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Introduction

H As seen in this
I=0A model, electrons
circle the nucleus.
Atomic structure of
a material
determines it's
ability to conduct
or insulate.
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FIGURE 1 The Bohr model of an atom showing electrons in orbits and around the nucleus,
Current flows No current flow which consists of protons and neutrons. The “tails” on the electrons indicate motion.




The two simplest atoms
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FIGURE 2 The two simplest atoms, hydrogen and helium.

Atomic number, Electron shellsg, orpits »
Valenceg| ectrons, and lonization

All elements are arranged in the periodic table of the
elements in order according to their atomic number.

The atomic number equals the number of protons in the
nucleus, which is the same as the number electrons.

Electron shells and Orbits

The outmost shell is known as the Valence shell and
electrons in this shell are called valence electrons.

The process of losing a valence electron is known as
ionization (i.e. positive ion and negative ion).

Conductors, Insulators, and Semiconductors

» The orbit paths of the electrons surrounding the
nucleus are called shells.

> Each shell has a defined number of electrons it
will hold. This is a fact of nature and can be
determined by the formula, N, = 2n?.

» The less complete a shell is filled to capacity the
more conductive the ateiais.

Electron shells and Orbits
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FIGURE 3 Energy levels increase as the distance from the nucleus increases.



Conductors, Insulators, and Semiconductors
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ectronics — Semiconductors

A Copper atom has only 1 electron
in it’s valence ring. This makes it a
good conductor. It takes 2n?
electrons or in this case 32
electrons to fill the valence shell.

FIGURE 5
Diagrams of the
silicon and
copper atoms.
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FIGURE 4 Energy band diagram for a pure (intrinsic) silicon crystal with unexcited
atoms. There are no electrons in the conduction band.

Covalent Bonding

ia) The center atom shares an eloctron with cach of ib) Boading dingram. The red negative signs
the four surrounding atoms, creating a covalent represent the shared valence electrons.
bomd with cach. The sarranding atoms are

inl.mnbnndcdlu‘nlhunlnmklldwm‘- FIGURE 6




Silicon and Germanium Conduction in Semiconductors
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{a) Silicon ai (b) Germanium 4 X R -
i SR FIGURE 9 Energy band diagram for a pure (intrinsic) silicon crystal with
FIGURE 7 Diagrams of the silicon and germanium atoms. unexcited atoms. There are no electrons in the conduction band.
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N-type and P-type Semiconductors The Depletion Region
Other atoms with 5 electrons Other atoms with 3 electrons gt e i
(pentavalent atom) such as (trivalent atoms) such as Boron are ; '
Antimony are added to Silicon added to Silicon to create a deficiency
to increase the free electrons. of electrons or hole charges.

P-type

With the formation of the p and This creates the depletion region
n materials combination of and has a barrier potential. This
electrons and holes at the potential cannot be measured with
junction takes place. a voltmeter but it will cause a
small voltage drop.




Biasing the Diode : Forward and Reverse Bias

7 region H region

Forward Bias

i) Forward bias narows the depletion region and produces a voltage

drop across the oo junction equal to the barrier potential.

Voltage source or bias connections are
+ to the p material and — to the n

Voltage source or bias connections are —

material

Bias must be greater than .3 V for
Germanium or .7 V for Silicon diodes.

The depletion region narrows.

to the p material and + to the n material.

Bias must be less than the break down
voltage.

Current flow is negligible in most cases.

The depletion region widens.

Reverse Bias

FIGURE 10 A forward-biased diode showing the flow of majority carriers and the
voltag gion.

Forward Bias Measurements With Small
Voltage Applied

Depletion region

n region

In this case with the
voltage applied is less
than the barrier
potential so the diode
for all practical
purposes is still in a
non-conducting state.
Current is very small.

Vaias =
{a) Small forward-bias voltage (Vi < 0.7 V), very small
forward current




Forward Bias Measurements With Applied Diode Characteristic Curve

Voltage Greater Than the Barrier Voltage.
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{a) Forwand bias ih) Reverse bias

With the applied voltage

exceeding the barrier
potential the now fully
forward biased diode
conducts. Note that the
only practical loss is the
.7 Volts dropped across

9 8+ Vous -0
the diode. Rlas
(b} Forward veltage reaches and remains at approximately

In this characteristic
curve we do not
consider the voltage
drop or the resistive
properties. Current
flow proportionally
increases with b
voltage.

e

0.7 V. Forwand current continues 1o increase as the
bias voltage is increased,

i) Ideal charsceristic curve {blue)

V-1 Characteristic for Forward Bias V-1 Characteristic for Reverse Bias

dp (mA)

(a) V-I characteristic curve for forward bias. Part (b) illustrates how the dynamic resistance
1’y decreases as you move up the curve (1’ ;= AV /AlL).




lhe complete V-1 characteristic curve for a diode
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(a) Forward bias (b) Reverse bias

Forward-bias and reverse-bias connections
showing the diode symbol.

The Ideal Diode Model

Practical Diode Characteristic Curve

Ndeal diode model Ideal drexte moded
A K A K

In most cases we G Hue s
| consider only the forward R Ly i
| bias voltage drop of a
diode. Once this voltage
is overcome the current
increases proportionally
with voltage.This drop is
particularly important to
consider in low voltage
applications.

'
e
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The Practical Diode Model

Practical diode model

The Complete Diode Model

K A = K
= %
Vauns
1=0

PR
=
L 2=

Vains

-
o Forward b 0 Revre s Ve = 0.7V (silicon)
V. = 0.3 V (germanium)

iI

{eh Chasacieristic curve (silicon)

Troubleshooting Diodes Troubleshooting Diodes

Open Diode

Testing a diode is quite simple, particularly if the multimeter used has
a diode check function. With the diode check function a specific
known voltage is applied from the meter across the diode.

In the case of an open diode no current
flows in either direction which is
indicated by the full checking voltage
with the diode check function or high
resistance using an ohmmeter in both

forward and reverse connections.

(%) Ferwand and reverse Bis iests for
a sheoried dienbe v same 0
reacting. [F 2he diod i Fristive,
the reading ix bews than 264,
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Introduction

The basic function of a DC power supply is to convert an AC
voltage (110 V, 60 Hz) to a smooth DC voltage.

0V 60 H Half-wave rectified volsage

The rectifier can be either a half- or Full-wave
o .;.J U L/ U L rectifier. The rectifier convert the ac input
voltage to a pulsating dc voltage.
{a} Half-wave rectifier The filter eliminates the fluctuation
in the rectified voltage and produces a
110V, 60 Filtoend v ollage Regulaied voltge relatively smooth dc voltage.
Vo Vs

v.. i [ nuhﬂay" --{ Filter H ilnquun! o

h) Complete power sopply with sectifier, filtes, and regulator

ET212 Electronics — Diodes and Applications Floy

The regulator is a circuit that
maintains a constant dc voltage for
variations in the input power line
voltage or in the load.

Outlines
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» Zener Diode

» Troubleshoot

Key Words: Half Wave, Full Wave, Rectifier, Power Supply, Regulator, Zener

Half Wave Rectifier

A half wave rectifier(ideal) allows conduction for only 180° or half of a complete cycle.
The output frequency is the same as the input. The average Vi 0r Vg = V/n

N | z/‘\\
? -%w, of L—

b Dhuring the posisive the £ Mz inp ge. the outpat voltag B the positive
Kall ol the imput vobtage. The current path i throagh gromsd back 1 the sosee.
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The net result is that only the positive i
. ) During the megative alternation of the inpt voltage. the cument is 0. so the cutput voltage in also (1

half-cycles of the ac input voltage

appear across the load. Since the output w. I\ N\ .r"'\\

does not change polarity, it is pulsating = u e

dc voltage with a frequency of 60 Hz. (€160 Hi half-wane gt voleape for thece isput cyeles

nd Applications Floyd 4




Average value of the half-wave rectified signal Ex2-1 What is the average value of the half-wave
rectified voltage in Figure?

