced, the potential barrier to the forward flow of majority carriersis also
reduced. Since light energy leads to the generation of both majority and minority carriers, when the
resistanceto theflow of majority carriersisdecreased these carriersform aforward current. Thevoltage
at which the forward current equals the reverse current is called the photovoltaic potential of the
junction. If the illuminated PN junction is not connected to aload, a voltage equal to the photovoltaic
potential can be measured acrossit. Devicesthat use light from the sun to produce el ectricity in thisway
are called solar cellsor solar batteries. Common operating characteristics of silicon photovoltaic cells
are an open circuit voltage of about 0.6 V and a conversion efficiency of about 10 to 15%.

Light Emitting Diodes

In the photodiode, energy from light falling on the semiconductor material is absorbed to make
additional electron-hole pairs. When the electrons and holes recombine, the same amount of energy is
given off. In normal diodes the energy from recombination of carriersis given off as heat. In certain
formsof semiconductor material, the recombination energy isgiven off aslight with amechanism called
el ectroluminescence. Unlike theincandescent light bulb, electroluminescenceisacold light source that
typically operates with low voltages and currents (such as 1.5 V and 10 mA). Devices made for this
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purpose are called light emitting diodes (LEDs). They have the advantages of low power requirements,
fast switching times (on the order of 10 ns) and narrow spectra (relatively pure color). The LED emits
light when it is forward biased and excess carriers are present. As the carriers recombine, light is
produced with a color that depends on the properties of the semiconductor material used. Gallium
arsenide (GaAs) generateslight intheinfrared region, gallium phosphide (GaP) gives off red light when
doped with oxygen or green light when doped with nitrogen. Orange light is attained with a mixture of
GaAs and GaP (GaAsP). Silicon doped with carbon gives off yellow light but does not produce much
illumination. Other colors are also possible with different types and concentrations of dopants but
usually have lower illumination efficiencies.

The LED isvery simpleto use. It is connected across avoltage source with aseriesresistor that limits
the current to the desired level for the amount of light to be generated.The cathode lead is connected to
thelower potential, andisusually specially marked (flattening of the lead near the package, adot of paint
next to thelead, and aflat portion of the round device located next to the lead are all common methods).

Optoisolators

An interesting combination of optoel ectronic components proves very useful in many analog signal
processing applications. An optoisolator consists of an LED optically coupled to a phototransistor,
usually in an enclosed package. The optoisolator, as its name suggests, isolates different circuits from
each other. Typically, isolation resistanceis on the order of 1011 Q and isolation capacitanceis|essthan
1 pF. Maximum voltageisolation variesfrom 1,000 to 10,000 V ac. The most common optoisolators are
available in 6 pin DIP packages.

Optoisolators are used for voltage level shifting and signal isolation. The isolation has two purposes: to
protect circuitry from excessive voltage spikes and to isolate noisy circuitry from noise sensitive circuitry.
A disadvantage of an optoisolator isthat it addsafinite amount of noiseand isnot appropriatefor usein many
applications with low level signals. Optoisolators also cannot transfer signals with high power levels. The
power rating of the LED in a4N25 deviceis 120 mW. Optoisolators have alimited frequency response due
to the high capacitance of the LED. A typical bandwidth for the 4N25 seriesis 300 kHz.

As an example of voltage level shifting, the input to an optoisolator can be derived from a tube
amplifier that has a signal varying between 0 and 150 V by using a series current limiting resistor. In
order to drive asemiconductor circuit that operatesin the—1to 0V range, the output of the optoisolator
can be biased to operate in that range. This conversion of voltage levels, without a common ground
connection between the circuits, is not easily performed in any other way.

A 1000V spike that is high enough to destroy a semiconductor circuit will only saturate the LED in
the optoisolator and will not propagate to the next stage. The worst that will happen isthe LED will be
destroyed, but very often it is capable of surviving even very high voltage spikes.

Optoisolators are al so useful for isolating different ground systems. The input and output signals are
totally isolated from each other, even with respect to the references for each signal. A common appli-
cation for optoisolation iswhen acomputer isused to control radio equipment. The computer signal, and
even its ground reference, typically contains considerable wide band noise due to the digital circuitry.
The best way to keep thisnoise out of theradio isto isolate both the signal and itsreference; thisiseasily
done with an optoisolator.

The design of circuits with optoisolators is not different from the design of circuits with LEDs and
with transistors. The LED is forward biased and usually driven with a series current limiting resistor
whose valueis set so that the forward current will be less than the maximum value for the device (such
as60 mA ina4N25). Signals must be appropriately dc shifted so that the LED isalwaysforward biased.
The phototransistor typically has all three leads available for connection. The base lead is used for
biasing, since the signal is usually derived from the optics, and the collector and emitter leads are used
as they would be in any transistor amplifier circuit.
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Fiber Optics

An interesting variation of the optoisolator is the fiber optic connection. Like the optoisolator, the
signal isintroduced to an LED device that modulateslight. The signal isrecovered by a photodetecting
device (photoresistor, photodiode, or phototransistor). Instead of locating the input and output devices
next to each other, the light is transmitted in afiber optic cable, an extruded glass fiber that efficiently
carries light over long distances and around fairly sharp bends. The fiber optic cable isolates the two
circuits and provides an interesting transmission line. Fiber optics generally have far less loss than
coaxial cabletransmissionlines. They do not leak RF energy, nor do they pick up electrical noise. Special
forms of LEDs and phototransistors are available with the appropriate optical couplers for connecting
to fiber optic cables. These devices are typically designed for higher frequency operation with band-
widths in the tens and hundreds of megahertz.

LINEAR INTEGRATED CIRCUITS

If you look into atransistor, the actual size of the semiconductor is quite small compared to the size
of the packaging. For most semiconductors, the packaging takes considerably more space than the actual
semiconductor device. Thus, an obviousway to reduce the physical size of circuitry isto combine more
of the circuit inside a single package.

Hybrid Integrated Circuits

It is easy to imagine placing several small semiconductor chipsin the same package. Thisis known
as hybrid circuitry, atechnology in which several semiconductor chips are placed in the same package
and miniature wires are connected between them to make complete circuits.

Hybrid circuits miniaturize analog electronic circuits by replacing much of the packaging that is
inherent in discrete electronics. The term discrete refers to the use of individual componentsto make a
circuit, each in its own package. One application that still exists for hybrid circuitry is microwave
amplifiers. The components of the amplifier are placed in a standard TO-39 package that isonly 1 cm
in diameter. The small dimensions of these circuits permit operation at VHF. For example, the Motorola
MWAJS5157 can provide over 23 dB of gain at 1 GHz.

Both discrete and hybrid circuitry require that connections be made between the leads of the compo-
nents. Thistakesspace, isrelatively expensiveto construct and isthe source of most failuresin electronic
circuitry. If multiple components could be placed on a single piece of semiconductor with the connec-
tions between them as part of the semiconductor chip, these three disadvantages would be overcome.

Monolithic Integrated Circuits

Inorder tobuildentirecircuitson asingle pieceof semiconductor, it must be possibletofabricate other
devices, such asresistorsand capacitors, aswell astransistorsand diodes. Theentirecircuit iscombined
into asingle unit, or chip, that is called a monoalithic integrated circuit.

Anintegrated circuit (IC) isfabricated in layers. An example of asemiconductor circuit schematic and its
implementationinanICispictured in Fig 8.41. Thebaselayer of thecircuit, the substrate, ismade of P-type
semiconductor material. Although less common, the polarity of the substrate can also be N-type material.
Since the mobility of electronsis about three times higher than that of holes, bipolar transistors made with
N-type collectors and FETs made with N-type channels are capable of higher speeds and power handling.
Thus, P-type substratesarefar more common. For deviceswith N-type substrates, all polaritiesintheensuing
discussion would be reversed. Other substrates have been used, one of the most successful of which isthe
silicon-on-sapphire (SOS) construction that has been used to increase the bandwidth of integrated circuitry.
Its relatively high manufacturing cost has impeded its use, however.

On top of the P-type substrate is a thin layer of N-type material in which the active and passive
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Fig 8.41 — Integrated circuit layout. (A) Circuit containing two diodes, a resistor, a capacitor, an NPN
transistor and an N-channel MOSFET. Labeled leads are D for diode, R for resistor, DC for diode-
capacitor, E for emitter, S for source, CD for collector-drain and G for gate. (B) Integrated circuit that
is identical to circuit in (A). Same leads are labeled for comparison. Circuit is built on a P-type semi-
conductor substrate with N-type wells diffused into it. An insulating layer of SiO; is above the
semiconductor and is etched away where aluminum metal contacts are made with the semiconduc-
tor. Most metal-to-semiconductor contacts are made with heavily doped N-type material (N*-type
semiconductor).

components are built. Impurities are diffused into this layer to form the appropriate component at each
location. To prevent random diffusion of impuritiesinto the N-layer, itsupper surface must be protected.
This is done by covering the N-layer with a layer of silicon dioxide (SiO2). Wherever diffusion of
impuritiesisdesired, the SiO, is etched away. The precision of placing the components on the semicon-
ductor material depends mainly on thefineness of the etching. Thefourth layer of an I C ismade of metal
(usually aluminum) and is used to make the interconnections between the components.

Different components are made in a single piece of semiconductor material by first diffusing ahigh
concentration of acceptor impurities into the layer of N-type material. This process creates P-type
semiconductor—often referred to as P*-type semiconductor because of its high concentration of accep-
tor atoms—that isolates regions of N-type material. Each of these regions is then further processed to
form single components. A component is produced by the diffusion of alesser concentration of acceptor
atoms into the middle of each isolation region. Thisresultsin an N-typeisolation well that contains P-
type material, is surrounded on its sides by P*-type material and has P-type material (substrate) below
it. The cross sectional view in Fig 8.41B illustrates the various layers. Contacts to the metal layer are
often made by diffusing high concentrations of donor atoms into small regions of the N-type well and
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the P-typematerial inthewell. Thematerial inthesesmall regionsisN*-typeand facilitateselectron flow
between the metal contact and the semiconductor. In some configurations, it isnecessary to connect the
metal directly to the P-type material in the well.

An isolation well can be made into aresistor by making two contacts into the P-type semiconductor
inthewell. Resistanceisinversely proportional to the cross-sectional areaof thewell. An alternatetype
of resistor that can be integrated in a semiconductor circuit isathin filmresistor, whereametallic film
is deposited on the SiO, layer, masked on its upper surface by more SiO, and then etched to make the
desired geometry, thus adjusting the resistance.

There are two ways to form capacitors in a semiconductor. One is to make use of the PN junction
between the N-type well and the P-type material that fills it. Much like a varactor diode, when this
junction is reverse biased a capacitance results. Since a bias voltage is required, this type of capacitor
ispolarized, like an electrolytic capacitor. Nonpolarized capacitors can also be formed in an integrated
circuit by using thin film technology. In this case, a very high concentration of donor ions is diffused
into the well, creating an N*-type region. A thin metallic film is deposited over the SiO; layer covering
thewell andthe capacitanceiscreated betweenthemetallic film and thewell. Theval ueof the capacitance
isadjusted by varying the thickness of the SiO, layer and the cross-sectional size of the well. Thistype
of thin film capacitor is also known as a metal oxide semiconductor (MOS) capacitor.

Unlikeresistorsand capacitors, itisvery difficult to createinductorsinintegrated circuits. Generally,
RF circuits that need inductance require external inductors to be connected to the IC. In some cases,
particularly at lower frequencies, the behavior of an inductor can be mimicked by an amplifier circuit.
In many cases the appropriate design of 1C amplifiers can obviate the need for external inductors.