V
=—L[—cosz—(—cos0)]
2z

e o enje ey Ye
=D -(DI= @)=

T

" ’ EX 2-2 Sketch the output voltages of each rectifier for the indicated input
Effect of the Barrier _P_Otent'al on the oltage, as shown in Figure. The IN4001 and IN4003 are specific rectifier diodes.
Half-Wave Rectified Output

Tl

- .
U400
Ry
LR e

!
L gut

IN4003
Ry
| LI ] Wl

The effect of the barrier potential on the half-wave rectified output voltage
is to reduce the peak value of the input by about 0.7 V.




Half Wave Rectifier - Peak Inverse Voltage (P1V)

Peak inverse voltage is the maximum voltage across the diode when it is |
in reverse bias. The diode must be capable of withstanding this amount

of voltage. PIV = V)

PIV a1,

The PIV occurs at the peak of each half-cycle of the input voltage when the diode is
reverse-biased. In this circuit, the PIV occurs at the peak of each negative half-cycle.

Ex 2-3 Determine the peak value of the output voltage
for Figure if the turns ratio is 0.5.

F: 3
% I
I

If Wave Rectifier with Transformer-Coupled Input Voltage

Transformer coupling provides two advantages. First, it allows the source
voltage to be stepped up or stepped down as needed. Second, the ac source
is electrically isolated from the rectifier, thus preventing a shock hazard in
the secondary circuit.

Figure Half-wave rectifier with transformer-coupled input voltage.

u ave Rectriers

A full-wave rectifier allows current to flow during both the positive and
negative half cycles or the full 360°. Note that the output frequency is twice
the input frequency.

Full-wave
rectifier

ET212 Electronics — Diodes and Applications




Ex 2-4 Find the average value of the full-wave rectified
voltage in Figure.

u ave Center Tappe

Note the current flow direction during both alternations. Being that it
is center tapped, the peak output is about half of the secondary
windings total voltage. Each diode is subjected to a PIV of the full
secondary winding output minus one diode voltage drop

PIV =2V, + 0.7V

s

The Center-Tapped Full-Wave Rectifier

This method of rectification employs two diodes connected to a
center-tapped transformer. The peak output is only half of the
transformer’s peak secondary voltage.

212 Electronics — Diodes and Applications

Center-tapped full-
wave rectifier with a
transformer turns
ratio of 1. V. is
the peak value of the
primary voltage.

Center-tapped full- .
wave rectifier with a o%
transformer turns !
ratio of 2.

land Applications




nverse Voltage

Vit
el Yy BT
+ =3 0.7

The peak inverse voltage across D, is

Vv -V
PIV = (—'“25“’ —0.7)—(—;““))

Viptouty = Vpeey2 = 0.7V

p(ou

Vv \
— _PGeo) + p(sec) —0.7V

2 2

=V -0.7vV

P(sec)

The Full-Wave Bridge Rectifier

Voseo) = 2Vpouyy + 1.4V

PIV =2V +0.7V

p(out)

The full-wave bridge rectifier takes advantage of the full output of the
secondary winding. It employs four diodes arranged such that current
flows in the direction through the load during each half of the cycle.

Dhuring positive habf-cycle o the input. D and B are forwan- bimsed and conduct current
0, amd D, are reverse-biased.

F

W

Dusing nepasive half-<yele of the input. D msd D, are forwasd-bissed and conduct current
Dy and Dy st reverse-hinsed.

ET212 Electronics — Diodes and Applications

Ex 2-5 Show the voltage waveforms across each half of the secondary
winding and across R, when a 100 V peak sine wave is applied to the primary
winding in Figure. Also, what minimum PIV rating must the diodes have?

he Full-Wave Bridge Rectifier-Peak Inverse Voltage

{a) hdeal dodes




The Full-Wave Bridge Rectifier

The PIV for a bridge rectifier is approximately half the PIV
for a center-tapped rectifier.

PIV=V o) +0.7V

F

o—\ o

+ s o
V‘.ruufrg | ‘
[o,

(b) For the practical diode model (forward-biased diodes D| and D,
are shown in blue). PIV = V., + 0.7V

v

plont)

Note that in most cases we take the diode drop into account.

Power Supply Filters And Regulators

Full-wave
rectifier

[ra—

et

Full-wave

rectifier Filler

() Rectilier with a filler (cutpat ripple is exaggerated)

Figure illustrates the filtering concept showing a nearly smooth dc output voltage
from filter. The small amount of fluctuation in the filter output voltage is called

Ex 2-6 Determine the peak output voltage for the bridge rectifier in Figure.
Assuming the practical model, what P1V rating is required for the diodes?
The transformer is specified to have a 12 V, . secondary voltage for the
standard 110 V across the primary.

Vigeo) =

plout) —

1414V, = 141412 V) = 17V

Vv -14V=17V-14V=156V

p(sec)

+0.7V=15.6V+07V=163V

A capacitor-input
filter will charge and
discharge such that it
fills in the “gaps”
between each peak.
This reduces
variations of voltage.
This voltage variation
is called ripple
voltage.

111 1 cauciior dissharpes havmvh K, sy sk, of presie alsraateos. mhen e dode s wvons Bued
schinging sctum during the portuse. of e impat + dage infoated Sy the soid bus cum
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Power Supply Filters And Regulators

The advantage of a full-wave rectifier over a half-wave is quite
clear. The capacitor can more effectively reduce the ripple when
the time between peaks is shorter.

nf\_//\_/\_/b»- oo

l—Ti—s}

{a) Half-wave g

LYV sz

(b} Full-mave i fiv)

Surge Current in the Capacitor-Input Filter

Being that the capacitor appears as a short during the initial charging, the
current through the diodes can momentarily be quite high. To reduce risk
of damaging the diodes, a surge current limiting resistor is placed in
series with the filter and load.

Ripple Factor

The ripple factor (r) is an indication of the

effectiveness of the filter and defined as

7=V 7/ Ve

1

Vr(pp) = ( fRLC)VD(rEC‘)

1
Voo =(l-———V
L ( ZfRC)

p(rect)

IC Regulators

TEIS
TE

wetpul 7208
TEE
TEIZ

™IS

TEIS

- 24
(b The THOG senes

4
TC-230 Fin 1. Input DIPAK
T SUFFIX 2. Ground 3 DT SUFFIX
CASE 2214 3. Outpea 1 CASE 96

1

Heatsink surface Heatsink surface (shown as termimal 4 in
comnecied 10 Fin 2 case outling drawing) s connecied 1o Pis 2

a

1) Typwal packages

ET212 Electr{ The 7800 series three-terminal fixed positive voltage regulators.




Power Supply Filters And Regulators Power Supply Filters and Regulators

How well the regulation is performed by a regulator is measured
by its regulation percentage. There are two types of regulation,
line and load. Line and load regulation percentage is simply a
ratio of change in voltage (line) or current (load) stated as a
percentage.

Regulation is the last step in eliminating the remaining ripple and
maintaining the output voltage to a specific value. Typically this regulation
is performed by an integrated circuit regulator. There are many different
types used based on the voltage and current requirements.

Line Regulation = (4V/4V,y )100%

Load Regulation = ((Vy. = Ve ) Vg )100%

Load Regulation =

(V =

100% = (01 8Y 3152V 6004~ 0.64%

FL

ET212 Electronics — Diodes and Applications Floyd 2!

Ex 2-7 What would you expect to see displayed on an oscilloscope

Diode Limiters connected across R, in the limiter shown in Figure.

Limiting circuits limit the positive or negative amount of an input
voltage to a specific value.

R
A
W

{a) Limiting of the ponitive aernasion. The diode is forwanl-biased during the pasitive aliemation {shove 0.7V)
and peverse-hised during the negative aliemation

=

A

=

Iy
W

{b) Limsiting of the negative alicrnaticm. The diode is forwand-biased during the negative aliernation (belomw
0.7 V) el reverse-biased dering the positive allomation.

ET212 Electronics — Diodes and Applications




Ex 2-8 Figure shows a circuit combining a positive
limiter. Determine the output voltage waveform.

+10V
".
0
-1V

Jg— Diodes are INJODI1,

33

Introduction — Zener Diode

The zener diode is a silicon pn junction devices that differs from
rectifier diodes because it is designed for operation in the reverse-
breakdown region. The breakdown voltage of a zener diode is set by
carefully controlling the level during manufacture. The basic function
of zener diode is to maintain a specific voltage across its terminals
within given limits of line or load change. Typically it is used for
providing a stable reference voltage for use in power supplies and other

equipment.

IN4740

This particular zener circuit will work to maintain 10 V across the load.

Ex 2-9 Describe the output voltage waveform for the
diode limiter in Figure.

Ry
y————

Vi
y m.mm]

10 k€2

+12V

+BISV-———p—
0
I8V ————
Floyd

Zener Diodes

A zener diode is much like a normal diode. The exception being is that it is
placed in the circuit in reverse bias and operates in reverse breakdown. This
typical characteristic curve illustrates the operating range for a zener. Note
that its forward characteristics are just like a normal diode.

Iy Iy

Breakdown

I
{a) The normal eperating regions for a rectifier b} The nomsal aperaling region for a rener diode
divsde are shown s shaded areas. is shaded

Volt-ampere characteristic is shown in this Figure with normal operating regions for
rectifier diodes and for zener diodes shown as shaded areas. 3




Zener diodes are designed to operate in reverse breakdown. Two types
of reverse breakdown in a zener diode are avalanche and zener. The
avalanche break down occurs in both rectifier and zener diodes at a
sufficiently high reverse voltage. Zener breakdown occurs in a zener
diode at low reverse voltages.

Low voltage zeners less than 5V operate in the zener breakdown range.
Those designed to operate more than 5 V operate mostly in avalanche
breakdown range. Zeners are commercially available with voltage
breakdowns of 1.8 V to 200 V.

Figure (b) represents the practical model of a zener diode, where the
zener impedance (Z,) is included. Since the actual voltage curve is not
ideally vertical, a change in zener current (Al,) produces a small change
in zener voltage (AV,), as illustrated in Figure (c).

-
-Tu

dal ldeal (b Practical

({518 curve

Zener diode equivalent circuit models and
the characteristic curve illustrating Z,.

1 'ra'N
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Figure shows the reverse portion of a zener diode’s characteristic curve.
As the reverse voltage (Vy) is increased, the reverse current (I;) remains
extremely small up to the “knee” of the curve. The reverse current is also
called the zener current, I,. At this point, the breakdown effect begins;
the internal zener resistance, also called zener impedance (Z,), begins to
decrease as reverse current increases rapidly.

Aoy (zener knee current)

L (mener test cumenty

Ly Cener maximum curment)

Iy

lectronics — Diodes and Applications Floyd

Ex 2-10 A zener diode exhibits a certain change in V, for a certain
change in I, on a portion of the linear characteristic curve between
Ik and I, as illustrated in Figure. What is the zener impedance?

Al =5mA

10



Ex 2-11 Figure shows a zener diode regulator designed to hold 10 V at the output.
Assume the zener current ranges from 4 mA maximum (I ) to 40 mA maximum
(I,). What are the minimum and maximum input voltages for these current?.

Since V=V -V,
Vin=VrtV;
=4V+10V=14V

Regulation with a Varying Input Voltage

Yehnl

1) As the input vollage decreases. the ostput vollage remsing comzant (T < by < )

ET212 Electronics — Diodes and Applications Floyd
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)

As with most devices,
zener diodes have given
characteristics such as
temperature coefficients
and power ratings that
have to be considered.
The data sheet provides
this information.

P -

wdnedfiaedapizisaranfs

S TR SR

V: zener voltage

| ,+: zener test current
Z,: zener Impedance
|, : zener knee current
|,y: maximum zener
current

HETETTICTELE

Lrl b1t

iPartial data sheet for the IN4728-1N4764 series 1 W zener diodes.

roupiesnooting

Although precise power supplies typically use IC type regulators,
zener diodes can be used alone as a voltage regulator. As with all
troubleshooting techniques we must know what is normal.

24V
!

! Regulator

Rectifier
(b) Correct output voltage with full load

A properly functioning zener will work to maintain the output voltage within
certain limits despite changes in load.

11
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Introduction

The zener diode is a silicon pn junction devices that differs from rectifier
diodes because it is designed for operation in the reverse-breakdown
region. The breakdown voltage of a zener diode is set by carefully
controlling the level during manufacture. The basic function of zener diode
is to maintain a specific voltage across it’s terminals within given limits of
line or load change. Typically it is used for providing a stable reference
voltage for use in power supplies and other equipment.

IN4740

This particular zener circuit will work to maintain 10 V across the load.

Outlines

» Introduction to Zener Diode

» Voltage regulation and limiting
» The varactor diode

» LEDs and photodiodes

» Special Diodes

Key Words: Zener Diode, Voltage Regulation, LED, Photodiode, Special Diode

Zener Diodes

A zener diode is much like a normal diode. The exception being is that it is
placed in the circuit in reverse bias and operates in reverse breakdown. This
typical characteristic curve illustrates the operating range for a zener. Note
that it’s forward characteristics are just like a normal diode.

Forwasd-bias
region

Reversc- )

breakdown
region

e "
{a) The normal operating regions for a rectifier {b) The normal aperating region for a zemer diode
diode are shown as shaded arcas. % shaded.

Volt-ampere characteristic is shown in this Figure with normal operating regions for
rectifier diodes and for zener diodes shown as shaded areas.




Zener Breakdown

Zener diodes are designed to operate in reverse breakdown. Two types
of reverse breakdown in a zener diode are avalanche and zener. The
avalanche break down occurs in both rectifier and zener diodes at a
sufficiently high reverse voltage. Zener breakdown occurs in a zener
diode at low reverse voltages.

A zener diode is heavily doped to reduced the breakdown voltage. This
causes a very thin depletion region. As a result, an intense electric field
exists within the depletion region. Near the zener breakdown voltage
(V,), the field is intense enough to pull electrons from their valence
bands and create current. The zener diodes breakdown characteristics
are determined by the doping process

Low voltage zeners less than 5V operate in the zener breakdown range.
Those designed to operate more than 5 V operate mostly in avalanche
breakdown range. Zeners are commercially available with voltage
breakdowns of 1.8 V to 200 V.

Zener Equivalent Circuit

Figure (b) represents the practical model of a zener diode, where the zener
impedance (Z,) is included. Since the actual voltage curve is not ideally
vertical, a change in zener current (Al,) produces a small change in zener
voltage (AV,), as illustrated in Figure (c).

a) Iddeal ih) Practical

Breakdown Characteristics

Figure shows the reverse portion of a zener diode’s characteristic curve.
As the reverse voltage (Vy) is increased, the reverse current (Iz) remains
extremely small up to the “knee” of the curve. The reverse current is also
called the zener current, I,. At this point, the breakdown effect begins;
the internal zener resistance, also called zener impedance (Z,), begins to
decrease as reverse current increases rapidly.

Vo @ [y

Va
Aoy (zener knee current)

L (mener test cumenty

oy (ener maximum curnent)

7y
lectronics — Special Purpose Diodes * Floyd

EX 3-1 A zener diode exhibits a certain change in V, for a certain change in
I, on a portion of the linear characteristic curve between I, and I, as
illustrated in Figure. What is the zener impedance?