Transistors are created in integrated circuitry in much the same way that they are fabricated in their
discrete forms. The NPN transistor is the easiest to make since the wall of the well, made of N-type
semiconductor, formsthe collector, the P-type material in the well forms the base and a small region of
N*-type material formed in the center of the well becomes the emitter. A PNP transistor is made by
diffusing donor ions into the P-type semiconductor in the well to make a pattern with P-type material
in the center (emitter) surrounded by aring of N-type material that connectsall theway down to thewell
material (base), and thisis surrounded by another ring of P-type material (collector). Thisconfiguration
results in alarge base width separating the emitter and collector, causing these devices to have much
lower current gain than the NPN form. Thisis one reason why integrated circuitry is designed to use
many more NPN transistors than PNP transistors.

The simplest form of diodeis generated by connecting to an N*-type connection point in the well for
the cathode and to the P-typewell material for theanode. Diodesare often converted from NPN transi stor
configurations. Integrated circuit diodes made thisway can either short the collector to the base or |eave
the collector unconnected. The base contact is the anode and the emitter contact is the cathode.

FETs can also be fabricated in IC form. Due to its many functional advantages, the MOSFET isthe
most common form used for digital ICs. MOSFETSs are made in a semiconductor chip much the same
way as MOS capacitors, described earlier. In addition to the signal processing advantages offered by
MOSFETSs over other transistors, the MOSFET device can be fabricated in 5% of the physical space
required for bipolar transistors. MOSFET | Cs can contain 20 times more circuitry than bipolar ICswith
the same chip size. Just as discrete MOSFETSs are at risk of gate destruction, IC chips made with
MOSFET devices have a similar risk. They should be treated with the same care to protect them from
static el ectricity asdiscrete MOSFETSs. Integrated circuits need not be made exclusively withMOSFETs
or bipolar transistors. It iscommon to find 1C chips designed with both technol ogies, taking advantage
of the strengths of each.

Complementary Metal Oxide Semiconductors
Power dissipation in acircuit can be reduced to very small levels (on the order of afew nW) by using
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the MOSFET devices in

complementary pairs(CMOS). 3

Each amplifier is constructed

of aseries circuit of MOSFET Yoo m
devices, as in Fig 8.42. The a |,

gates are tied together for the BN
input signal, as are the drains o1 @: D \ \% e
fpr the output signal. In satura- NP ) Vo &\

tion and cutoff, only one of the D2

devices conducts. The current 62 @:

drawn by the circuit under no > o o
load isequal to the oFr leakage I

current of either deviceand the ® ®)

voltage drop across the pair is

equal to Vpp, so the steady  Fig 8.42 — Complementary metal oxide semiconductor (CMOS). (A)
state power used by the circuit CMOS device is made from a pair of enhancement mode MOS
isalwavsegual toVpn X | _ transistors, th_e upper is an N-channel d_evu_:e and the lower is a
E y eq al DD * ID(off) P-channel device. When one transistor is biased on, the other is

or a_c S_'gn S, p_ower CON- " piased off so there is minimal current from Vpp to ground. (B)
sumptionisproportional tofre- Implementation of a CMOS pair as an integrated circuit.

quency.

CMOS circuitry could be
built with discrete components; however, the number of extraparts and the need for the complementary
componentsto be matched hasmadeit an unusual design technique. Although CMOSismost commonly
used in digital integrated circuitry, its low power consumption has been put to advantage by several
manufacturers of analog ICs.

Integrated Circuit Advantages

There are many advantages of monolithicintegrated circuitry over similar circuitry implemented with
discrete components. The integration of the interconnections is one that has already been mentioned.
This procedure alone serves to greatly decrease the physical size of the circuit and to improve its
reliability. Infact, in one study performed on failuresof electronic circuitry, it wasfound that the failure
rateisnot necessarily related to the complexity of the circuit, ashad been previously thought, butismore
closely afunction of the number of interconnectionsbetween packages. Thus, themorecircuitry that can
be integrated onto a single piece of semiconductor material, the more reliable the circuit should be.

The amount of circuitry that can be placed onto a single semiconductor chip is a function of two
factors: the size of the chip and how closely the various components are spaced. A revolution in IC
manufacture occurred when semiconductor material was created in the laboratory rather than found in
nature. The man-made semiconductor wafersare more pureand allow for larger wafer sizes. This, along
with the steady improvement of the etching resolution on the chips, has caused an exponential increase
over the past two decadesin the amount of circuitry that can be placed in asingle | C package. Currently,
it is not unusual to find chips with more than one million transistors on them.

Decreased circuit sizeand improvedreliability areonly two of the advantages of monolithicintegrated
circuitry. The uncertainty of the exact behavior of the integrated components is the same as it is for
discrete components, asdiscussed earlier. Therelative propertiesof the devicesonasinglechip arevery
predictable, however. Since adjacent components on asemiconductor chip are made simultaneously (the
entire N-type layer is grown at once, asingle diffusion passisolates all the wells and another passfills
them), the characteristics of identically formed components on a single chip of silicon should be iden-
tical. Evenif theexact characteristics of the componentsare unknown, very ofteninanalog circuit design
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the major concern is how components interact. For instance, push-pull amplifiers require perfectly
matched transistors, and the gain of many amplifier configurationsisgoverned by theratio between two
resistors and not their absolute values of resistance.

Integrated circuits often have an advantage over discrete circuitsin their temperature behavior. The
variation of performance of the components on an integrated circuit due to heat is no better than that of
discrete components. While a discrete circuit may be exposed to a wide range of temperature changes,
the entire semiconductor chip generally changes temperature by the same amount; there are fewer “hot
spots” and “cold spots.” Thus, integrated circuits can be designed to better compensate for temperature
changes.

A designer of analog devices implemented with integrated circuitry has more freedom to include
additional components that could improve the stability and performance of the implementation. The
inclusion of components that could cause a prohibitive increase in the size, cost or complexity of a
discrete circuit would have very little effect on any of these factors in an integrated circuit.