AWy =30 mV

—T—Iumh

Aly=5mA

—J—Iﬁm.’\




As with most devices,
zener diodes have given
characteristics such as
temperature coefficients
and power ratings that
have to be considered.
The data sheet provides

this information.
I

V,: zener voltage

I, zener test current
7, zener Impedance
I,: zener knee current
I,,,: maximum zener
current

Partial data sheet forg, ¢ IN4728-1N4764 series] y zener diodes.

The temperature coefficient specifies the percent change in zener
voltage for each °C change in temperature. For example, a 12 V zener
diode with a positive temperature coefficient of 0.01%/°C will exhibit a
1.2 mV increase in V, when the junction temperature increases one
Celsius degree. AV, =V, X TC X AT

Where V, is the nominal zener voltage at 25 °C, TC is the temperature
coefficient, and AT is the change in temperature.

EX 3-3 An 8.2 V zener diode (8.2 V at 25 °C) has a positive temperature
coefficient of 0.05 %/°C. What is the zener voltage at 60 °C?

The change in zener voltage is
AV, =V, X TC X AT = (8.2 V)(0.05 %/°C)(60 °C — 25 °C)
= (8.2 V)(0.0005/°C)(35 °C) = 144 mV
Notice that 0.05%/°C was converted to 0.0005/°C. The zener voltage at 60 °C is
V,+AV,=82V +144mV =834V

EX 3-2 A IN4736 zener diode has a Z,; of 3.5 Q. The data sheet gives V. =
6.8 Vatl,. =37 mA and I, = 1 mA. What is the voltage across the zener
terminals when the current is 50 mA? When the current is 25 mA?

AL,=1,~1,.=+13 mA

=+45.5mV

l AV, = AL, Z,; = (13 mA)(3.5 Q)
.\x,l Al

V,=68V+AV,
i =68V +455mV =685V

/I’ Vs, = Vo=V T

= AL =-12 mA
AV,=Al, Z,;

= (-12 mA)3.5 Q)
=-4mV

(o] Y Q - |

[V,=68V-AV,=68V-42mV=676V

Zener Power Dissipating and Derating

Zener diodes are specified to operate at a maximum power called
the maximum dc power dissipation, Pp,y).

Pp=V,I,
The maximum power dissipation of a zener diode is typically
specified for temperature at or below a certain value (50 °C, for
example). The derating factor is expressed in mW/°C. The
maximum derated power can be determined with the following
formula:

P =P mW/QOAT

EX 3-4 A certain zener diode has a maximum power rating of 400 mW at 50
°C and a derating factor of 3.2 mW/°C. Determine the maximum power the zener
can dissipate at a temperature of 90 °C.

Ppderated) = Pp(maxy — (MW/C)AT
=400 mW — (3.2 mW/°C)(90°C — 50 °C)
=400 mW — 128 mW =272 mW



ener Diode Applications —
ener Regulation with a Varying Input Voltage

i, L
T, Vin

g — A
r ¢

1 - .

150 A et witae i, the eartpen veliage semsians comtsnt (< Iy < J

{13h A e It voltinge dhecreanes. the vstpat voblage: emains comstant Uy < by = bl
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Zener Regulation with a Variable Load

In this simple illustration of zener regulation circuit, the zener diode will
“adjust” its impedance based on varying input voltages and loads (R;) to
be able to maintain its designated zener voltage. Zener current will
increase or decrease directly with voltage input changes. The zener
current will increase or decrease inversely with varying loads. Again, the
zener has a finite range of operation.

I

Vin—==

1

lectronics — Special Purpose Diodes

EX 3-5 Determine the minimum and the maximum input voltages that can be
regulated by the zener diode in Figure.

R

AAA,

LAAl
100 £}

From the data sheet in Figure, the following
information for the IN4733 is obtained:
V,=5.1Vatl,. =49 mA, I, =1 mA, and
Z,=7Qatl,.

Vour = 51V —-AV, =51V - (I, -1,)Z,
=51V-(48mA)7Q)=51V-0.336V
=476 V

VIN(min) = IR+ Vour

| _ PD (max) __

™M V

z

=(1mAI1000)+ 476 V=486V

L3

Vour = 51V —AV, =51V + Ly — L)Z,
=51V +(147mA)7 Q) =51V+1.03V ,

=6.13V

[V inmin = IzvR + Vour
= (196 mA)(100 Q) +6.13 V=257V

VWY
100 £
mn

+
_I T.m

EX 3-6 Determine the minimum and the maximum load currents for which the
zener diode in Figure will maintain regulation. What is the minimum R, that can
beused? V, =12V, I, =1 mA, and I, = 50 mA. Assume Z, =0 Q and V,
remains a constant 12 V over the range of current values, for simplicity.

AAA,

|
When [, =0 A (R = %), I, is maximum

470 0

| = _VIN _Vz

Z(max) T R

_24V - 12V
470 O

= 25.5mA‘

Since I,y is less than I, 0 A is an acceptable minimum value for I}
because the zener can handle all of the 25.5 mA. 1 =0A

Lmin) =

1

R,

The maximum value of I; occurs when I, is minimum (I, = 1),
Lamax) = It — Iz = 25.5 mA — ImA = 24.5 mA
The minimum value of RL is
=12 V/24.5 mA = 490 Q




EX 3-7 For the circuit in Figure:
(a) Determine Vp at I, and Iy,.

(b) Calculate the value of R that should be used.
(c) Determine the minimum value of R; that can be used.

(a) Forl,:
Vour=V,=15V-ALZ,,

=15V = (g — L) Zyr
=15 V- (16.75 mA)(14Q)
=15V-0235V=1476 V

Calculate the zener maximum current.
The power dissipation is 1 W.

P

— — | D (max)

= W = 66.7mA

“ Vv 15V

Z

For I,\;:

Vour=Vz =15V +ALZ,; =15V + (Ipy — 1025
=15V +(49.7mA)(14Q)=15.7V

Zener Limiting

Zener diodes can used in ac applications to limit voltage swings to desired
levels. Part (a) shows a zener used to limit the positive peak of a signal

voltage to the selected voltage. When the zener is

turned around, as in part

(b), the negative peak is limited by zener action and the positive voltage is

limited to + 0.7 V.

i€

[ET212 Electronics — Special Purpose Diodes

(b) The value of R is calculated for the maximum zener current that occurs
when there is no load as shown in Figure (a).

R Vu -V, 28V -15V

| 66.7mA

M

R =130 Q (nearest
larger standard value).

=1240

(c) For the minimum load
resistance (maximum load

curilent), the zener current is
minimum (I, = 0.25 mA) as
shotvn in Figure (b).

| Vo Vo, _ 24V 1476V
! R 130Q

I =1,—1, =71.0mA—0.25mA=70.75mA
v, 1476V

— _Oout _

Lo T 70.75mA

=71.0mA

=209Q

L

Ex 3-8 Determine the output voltage for each zener limiting
circuit in Figure.

R

A ——
10k J 33V

Floyd




Varactor Diodes

Varactor Diodes

A varactor diode is best explained as a variable capacitor. Think of the
depletion region a variable dielectric. The diode is placed in reverse bias.
The dielectric is “adjusted” by bias changes.

The varactor diode can be useful in filter
circuits as the adjustable component.

Parallel resomant filer

Cy. dinde capacitance (pF)

V. reverse valtage (V)

@ - Vias + &

{h Gireater reverse bias, fess sapasitanee () Less reverse biss, greater capasitanse (51 Graph of diode capacitance versus roverse voliage

ET212 Electronics — Special Purpose Diodes Floyd 2

Optical Diodes Optical Diodes

The light-emitting diode (LED) emits photons as visible light.
It's purpose is for indication and other intelligible displays.
Various impurities are added during the doping process to vary
the color output.

Ve
X
\j

The seven segment display is an example of LEDs use for
display of decimal digits.

A

G lM

D l<‘ Decimal
W point

I (@) LED segment armngement and 1y pical device

Light output

L
Runar 3
-b

B oD
" - ; : . atbodes
l‘ﬂ-"'—"{-g_“_-' > @ Decimal (5‘r—b|—-- e

5 <Ol —He—En

ib) Common anade i) Common cathode

Vaias

+J -
[

Ie

1]

(a) Forward-biased operation (b) General light output versus forward current
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The photodiode is used to vary current by the amount of light that
strikes it. It is placed in the circuit in reverse bias. As with most
diodes when in reverse bias, no current flows when in reverse bias,
but when light strikes the exposed junction through a tiny window,
reverse current increases proportional to light intensity.

Light OFF Light ON

Vanas

[l
SIE
{a) No light, no currcnt except (b) Where there is incident light.

negligible dask current resistance decreases and there is
reverse cusment.

Electronics — Special Purpose Diodes Floyd

Other Diode Types

The Schottky diode’s significant characteristic is it's fast
switching speed. This is useful for high frequencies and digital
applications. It is not a typical diode in the fact that it does not
have a p-n junction, instead it consists of a heavily doped n-
material and metal bound together.

Metal-silicon junction

1 region /;I

etal region

Anode

__I

T Cathode

Other Diode Types

Cathode

‘Y
N

Other Diode Types

The pindiode is also used in mostly microwave frequency
applications. It's variable forward series resistance characteristic is
used for attenuation, modulation, and switching. In reverse bias
exhibits a nearly constant capacitance.

A—p—K
mtrisasi
w region region p regson
Cathode .
i n _— Ry

MM
Wiy

ia) Construction {b) Reverse-biased e} Forward -biased
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Other Diode Types

Other Diode Types

Other Diode Types Troubleshooting

- - —— - — Although precise power supplies typically use IC type regulators,
The laser diode (light amplification by stimulated emission of zener diodes can be used alone as a voltage regulator. As with all

radiation) produces a monochromatic (single color) light. Laser troubleshooting techniques we must know what is normal.
diodes in conjunction with photodiodes are used to retrieve data

from compact discs.

M4y

Regulator

o Diepletion
region

Rectifier

4@, () Correct output voltage with full load

A properly functioning zener will work to maintain the output
voltage within certain limits despite changes in load.

{a) Symbocd

212 Electronics — Special Purpose Diodes
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» Basic Transistor Bias and Operation

» Parameters, Characteristics and
Transistor Circuits

» Amplifier or Switch

| Key Words: BJT, Bias, Transistor, Amplifier, Switch

Basic Transistor Operation

A transistor is a device which can be used as either an
amplifier or a switch. Let’s first consider its operation in a
more simple view as a current controlling device.

@ G

—@ —©

Look at this one circuit as two separate circuits, the base-emitter(left
side) circuit and the collector-emitter(right side) circuit. Note that the
emitter leg serves as a conductor for both circuits. The amount of
current flow in the base-emitter circuit controls the amount of current
that flows in the collector circuit. Small changes in base-emitter current
yields a large change in collector-current.




The BJT (bipolar junction transistor) is constructed with three doped
semiconductor regions separated by two pn junctions, as shown in Figure (a).
The three regions are called emitter, base, and collector. Physical
representations of the two types of BJTs are shown in Figure (b) and (c). One
type consists of two n regions separated by a p regions (npn), and other type
consists of two p regions separated by an n region (pnp).

€ {callector) C

Metalized contacts Oxide

Base-Collector
Junction

Base-Emitier
Junction

E (emitter)

() Basic epitaxial planar structure b npn {ch prp
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Transistor Characteristics and Parameters

Transistor Currents
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ransistor aracteristics an arameters

Transistor Characteristics and Parameters

Analysis of this transistor circuit to predict the dc voltages and currents
requires use of Ohm’s law, Kirchhoff’s voltage law and the beta for the
transistor.

What we ultimately
determine by use of

Application of these laws begins with the base circuit to determine the Kirchhoff’s voltage law

amount of base current. Using Kichhoff’s voltage law, subtract the .7 Vg f . e e e
and the remaining voltage is dropped across Ry;. Determining the current (O S GALS 1 i

for the base with this information is a matter of applying of Ohm’s law. in the base circuit Vg is
Vie/Rp =1z distributed across the

base-emitter junction and
Ry in the base circuit. In
the collector circuit we
determine that V. is
distributed proportionally
across R and the
transistor(Veg).

.7 Vge will be used in
most analysis examples.

and Voltage Analysis

en the base-emitter junction is forward-biased,
pe =07V
rp = IgRp : by Ohm’s law

I}p: de base current Ry = Vg — Vg : substituting for V gp

I ;s dc emitter current = (Vgg — Vgp) / Ry : solving for I,

I ¢ dc collector current ce = Yoc — Vre: Voltage at the collector with

re = IcRc respect to emitter

ce= Vee—IcRc +

Vin —

Vgt de voltage across
base-emitter junction

Vgt dc voltage across

collector-base junction e voltage across the reverse-biased

llector-base junction

Vgt de voltage from
collector to emitter

where I = Byl

8= Yce— Ve




The transistor has a B, = 150.

EX 3-2 Determine Iy, I, Vg, Vg, and Vg in the circuit of Figure.

Ve 20.7V
Ig= (Vs — Vee)/ Rg

When the base-emitter junction is forward-biased,

=(5V-0.7V)/10kQ =430 pA

Vee = Vec—IcRc
=10V —(64.5 mA)(100 Q)

=355V
Ves=Vee— Ve
=355V-07V
=285V

-1V

— Ve

fe (mAY

Iy =25uA
;_5~rr_____._.—-—-—" A ¥

!
2_"_riy_____._._—-—-— Iy=20pA
:

=i
.

g Iy=5pa

L
oloTy

Ex 3-3 Sketch an ideal family of collector curves for for the circuit in Figure for
Iy =5 HA increment. Assume B = 100 and that V; does not exceed breakdown.

aracteristics and Parameters-Cuto

Cutoff: Collector leakage current (Ig) is extremely small and is usually
neglected. Base-emitter and base-collector junctions are reverse-biased.




ansistor Characteristics and Parameters - Saturatio

= Ve

]

Saturation: As I, increases due to increasing Vg, I also increases and V.
decreases due to the increased voltage drop across R.. When the transistor reaches
saturation, I, can increase no further regardless of further increase in Ij,. Base-
emitter and base-collector junctions are forward-biased.

EX 3-4 Determine whether or not the transistors in Figure is in saturation.
Assume Vg, =0.2 V.

Vcc _VCE(sat)
RC
_ 10V 0.2V

=9.8 mA

1.0kQ

Vs —Var 3V —07V 23V

Re 10kQ  10kQ
lo = Bocls = (50)(0.23MA)=11.5mA

=0.23mA

IB

- DC Load Line

Cutoff

Vee
0l Vegan Vee

DC load line on a family of collector characteristic curves illustrating the
cutoff and saturation conditions.

Transistor Characteristics and Parameters —
Maximum Transistor Ratings

A transistor has limitations on its operation. The product of Vg
and I cannot be maximum at the same time. If V is maximum,
I can be calculated as

EX 4-5 A certain transistor is to be operated with Vo = 6 V. If
its maximum power rating is 250 mW, what is the most collector
current that it can handle?




EX 3-5 The transistor in Figure has the following maximum ratings: Ppmax)
=800 MW, Vg (na = 15 V, and I, = 100 mA. Determine the maximum
value to which V. can be adjusted without exceeding a rating. Which rating
would be exceeded first?

st, find I; so that you can determine I.. ‘
Vg —Vee V0N

[ = =195
g Rq 22kQ HA

le = Bocls = (100)(19544A) =19.5MA 12,

e voltage drop across Ry is.