Once an integrated circuit isdesigned and laid out, the cost of making copies of it isvery small, often
only pennies per chip. Integrated circuitry isresponsiblefor theincredibleincreasein performancewith
acorresponding decrease in price of electronics over the last 20 years. While thistrend is most obvious
in digital computers, analog circuitry has also benefited from this technology.

The advent of integrated circuitry has also improved the design of high frequency circuitry. One
problem in the design and layout of RF equipment isthe radiation and reception of spurious signals. As
frequencies increase and wavelengths approach the dimensions of the wires in a circuit board, the
interconnections act as efficient antennas. The dimensions of the circuitry within an IC are orders of
magnitude smaller than in discrete circuitry, thus greatly decreasing this problem and permitting the
processing of much higher frequencies with fewer problems of interstage interference. Another related
advantage of the smaller interconnections in an IC is the lower inherent inductance of the wires, and
lower stray capacitance between components and traces.

Integrated Circuit Disadvantages

Despite the many advantages of integrated circuitry, disadvantages also exist. | Cs have not replaced
discrete components, even tubes, in some applications. There are some tasks that | Cs cannot perform,
even though the list of these continues to decrease over time as | C technology improves.

Although the high concentration of componentson an | C chip isconsidered to be an advantage of that
technology, it also leads to a major limitation. Heat generated in the individual components on the IC
chipisoftendifficult to dissipate. Sincethere are so many heat generating components so closetogether,
the heat can build up and destroy the circuitry. It is this limitation that currently causes many power
amplifiers to be designed with discrete components.

Integrated circuits, despitetheir short interconnection lengths and lower stray inductance, do not have
as high afrequency response as similar circuits built with appropriate discrete components. (There are
exceptions to this generalization, of course. Monolithic microwave integrated circuits—MMICs—are
available for operation on frequencies up through 10 GHz.) The physical architecture of an integrated
circuit is the cause of this limitation. Since the substrate and the walls of the isolation wells are made
of opposite types of semiconductor material, the PN junction between them must be reverse biased to
prevent current from passing into the substrate. Like any other reverse biased PN junction, acapacitance
is created at the junction and this limits the frequency response of the devices on the IC. This situation
has improved over the years as isolation wells have gotten smaller, thus decreasing the capacitance
between the well and the substrate, and techniques have been developed to decrease the PN junction
capacitance at the substrate. One such technique has been to create an N*-type layer between the well
and the substrate, which decreasesthe capacitance of the PN junction as seen by thewell. Asan example,
inthe1970sthe LM 324 operational amplifier |C packagewasdevel oped by National Semiconductor and
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claimed a gain-bandwidth product of 1 MHz. In the 1990s the HFA1102 operational amplifier IC,
developed by Harris Semiconductor, was introduced with a gain-bandwidth product of 600 MHz.

A major impediment to the introduction of new integrated circuits, particularly with special applica-
tions, isthe very high cost of development of new designs. The masking cost alone for a designed and
tested integrated circuit can exceed $100,000. Adding the design, layout and debugging costs motivates
IC manufacturers to produce devices that will be widely used so that they can recoup the devel opment
costs by volume of sales. While a particular application would benefit from customization of circuitry
on an I1C, the popularity of that application may not be wide enough to compel an IC manufacturer to
develop that design. A designer who wishes to use IC chips must often settle for circuits that do not
behave exactly as desired for the specific application. This trade-off between the advantages afforded
by the use of integrated circuitry and the loss of performanceif the available | C products do not exactly
meet the desired specifications must be considered by equipment designers. It often leads to the use of
discrete circuitry in sensitive applications. Once again, the improvements afforded by technology have
mitigated this problem somewhat. The design and layout of ICs has been made more affordable by
computer-based aids. I nteraction between the computer aided design (CAD) software and modern chip
masking hardware has also decreased the masking costs. As these devel opment costs decrease, we are
seeing anincrease in the number of specialty chipsthat are being marketed and al so of small companies
that are created to fill the needs of the niche markets.

Common Types of Linear Integrated Circuits

The three main advantages of designing a circuit into an IC are to take advantage of the matched
characteristics of like components, to make highly complex circuitry more economical, and to minia-
turizethecircuit. Asaparticular technology becomes popular, arash of integrated circuitry isdevel oped
to service that technology. A recent example is the cellular telephone industry. Cellular phones have
become so pervasive that |C manufacturers have developed alarge number of devices targeted toward
thistechnology. Spacelimitations prohibit acomprehensivelisting of all analog special function ICsbut
a sampling of those that are more useful in the radio field is presented.

Component Arrays

The most basic form of linear integrated circuit is the component array. The most common of these
aretheresistor, diode and transistor arrays. Though capacitor arraysare also possible, they are used less
often. Component arrays usually provide space saving but this is not the major advantage of these
devices. They are the least densely packed of the integrated circuits, limited mainly by the number of
off-chip connections needed. While it may be possible to place over a million transistors on a single
semiconductor chip, individual access to these would require a total of three million pins and thisis
beyond the limits of practicability. More commonly, resistor and diode arrays contain from
fiveto 16 individual devices and transistor arrays contain from three to six individual transistors. The
advantage of these arraysis the very close matching of component values within the array. In acircuit
that needs matched components, the component array is often a good method of obtaining this feature.
The components within an array can be internally combined for special functions, such as termination
resistors, diode bridges and Darlington pair transistors. A nearly infinite number of possibilities exists
for these combinations of components and many of these are available in arrays.

Multivibrators

A multivibrator isacircuit that oscillates, usually with a square wave output in the audio frequency
range. The frequency of oscillation is accurately controlled with the addition of appropriate values of
external resistance and capacitance. The most common multivibrator in use today isthe 555 (NE555 by
Signetics [now Philips] or LM555 by National Semiconductor). Thisvery simple eight-pin DIP device
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hasafrequency rangefromless
than one hertz to several hun-
dred kilohertz. Such a device
can also be used in monostable
operation, wherean input pulse
generates an output pulse of a
different duration, or inastable
operation, where the device
freely oscillates. Some other
applications of a multivibrator
are as a frequency divider, a
delay line, apul sewidth modu-
lator and a pulse position
modul ator.