Pb = Vermale = (15V)(19.5mA) = 293 mW

V cEmax) Will be exceeded first because the entire supply voltage, V. will be
dropped across the transistor.

EX 3-6 Determine the voltage gain and the ac output
voltage in Figure if 1, = 50 Q.

Rc

The Transistor as an Amplifier

(@) Circust with ac impuat voliage Vi, and de bias
voltage superimpaosed

0 —

h) Waveforms

The ac emitter current : 1, = 1. =V, /r’,

The ac collector voltage : V. = I R,

Since |, = I, the ac collector voltage : V. = I R,

The ratio of V to V, is the ac voltage gain : A, =V /V,
Substituting IR for V_and Ir’, for V, : A, =V /V, = I R/,
The I, terms cancel : A, =R//r’,

The Transistor as a Switch

"
+Vee +Vee

foan Re fjuan
C
E

{a) Cutofl — open switch (b) Saturation — closed switch

12 Electronics — BJTs Floyd




EX 3-7 (a) For the transistor circuit in Figure, what is V; when Vi =0 V?

(b) What minimum value of I is required to saturate this transistor if B is
200? Neglect V-

(c) Calculate the maximum value of R, when V=5 V.

(a) When V=0V

v,
Veg=Vee=10V +lg(§,

Conditionsj, Cutoffg Saturation

A transistor is in the cutoff region when the base-emitter junction is not
forward-biased. All of the current are zero, and Vis equal to V¢

Vot = Vee (b) Since Vg is neglected,

R <= 1.0kQ

When the base-emitter junction is forward-biased and there is enough base | _ Ve 10V 10 mA
current to produce a maximum collector current, the transistor is saturated. Grey) — R. T 10K
The formula for collector saturation current is Ry
| = ﬁ = M =50 LA
Vcc _VCE(sat) B g 200 A Vi

cisaty R
C

| _ IC(sat)

B(min) ﬂ
DC

Ve, 43V
Romay = — =7 =86kQ
lginy S0 LA

Troubleshooting
Opens in the external resistors or connections of the base or the circuit

collector circuit would cause current to cease in the collector and the

voltage measurements would indicate this.

OPEN ©

npn pp pnp

{a) Both junctions should read (b) Both junctions should
0.7V +£0.2 V when ideally read OPEN when
forward-biased. reverse-biased.

212 Electronics — BJTs Floyd
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The JFET

Vg voltage levels control current flow in the Vpp, Ry circuit.



The JFET — Basic Operation

Figure shows dc bias voltages applied to an channel device. Vi, provides
a drain-to-source voltage and supplies current from drain to source. The
current is controlled by a field that is developed by the reverse biased
gate-source junction (gate is connected to both sides). With more Vg
(reverse bias) the field (in white) grows larger. This field or resistance
limits the amount of current flow through Rp,.

Drain (D)

Drain (D)
Gate (G| Gate (G
channel

Source (S) Source (S
n channel P

Vea—=——
+-|—

ET212 Electronics-FETs

(a) n channel {b) p channel

JFET schematic
symbols.

A representation of the basic structure of the two types of JFET. | |

J aracteristics and Parameters

The JFET — Basic Operation

b} Girmminr Vg namows e channad (botween o skl
sl

decrmnsm |,

The drain characteristic curve of a JFET
for Vg = 0 showing pinch-off.

{0 s Wiy miions e chanined (Btwoon B whill area) whech
Hcremsas e malstance of ihe channel and ncreass b,
Constan-curmm ara——

A
= = = © v (pinch-oll voliage)
{a) JFET with V5 = 0V and a variable Vo (Voo) {b) Dirain chamcheristic

Effects of Vs on channel width, resistance, and drain current (V6= Vgs).




Pinch-Off Voltage

—

SRR

e CONEARNE-CLITONE AT Gpmeeint Brmmbicioven

- = = o Ve [pinch-off voltage}
() JFET with Vg = 0V and o variabie Vg (Vo) [} Drain characietistic

v,

Vgs Controls 1

From this set of curves you can see with increased voltage applied to the
gate the | is limited and of course the pinch-off voltage is lowered as
well. Notice that I, decreases as the magnitude of V¢ is increased to
larger negative values because of the narrowing of the channel.

1
1
|
|
0
|
'
|
T
1
1
]
1
|

—y

- Vp= 15
“Pinch-oll whan Vgg = -1V
(8) JFET blased at Vg = -1V {b) Family of drain characteristic curves

Pinch-off occurs at a lower Vg as Vg is increased to more negative values.

ET212 Electronics-FETs Floyd

(e} 'Whan Vg = Vie, In is consistant and equal 10 lnay () A Vi increases fuetver, In remaing of nes

bl breaiciown pooim

- L

() As Vigg is made mone negative, lg continues 1o decroase

but ks constant above pinch-ol, which has also decreased.

ET212 Electronics-FETs

() Whan

Vg i3 nagatv, |y dicraades and is constant
pinch-ofl, which is less han V.

() Until Vg = =V, by cONtinues 1o decrease.
When Vg = =Vsom, I ™ 0.

Floyd 12
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It is interesting to note that pinch-off voltage (V) and cutoff voltage
Veom) are both the same value only opposite polarity.

EX. 7-1 For the JFET in Figure, V 5o = - 4 V and Igs = 12 mA. Determine
the minimum value of V,, required to put the device in the constant-current
area of operation.

ce Vosom=-4 V. Vp=4 V.

e minimum value of V¢ for
JFET to be in its constant-current area is :: Ro
<= 5608
Vps=Vp=4V -
1 +
the constant-current area with Vg =0V, =V

Ip=Ip = 12 mA I

e drop across the drain resistor is =

Vip = IpRpy = (12 mA)(560Q) = 6.72 V

ply Kirchhoff’s law around the drain circuit.

Voo =Vps+ Vep =4V +672V =107V
This is the value of V},, to make Vg = V;, and put the device

Comparison of Pinch-Off and Cutoff

JFET Transfer Characteristic Curve

IC

D

I, =1,|1-

VGS
v

GS (off ) bt v

v

[ 0]

I JFET transfer characteristic curve (n-channel).

Example of the development of an n-channel JFET transfer characteristic
curve (blue) from the JFET drain characteristic curves (green).




Ex. 7-2 A particular p-channel JFET has a Vg, =+ 4 V. What is I,
when V=+6V? Ans. I, remains 0.

Ex. 7-3 The data sheet for a 2N5459 JFET indicates that typically I;,¢s =
9 mA and Vg = - 8 V (maximum). Using these values, determine the
drain current for V=0V, -1V, and -4 V.

For V=0V,

ForVgg=-1V,

For Vgg=-4V,
-4

I, = (9mA)(1 —8\/)2 =(9mA)1-0.5) =(9mA)(0.25)=2.25mA

JFETRj asing — Self-Bias

Vp=Vpp—IpRp

Vps=Vp—Vs
= Vpp — Ip(Rp + Ry)
where Vg =IpRg

(&} p channel

iap nchannel
ET212 Electronics-FETs

JFET Biasing

EX. 7-4 Find Vg and Vg in Figure. For the particular JFET in this circuit, the
internal parameter values such as g, V5o, and Ipgg are such that a drain current
(Ip) of approximately 5 mA is produced. Another JFET, even of the same type,
may not produce the same results when connected in this circuit due the

variations in parameter values.

Since Vg =0V,
Vgs=Vg—Vg=0V-034V=-034V




JFET Biasing — Setting the Q-point of a Self-Biased JF

EX. 7-5 Determine the value of R required to self-bias an n-channel JFET
that has the transfer characteristic curve shown in Figure at Vg =-5 V.