Operational Amplifiers

Anoperational amplifier, or
op amp, isone of the most use-
ful linear devicesthat has been
developed in integrated cir-
cuitry. While it is possible to
build an op amp with discrete
components, the symmetry of
this circuit requires a close
match of many components
and is more effective, and

Vee
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Fig 8.43 — Schematic of the components that make up an opera-
tional amplifier. Q1 and Q2 are matched emitter-coupled amplifiers.
Q3 provides a constant current source. The symmetry of this
device makes the matching of the components critical to its opera-
tion. This is why this circuit is usually implemented only in
integrated circuitry. This simple op amp design has a large dc
offset voltage at the output. Most practical designs include a
level-shifting circuit, so the output voltage can exist near ground

much easier, to implement in
integrated circuitry. Fig 8.43
shows a basic op-amp circuit. The op amp approaches a perfect
analog circuit building block.

Ideally, an op amp has an infinite input impedance (Z;), a zero
output impedance (Z,) and an open loop voltage gain (Ay) of
infinity. Obviously, practical op amps do not meet these specifi-
cations, but they do come closer than most other types of ampli-
fiers. An older op amp that is based on bipolar transistor technol-
ogy, the LM324, has the following characteristics: guaranteed
minimum CMRR of 65 dB, guaranteed minimum A, of 25000,
an input bias current (related to Z;) guaranteed to be below
250 nA (2.5 x 10~" A), output current capability (which deter-
mines Z,) guaranteed to be above 10 mA and a gain-bandwidth
product of 1 MHz. The TL084, whichisapin compatible replace-
ment for the LM324 but is made with both JFET and bipolar
transistors, has a guaranteed minimum CMRR of 80 dB, an input
bias current guaranteed to be below 200 pA (2.0 x 1019 A, almost
1000 times smaller than the LM 324) and a gain-bandwidth prod-
uct of 3 MHz. Philips has recently introduced the LM C6001 op
amp with an input bias current of 25 fA (2.5 x 10714 A, almost
10,000 times smaller than the TL084). Thisis equivalent to 156
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Fig 8.44 — Operational amplifier
schematic symbol. The terminal
marked with a + sign is the
noninverting input. The terminal
marked with a — sign is the
inverting input. The output is to
the right. On some op amps,
external compensation is needed
and leads are provided, pictured
here below the device. Usually,
the power supply leads are not
shown on the op amp itself but
are specified in the data sheet.



el ectrons entering the device every millisecond and correspondsto nearly infinite input impedance. Op
amps can be customized to perform alarge variety of functions by the addition of external components.

The typical op amp hasthree signal terminals (see ). There are two input terminals, the noninverting
terminal marked with a+ sign and theinverting terminal marked with a—sign. The output of theamplifier
has a single terminal and all signal levels within the op amp float, which means they are not tied to a
specificreference. Rather, thereference of the input signalsbecomesthereference for the output signal.
In many circuits this reference level is ground. Older operational amplifiers have an additional two
connections for compensation. To keep the amplifier from going into oscillation at very high gains
(increaseits stability) it is often necessary to place a capacitor across the compensation terminals. This
also decreases the frequency response of the op amp. Most modern op amps are internally compensated
and do not have separate pinsto add compensation capacitance. Additional compensation can be attained
by connecting a capacitor between the op amp output and the inverting input.

One of the maj or advantagesof using an op ampisitsvery highcommon moderegjectionratio (CMRR).
Since there are two input terminals to an op amp, anything that is common to both terminals will be
subtracted from the signal during amplification. The CMRR is a measure of the effectiveness of this
removal. High CMRR results from the symmetry between the circuit halves. The rejection of power-
supply noise is also an important parameter of an op amp. Thisis attained similarly, since the power
supply is connected equally to both symmetrical halves of the op amp circuit. Thus, the power supply
rejection ratio (PSRR) is similar to the CMRR and is often specified on the device data sheets.

Just as the symmetry of the transistors making up an op amp leads to a device with high values of Z;,
A, and CMRR and alow value of Z,, a symmetric combination of op ampsis used to further improve
these parameters. This circuit, shown in Fig 8.45, is called an instrumentation amplifier.

The op amp is capable of amplifying signalsto levels limited mainly by the power supplies. Two power
supplies are required, thus defining the range of signal voltages that can be processed. In most
op ampsthe signal levelsthat can be handled are less than the power supply limits (rails), usually one or two
diode drops (0.7 V or 1.4 V) away from each rail. Thus, if an op amp has 15V connected as its upper rall
(usually denoted V*) and ground connected asitslower rail (V-), input signalscan beamplified to beashigh
as13.6V andaslow as 1.4V inmost amplifiers. Any valuesthat would be amplified beyond those limitsare
clamped (output voltagesthat should be 1.4V or lessappear as 1.4V and those that should be 13.6 VV or more
appear as 13.6 V). This clamping actionisillustrated in Fig 8.1. Recently, op amps have been devel oped to
handle signalsall theway out to
the power supply rails (for ex-
ample, the MAX406, from
Maxim Integrated Products).

If asignal is connected to the
input terminals of an op amp, it
will beamplified asmuch asthe
deviceisable(uptoA,),andwill
probably grow so large that it
clamps, as described above.
Even if such large gains are de-
sired, Ay variesfrom onedevice
tothenext and cannot beguaran-

teed. In most applicationsthe op
amp gain is limited to a more Fig 8.45 — Operational amplifiers arranged as an instrumentation
reasonable value and thisis usu- amplifier. The balanced and cascaded series of op amps work

. . together to perform differential amplification with good common-
ally realized by providing & ode rejection and very high input impedance (no load resistor
negative feedback pathfromthe  required) on both the inverting (V1) and noninverting (V2) inputs.
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output terminal to theinverting input terminal. The closed loop gain
of an op amp depends solely on the valuesof the passive components
used to form the loop (usually resistors and, for frequency-selective
circuits, capacitors). Some examples of different circuit configura-
tions that manipulate the loop gain follow.

Theop ampisoften used aseither aninverting or anoninverting
amplifier. Accurate amplification can be achieved with just two
resistors: the feedback resistor, R¢, and the input resistor, R; (see
Fig8.46). If connected inthenoninverting configuration, theinput
signal is connected to the noninverting terminal. The feedback
resistor is connected between the output and the inverting termi-
nal. Theinverting terminal isconnected to R;, which is connected
to ground. The gain of this configuration is:

& = +&
Vn Ri

where:

V,, is the output voltage, and

Vy, isthe input voltage to the noninverting terminal.

Intheinverting configuration, theinput signal (V;) isconnected
through R; totheinverting terminal. Thefeedback resistor isagain
connected between the inverting terminal and the output. The
noninverting terminal can be connected to ground or to adc offset
voltage. The gain of thiscircuit is:

Vo _ R
V. R (16)

where V; represents the voltage input to R;.

The negative sign in equation 16 indicates that the signal is
inverted. For ac signals, inversion represents a 180° phase shift.
The gain of the noninverting op amp can vary from a minimum of
x 1 to the maximum of which the device is capable. The gain of
the inverting op amp configuration can vary from a minimum of
x 0 (gains from x 0 to x 1 attenuate the signal while gains of x 1
and higher amplify the signal) to the maximum that the device
is capable of, as indicated by Ay for dc signals, or the gain-
bandwidth product for ac signals. Both parameters are usually
specified in the manufacturer’ s data sheet.

A voltage follower is atype of op amp that is commonly used
as a buffer stage. The voltage follower has the input connected
directly to the noninverting terminal and the output connected
directly to the inverting terminal (Fig 8.47). This configuration
has unity gain and provides the maximum possible input imped-
ance and the minimum possible output impedance of which the
device is capable.

A differential amplifier is a special application of an opera-
tional amplifier (seeFig8.48). Itamplifiesthedifference between
two analog signalsand isvery useful to cancel noise under certain

(15)
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Fig 8.46 — Operational amplifier
circuits. (A) Noninverting con-
figuration. (B) Inverting
configuration.
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Fig 8.47 — Voltage follower. This
operational amplifier circuit
makes a nearly ideal buffer with a
voltage gain of about one, ex-
tremely high input impedance
and extremely low output imped-
ance.

Fig 8.48 — Differential amplifier.
This operational amplifier circuit
amplifies the difference between
the two input signals.



conditions. For instance, if an analog signal and areference signal travel over the same cable they may
pick up noise, and it islikely that both signalswill have the same amount of noise. When the differential
amplifier subtractsthem, the signal will be unchanged but the noise will be completely removed, within
the limits of the CMRR. The equation for differential amplifier operation is

U
U
R e
R DRn 1 E (17)
R; Rn
which, if the ratios Ry and R_g are equal, simplifies to
Re
Vo = Ry (Va-vi) (18)

Note that the differential amplifier response isidentical to the inverting op amp response (equation
16) if thevoltage sourceto thenoninverting terminal isequal to zero. If thevoltage sourceto theinverting
terminal (V) is set to zero, the analysis is a little more complicated but it is possible to derive the
noninverting op amp response (equation 15) from the differential amplifier response by taking into
account the influence of Ry and Ry.

DC offset is an important consideration in op amps for two reasons. Actual op amps have a slight
mismatch between the inverting and noninverting terminals that can become a substantial dc offset in
the output, depending on the amplifier gain. The op amp output must not be too close to the clamping
limitsor distortion will occur. Introduction of asmall dc correction voltageto the noninverting terminal
is sometimes used to apply an offset voltage that counteracts the
internal mismatch and centers the signal in the rail-to-rail range.

The high input impedance of an op amp makes it ideal for use Ry
as a summing amplifier. In either the inverting or noninverting VWV
configuration, the single input signal can be replaced by multiple Vi
input signals that are connected together through seriesresistors, Ry —) Vo
as shown in Fig 8.49. For the inverting summing amplifier, the
gain of each input signal can be calculated individually using . (A)
equation 16 and, because of the superposition property, the output Rm
becomesthe sum of each input signal multiplied by itsgain. Inthe fim 3"W\’_‘
noninverting configuration, the output is the gain times the
weighted sum of the m different input signals:

Rpm (19)

where Rpm is the parallel resistance of all m resistors excluding _ _ _
Rm. For example, with three signals being summed, Ry, is the ~F9 849 — Summing operational

alel binati f R dR amplifier circuits. (A) Inverting
parallel com '_nat'_ono 2an 3 ] o configuration. (B) Noninverting
Other combinations of summing and difference amplification  configuration.
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can be realized with a single op amp. The analyses of such circuits use the standard op amp equations
coupled with the principle of superposition.

A voltage compar ator isanother special form of an operational amplifier. It takesintwo analogsignals
and provides a binary output that istrueif the voltage of one signal is bigger than that of the other, and
falseif not. A standard operational amplifier can be made to act as a comparator by connecting the two
voltages to the noninverting and inverting inputs with no input or feedback resistors. If the voltage of
the noninverting input is higher than that of the inverting input, the output voltage will be clamped to
the positive clamping limit. If theinverting input isat ahigher potential than the noninverting input, the
output voltage will be clamped to the negative clamping limit (although thisis not necessarily anegative
voltage, depending on the value of the lower rail). Some applications of avoltage comparator are azero
crossing detector, asignal squarer (which turnsother cyclical waveformsinto square waves) and a peak
detector.