Setting the Q-point requires us to
determine a value of R that will
give us the desired /, and V..
The formula below shows the
relationship.

Rs=1 Ve/ 151
To be able to do that we must
first determine the I/;;and /, from
the either the transfer
characteristic curve or more
practically from the formula
below. The data sheet provides
the /pssand Vigom- Vosis the
desired voltage to set the bias.

1= Ipss(1 - Vo Vas(oﬁ))z

Ip (mA)

rom the graph, I, =6.25 iy
hen Vg =- 5 V. Calculat

EX. 7-6 Determine the value of R required to self-bias an p-channel JFET JFETB asi ng — VoItage—Divid er Bias
with Ipgs =25 mA and Vg = 15 V. Vg is to be 5 V. !

Voltage-divider bias can also be used to bias a JFET. R, and R, are used
to keep the gate-source junction in reverse bias. Operation is no different
from self-bias. Determining |y, Vs for a JFET voltage-divider circuit
with V given can be calculated with the formulas below.

+Vpp
Vo =1,Rs : Source voltage
R, i
Now, determine Rg. VG =15 &~ |Ypp : Gate voltage >
R +R,
VGS =VG —Vs : Gate-to-source voltage
Vi ;
I, =—> : Drain current <
R Vo Voo | T
8 | =Ye " Ves
° Rq =

24




Ex. 7-7 Determine I, and V 4 for the JFET with voltage-divider bias in Figure,
given that for this particular JFET the internal parameter values are such that V

=7V.

Calculate the gate-to-source voltage as fq

e MO — Depletion MO

[} Depleticn moda: Vi, regathn and s than Vg () Enbancemant moda: Vg, positve

>
>

68M Qe 3.3kQ

substrate

{a} m channol e

48] Basic constructon b Inchuced channel (Vg = Vs
Representation of the basic structure of D- Representation of the basic E-MOSFET
MOSFETs. construction and operation (n-channel).

e MOSFET — Depletion MO

Source

Source

n channel p channel

D-MOSFET schematic symbols.




e MOSFET — Enhancement MOSFET (E-MOSFE

The conventional enhancement
MOSFETS have a long thin lateral
channel as shown in structural view

in Figure below.
Drain Drain
Gate Source Gate
Representation of the
basic E-MOSFET S Source
construction and e
operation (n-channel). n channel p channel
Source = =
(&) Basic construction (b} Induced channel (Vs > Vs

Ex. 7-8 For a certain D-MOSFET, I;,¢s = 10 mA and Vo =- 8 V.
(a) Is this an n-channel or a p-channel?
(b) Calculate Iy at Vog=-3V
(c) Calculate I at Vo =+3 V.

D-MOSFET Transfer Characteristic

D-MOSFET general transfer
characteristic curves.

(&) n channal




IS

ers —
EX. 7-9 The data sheet for a 2N7008 E-MOSFET gives Iy, ,= 500 mA (minimum)

E-MOSFET Transfer Characteristic at Vs =10 V and Vg, = 1 V. Determine the drain current for V=5 V.

-\

LU as Vas Vs
{a} n channel ®p

In
[

First, solve for K using Equation,

Next, using the value of K, calculate I, for Voo =5 V.

E-MOSFET general transfer
characteristic curves.

MOSFET Biasing — D-MOSFET Bias

Ex. 7-10 Determine the drain-to-source voltage in the circuit of Figure. The
MOSFET data sheet gives Vg, = -8 V and Ipgg = 12 mA.

Since I = I,gg= 12 mA,
the drain-to-source voltage is

Since Vg =0, Iy = Ijygg
as indicated.

Vs = Vop - InssRp
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Most amplifiers have a finite range of
frequencies in which it will operate. We will
discuss what determines the frequency
response of an amplifier circuit and how it is
measured.
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» Introduction to Frequency Response of
an Amplifier

» Gain of an Amplifier in Decibels (dB)
» Frequency Response of a BJT Amplifier

» Frequency Response of an FET Amplifier

» Frequency Response of a Multistage
Amplifier

Key Words: Frequency Response, Amplifier, Decibel, BJT, FET, Multistage

Basic Concepts

When frequency is low enough, the coupling and bypass capacitors
can no longer be considered as shorts because their reactances are
large enough to have significant effect. Also, when the frequency is
high enough, the internal transistor capacitances can no longer be
considered as opens because their reactances become small enough to
have significant effect on the amplifier operation. We will discuss
how the capacitor limits the passage of certain frequencies. This is
called the frequency response of an amplifier.




Basic Concepts — Effectyf jnternal ransistor
Capacitances
At high frequencies, the coupling and bypass capacitors become effective ac
shorts and do not affect an amplifier’s response. Internal transistor junction
capacitances, however, do come into play, reducing an amplifier’s gain and
introducing phase shift as the signal frequency increases.

—_
CF}-' b ———

(a) BIT

C,. is the base-emitter junction capacitance and
C,. is the base-collector junction capacitance.

Basic Concepts — Effecty fg ypassc apacitors

When the frequency is sufficiently high
R Xc = 0 Q and the voltage gain of the CE
amplifier is

fal
AMA

Yy

&

=R Y>> 00 At lower frequencies, X >> 0 Q and
the voltage gain is R

@

A =
- (r+2)

|

parallel with R creates an emitter impedance,

Nonzero reactance of the bypass capacitor in
(Z,), which reduces the voltage gain.

of Interna
Capacitances

When the reactance of C,, becomes small enough, a significant amount of the
signal voltage is lost due to a voltage-divider effect of the signal source
resistance and the reactance of C,, as illustrated in Figure (a). When the
resistance of C,, becomes small enough, a significant amount of output signal
voltage is fed back out of phase with input (negative feedback), thus
effectively reducing the voltage gain as shown in Figure (b).

(n) Effectof Cy,, where ¥}, is redluced by the voltage-divider (b Effect of C, . where pan of V.., (Vi) goes back through
action of R, and X, Cp 10 U hase andd reduces the input signal because it is
agprosimately 1807 out of phase with V.

ET212 Electronics — Amplifier Frequency Response Floyd




At high frequencies, the coupling and bypass capacitors become effective ac
shorts and do not affect an amplifier’s response. Internal transistor junction
capacitances, however, do come into play, reducing an amplifier’s gain and
introducing phase shift as the signal frequency increases.

Miller’s theorem states that C effectively appears as a capacitance from input
and output to ground, as shown in Figure (b).

A +1
Cin(Miller) = C(Av + ]) CW(M,,””) = C[VAJ

ET212 Electronics — Amplifier Frequency Response Floyd ' 9

Basic Concepts — Miller’s Theorem

Millers theorem allows us to view the internal capacitances as
external capacitors for better understanding of the effect they have
on the frequency response.

ET212 Electronics — Amplifier Frequency Response Floyd

The Decibel

OLTAGE GAIN (A,) |dB (WITH RESPECT TO ZERO REFERENCE)

32 20 log(32) = 30 dB

20 log(16) = 24 dB

20 log(8) = 18 dB

20 log(4) = 12 dB

20 log(2) =6 dB

20 log(1) =0dB

20 10g(0.707) = - 3 dB

20 l0g(0.5) = - 6 dB

20 l0g(0.25) = - 12 dB

20 log(0.125) = - 18 dB

20 10g(0.0625) = - 24 dB




The Decibel — The Critical Frequency

Ex 10-1 Express each of the following ratios in dB:

P P
@ 5 =20 @) =100 @4y =10

in

The critical frequency also known as the cutoff frequency is
the frequency at which the output power drops by 3 dB, which
represents one-half of it’s midrange value. An output voltage
drop of 3 dB represents about a 70.7% drop from the
midrange value.

d A,=05 © e =().707

in

Power is often measured in units of dBm. This is decibels
with reference to ImW of power. This means that 0 dBm =
ImW.