Charge Coupled Devices

Asthe speed of integrated circuitry increases, it becomes possible to process some of the signalsdigitally
whileother processing occursinanaogform, all of thisonthesamel C chip. Suchachipisoften called amixed
modality or hybrid chip (not to be confused with the hybrid circuitry discussed earlier). An example of this
is the charge coupled device (CCD). Pure digital analysis of signals requires digitization in two domains,
namely the time sampling of asignal into individual packets and the amplitude sampling of each time packet
into digital levels. CCDs perform time sampling but the time packets remain in analog form; they can take
on any voltage valuerather than afixed number of discrete values. The CCD isoften used to produce adelay
filter. While most anal og filters introduce some phase shift or delay into the signal, the relationship between
the phase shift and the frequency isnot awayslinear; different frequencies are delayed by different amounts
of time. Thegoal of anideal delay filter isto delay all parts of the signal by the sametime. The CCD isused
to realize this by sampling the signal, shifting the time packets through a series of capacitors and then
reconstructing the continuous signal at the other end. Therate of shifting the time packets and the number of
stagesdeterminestheamount of thedelay. When originally introducedinthelate 1970s, CCDsweredescribed
as bucket brigade devices (after the old fire fighting technique), where the bucketsfilled with signal packets
arepassed aong thelineuntil they aredumped at the end and recombined into ananalog signal. Thesedevices
aresimply constructed in an | C where each bucket isaMOS capacitor that is surrounded by two MOSFETSs.
When the transistors are biased to conduct, the charge moves from one bucket to the next and, while biased
off, thechargesareheldintheir capacitors. Very accuratefilters, called switched capacitor filters, can bemade
with CCDs (see the Filter s chapter).

A special form of CCD hasal so become quite popular in recent years, replacing thevidiconin modern
camera circuitry. A two dimensional array of CCD elements has been developed with light sensitive
semiconductor material; the charge that enters the capacitors is proportional to the amount of light
incident on that location of the chip. The charges are held in their array of capacitors until shifted out,
one horizontal line at atime, in araster format. The CCD array mimics the operation of the vidicon
camera and has many advantages. CCD response linearity across the field is superior to that of the
vidicon. Very bright light at one location saturates the CCD elements only at that location rather than
the blooming effect in vidicons where bright light spreads radially from the original location. CCD
imaging elements do not suffer from image retention, which is another disadvantage of vidicon tubes.

Balanced Mixers

The balanced mixer isadevice with many applicationsin modern radio transceivers (seethe Mixers,
Modulation and Demodulation chapter). Audio signals can be modulated onto a carrier or demodu-
lated fromthe carrier with abalanced mixer. RF signalscan be downconverted to intermediate frequency
(IF) or IF can be upconverted to RF with a balanced mixer. This device is made with a bridge of four
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matched Schottky diodes and the necessary transformers packaged in a small metal, plastic or ceramic
container. The consequence of unmatched diodesis poor isolation between thelocal oscillator (LO) and
the two signals. IC mixers often usrt cell” to provide LO isolation as high as-30 dB at 500 MHz. The
isolation improves with decreasing frequency.

Receiver Subsystems

High performance | Cs have been designed that make up complete receivers with the addition of only
afew external components. Two examplesthat arevery similar arethe MotorolaM C3363 and the Philips
NE627. Both of these chipshave all the active RF stages necessary for adouble conversion FM receiver.
The MC3363 hasan internal local oscillator (LO) with varactor diodes that can generate frequencies up
to 200 MHz, although the rest of the circuit is capable of operating at frequencies up to 450 MHz with
an external oscillator. The RF amplifier has alow noise factor and givesthis chip a0.3 uV sensitivity.
The intermediate frequency stages contain limiter amplifiers and quadrature detection. The necessary
circuitry to implement receiver squelch and zero crossing detection of FSK modulation is also present.
Thecircuit also contains received signal strength (*S-meter”) circuitry (RSSI). The input and output of
each stage are also brought out of the chip for versatility. The audio signal out of this chip must be
appropriately amplified to drive a low-impedance speaker. This chip can be driven with a dc power
source from 2to 7V and it draws only 3 mA with a2V supply.

The Philips NE627 isanewer chip than the MC3363 and has better performance characteristics even
though it has essentially the same architecture. Its LO can generate frequencies up to 150 MHz and
external oscillator frequencies up to 1 GHz can be used. The chip hasa4.6 dB noisefigure and 0.22 pv
sensitivity. The circuit can be powered with adc voltage between 4.5 and 8 V and it draws between 5.1
and 6.7 mA. Thischip isalso ESD hardened so it resists damage from electrostatic discharges, such as
from nearby lightning strikes.

The various stages in the receiver subsystem |Cs are made available by connections on the package.
There are two reasons that this is done. Filtering that is added between stages can be performed more
effectively with inductors and crystal or ceramic filters, which are difficult to fabricate in integrated
circuitry, so the output of one stage can be filtered externally before being fed to the next stage. It also
adds to the versatility of the device. Filter frequencies can be customized for different intermediate
frequencies. Stages can be used individually as well, so these devices can be made to perform direct
conversion or single conversion reception or other forms of demodulation instead of FM.

Older integrated circuitsthat are sub-sets of the receiver subsystemsare popular. The NE602 contains
one double balanced mixer and alocal oscillator, along with voltage regulation and buffering (Fig 8.50).
It contains almost everything required to construct a direct conversion receiver. Itssmall size, an 8 pin
DIP, makes it more desirable for this purpose than using part of an MC3363, which isin a 24 pin DIP
and ismore expensive. The NE604 containsthe |F amplifiersand quadrature detector that, together with
two NE602s and an RF amplifier, could almost duplicate the functions of the MC3363 or the NE367.

Transmitter Subsystems

Single chips are available to implement FM transmitters. One implementation is the Motorola
MC2831A. This chip containsamike preamplifier with limiting, atone generator for CTCSS or AFSK,
and a frequency modulator. It has an internal voltage controlled oscillator that can be controlled with
acrystal oranL C circuit. Thischip also containscircuitry to check the power supply voltageand produce
awarning if it fallstoo low. Together with an FM receiver I1C, an entire transceiver can be fabricated
with very few parts.

Monolithic Microwave I ntegrated Circuit
A class of bipolar IC that is capable of higher frequency responses is the monolithic microwave
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DOUBLE BALANCED MIXER AND OSCILLATOR
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Fig 8.50 — The NE602 functional block diagram in circuit. This
device contains a doubly balanced mixer, a local oscillator, buffers
and a voltage regulator. This application uses the NE602 to convert
an RF signal in a receiver to IF.

MSA0204

MSAQ0304

o001, 3 3 0.001 RF OUTPUT
RF INPUT o_i H 7-500
Z=500Q
4 _GND ' ' 7 /7 ' ' ' 7
IN outT Except as indicated, decimal
1 3 values of capacitance are
in microfarads ( uF); others
04 — STYLE are in picofarads (pF);
2 “GND PACKAGE resistances are in ohms;

k= 1,000, M= 1,000,000

Fig 8.51 — The MSA0204 and MSA0304 MMICs in circuit. Both
amplifiers have both input and output impedance of 50 Q and a
bandwidth of more than 2.5 GHz.

integrated circuit (MMIC).
There is no formal definition
of when an IC amplifier be-
comes an MMIC and, as the
performance of |C devicesim-
proves, particularly MOS
based devices, the distinction
is becoming blurred. MMIC
devices typically have pre-
defined operating characteris-
tics and require few external
components. An exampleof an
MMIC is a fixed gain ampli-
fier, the MSA0204 (Fig 8.51),
whichcandeliver 12dB of gain
up to 1 GHz. More modern
MMIC devices are being de-
veloped with bandwidthsinthe
tens of GHz.

Comparison of Analog
Signal Processing
Components

Analog signal processing
dealswith changing asignal to
adesired form. Vacuum tubes,
bipolar transistors, field-effect
transistors and integrated cir-
cuitry perform similar func-
tions, each with specific advan-
tagesand disadvantages. These
are summarized here.

Of the four component
types, vacuum tubes are physi-
cally thelargest andrequirethe
most operating power. They
have more limited life spans,
usually becausetheheater fila-
ment burns out just as a light
bulb does. Regardless of its
use, avacuumtubealwaysgen-
erates heat. Miniaturization is
difficult with vacuum tubes
both because of their size and
because of the need for air

spacearound them for cooling. Vacuum tubesdo have advantages, however. They areel ectrically robust.
Y ou need not be as concerned about static charges destroying vacuum tubes. A transmitter with vacuum
tube finals usually has a variable matching network built in, and can be loaded into a higher SWR than
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one with semiconductor finals. Tubes are generally able to withstand the high voltages generated by
reflections under high SWR conditions. They are not as easily damaged by short-term overloads or the
el ectromagnetic pulses generated by lightning. The relatively high plate voltages mean that the plate
current is lower for a given power output; thus power supplies do not need as high a current handling
capability. Vacuumtubesare capabl e of considerabl e heat dissipation and many high power applications
still use them. Special forms of vacuum tubes are also still used. Most video displays use CRTs, and
microwave transmitting tubes are still common.

Bipolar transistors have many advantages over vacuum tubes. When treated properly they can have
virtually unlimited life spans. They are relatively small and, if they do not handle high currents, do not
generate much heat, improving miniaturization. They make excellent high-frequency amplifiers. Com-
pared to MOSFET devices they are less susceptible to damage from electrostatic discharge. RF ampli-
fiersdesigned with bipolar transistorsin their finals generally include circuitry to protect the transistors
fromthehighvoltages generated by reflectionsunder high SWR conditions. Lightning strikesinthearea
(not direct hits) have been known to destroy all kinds of semiconductors, including bipolar transistors.
Semiconductors have replaced almost all small-signal applications of tubes.

There are many performance advantagesto FET devices, particularly MOSFETSs. The extremely low
gatecurrentsallow the design of anal og stageswith nearly infiniteinput resistance. Signal distortion due
toloading isminimized in thisway. Asthese characteristics are improved by technology, we are seeing
an increase in FET design at the expense of bipolar transistors.

The current trend in electronicsis portability. Transceivers are decreasing in size and in their power
requirements. Integrated circuitry hasplayed alargepartinthistrend. Extremely largecircuitshavebeen
designed with microscopic proportions. It is more feasible to use MOSFETs within an IC chip than as
discrete components since the devices at risk are usually those that are connected to the outside world.
It isnot necessary to use el ectrostatic discharge protection circuitry on the gate of every MOSFET in an
IC; only the ones that connect to the pins on the chip need this protection. This arrangement both
improves the performance of the internal MOSFETs and decreases the circuit size even further. Semi-
conductors are slowly replacing the last tube applications. CCD chips have been so successful in video
cameras that it is difficult to find an application for vidicon tubes. The liquid crystal displays (LCDs)
in laptop computers have given considerable competition to the CRT tube.

An important consideration in the use of analog componentsisthe future availability of parts. At an
ever increasing rate, as new components are developed to replace older technology, the older compo-
nents are discontinued by the manufacturers and become unavailable for future use. Thistendsto be a
fairly long term process but it is not unusual for a manufacturer to stop offering a component when
demand for it falls. This has become evident with vacuum tubes, which are becoming more difficult to
find and more expensive as fewer manufacturers produce them.

The major disadvantages of | C technology have been power handling capability, frequency response
and noncustomized circuitry. These characteristicshaveimproved at an amazing pace over recent years;
itisaprocessthat feedsitself. AsICsareimproved they are used to make more powerful tools (such as
computers and el ectronic test equipment) that are used in the design of further 1C improvements. Entire
transceiversaredesigned withjust afew | C chipsand theappropriatetransistorsfor power amplification.
The quiescent current draw of these devices has been reduced to the microampere level so they can
operate effectively from small battery packs. The improved noise performance of circuitry has also
decreased the need for high transmitter power, further decreasing the current requirements for these
devices. If thistrend continues, we should eventually see a near total switch to |C componentswith few
discrete semiconductors and no vacuum tubes.
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