Ex 10-2 A certain amplifier has a midrange rms output voltage of 10 V.
What is the rms output voltage for each of the following dB gain
reductions with a constant rms input voltage?

(@-3dB (b)-6dB )-12dB (d)-24dB

(T

Low-Frequency Amplifier Response

| Multiply the midrange output voltage by the voltage gain corresponding
to the specified dB value in Table.

(a) At—3dB,V,,=0.707(10 V) =7.07 V
(b) At—6dB,V,,=0.5(10V)=5V

(¢) At—12dB, V,,,=025(10 V)=2.5V

(d) At—24dB, V,,=0.0625(10 V) = 0.625 V

L[ The low-frequency ac equivalent circuit of the
amplifier in Figure (left) consists of three high-pass
RC circuits.

A capacitively coupled amplifier.




w-Frequency Amplifier Response — The Input RC Circ

The input circuits effects on the .
signal at a given frequency can be v, OH
more easily understood by looking at
this simplified input circuit. The
frequency at which the gain is down
by 3dB is called the lower critical
frequency (f). This frequency can

be determined by the formula below. Input RC circuit formed by the input coupling
capacitor and the amplifier’s input resistance.

Low-Frequency Amplifier Response —
Voltage gain roll-off at low frequency

e decrease in voltage gain with frequency is called roll-off.
Let’s take a frequency that is one-tenth of the critical frequency (f=0.1f,).
Since X, =R, atf,, then X, = 10 R;, at 0.1f, because of the inverse
relationship of X, and /.. The attenuation of the input RC circuit is,
therefore,

Attenuation = Vi = R, = R,
V, JRi+X:. R +(0R)
Rin Rin
~ JR+100R°  JR*(1+100)
R L |

in

= =—=0.1
R~101 <101 10

The dB attenuation is ZOIOg(I;;"“’

in

) =201og(0.1) = —20dB

EX 10-3 For an input RC circuit in a certain amplifier, R;,, = 1.0 kQ and C, = 1 uF.
Neglect the source resistance.

(a) Determine the lower critical frequency.

(b) What is the attenuation of the input RC circuit at the lower critical frequency?
(c) If the midrange voltage gain of the amplifier is 100, what is the gain at the
lower critical frequency?

| - 1
27R C,  27(1.0kQ)(14F)

=159Hz

@ f=

(b) Atf,, X, =R, Therefore

Attenuatio n = Vi =0.707

in

(©) A, = 0.707 A, = 0.707(100) = 70.7

ow-Frequency Amplifier Response — dB/decad

001y 0,15, L

T T
Ab-——- I  SHE—
1 1
I
1
i

ST E—

-A, (dB)

dB voltage gain versus frequency
for the input RC circuit.




EX 10-4 The midrange voltage gain if a certain amplifier is 100. The input RC

circuit has a lower critical frequency of 1 kHz. Determine the actual voltage gain at
f=1kHz, =100 Hz, and /= 10 Hz.

en f= 1 kHz, the voltage gain is 3 dB less than at midrange. At—3 dB,
he voltage gain is reduced by a factor of 0.707.
A, =(0.707)(100) = 70.7

en f=100 Hz = 0.1f,, the voltage gain is 20 dB less than at f,. The
oltage gain at — 20 dB is one-tenth of that at the midrange frequencies.
A, =(0.1)(100) =10

en f=10 Hz = 0.01fc, the voltage gain is 20 dB less than at f= 0.1f, or
40 dB. The voltage gain at — 40 dB is one-tenth of that at — 20 dB or one-
wndredth that at the midrange frequencies.

A, =(0.01)(100) = 1

Low-Frequency Amplifier Response —
The Output RC Circuit

The output RC circuit affects the response similarly to the input
RC circuit. The formula below is used to determine the cutoff
frequency of the output circuit.

f.= 1/22(R. + R,)C,

iy

Vi
3 L=
R
Ry If: = By S Ro R
(b) G

ch

Phase shift in the input RC circuit

In addition to reducing the voltage gain, the input RC circuit also causes an
increasing phase shift through an amplifier as the frequency decreases.

0 =tan" (£] ane
Rm

or midrange frequencies, X, = 0 €, so R

|
£

O=tan" [‘;—Q] =tan"'(0)=0" 0

2 = Phase angle versus frequency for the input RC circuit.
t the critical frequency, X, =R, , so —l - ] o

0= tan"(i"” ) =tan"' (1) = 45"

decade below the critical frequency,
el T IORin’ SO

Input RC ¢ircuit causes the base voltage to lead the input voltage

below by -arrammroumttmat-to-thecireuit phascangte:

w-Frequency Amplifier Response- The Bypass RC Circ

The bypass RC circuit is no different in it’s effect on the gain at low
frequencies. For midrange frequencies it is assumed that X, = 0 Q,
effectively shorting the emitter to ground so that the amplifier gain is R /r’...
As frequency is reduced, X, increases. The impedance from emitter to
ground increases, gain decreases. A, =R./(r’,+R))

Development of the equivalent low-frequency output RC circuit.
Electronics — Amplifier Frequency Response

(a) For midrange frequencies,
Cy effectively shoris the

ics — AnSPHE BAGHEACy Response

() Below £, X, and Ry form an impedance

between the emitier and ground.

Floyd




Low-Frequency Amplifier Response- The Bode Plot

A plot of dB voltage gain versus frequency on semilog paper
(logarithmic horizontal axis scale and a linear vertical axis scale) is
called a Bode plot. A generalized Bode plot for an RC circuit like

that shown in Figure (a) appears in part (b) of the figure.

A, )
b1 Bhosde phet

An RC circuit and its low-frequency response. (Blue is ideal; red is actual.)

Miller’s Theorem in High-Frequency Analysis

Looking in from the signal source, the capacitance Cy_ appears in the Miller
input capacitance from base to ground.

Conatitier) = Cpe(Ay + 1)

C,. simply appears as a capacitance to ac ground, as shown in Figure, in
parallel with C;, .,)- Looking in at collector, C,,, appears in the Miller
output capacitance from collector to ground. As shown in Figure.

High-frequency equivalent circuit after applying Miller’s theorem.

High-Frequency Amplifier Response

{a) Capacitively coapled amplificr () High-froquency cquivalent circuit

Capacitively coupled amplifier and its high-frequency equivalent circuit.

[[212 Electronics — Amplifier Frequency Response Floyd

w-Frequency Amplifier Response- The Input RC Circu

At high frequencies, the input circuit is as shown in Figure (a), where 8, 1,
is the input resistance. By combining C,, and C;, ., in parallel and
repositioning shown in Figure (b). By thevenizing the circuit to left of
capacitor, as indicated, the input RC circuit is reduced to the equivalent form
shown in Figure (c).

Ctot — Rs”Rl”RZ”Bac r,e v

Therefore,

(275f; Ctot) = Rs”Rl”RZ”ﬁacr,e Ry= R0 TR AP
and g mlk P
= V/@n(Rs|RT|R2|B,1 )C,o¢ = I

@
nce of the signal source and C,,, = Cy,, + C,,,i100r)-
requency Response Floyd 28




Ex 10-10 Derive the input RC circuit for the BJT amplifier in Figure. Also
determine the critical frequency. The transistor’s data sheet provides the
following: B, = 125, C,, = 20 pF, and C, = 2.4 pF.

irst, find r’, as follows:

e VCC=(4'7kQ)10V=1.76V
R +R, 26.7kQ e,

V,=V,-0.7V =1.06V :
< 25 G

]E=E=1'Oﬂ=2.26m14 2k
R 470Q

E

r'e=251ﬂ=11.1Q

E

Total Amplifier Frequencyre sponse

[ET212 Electronics — Amplifier Frequency Response

R0y = RYRIR[IB, r' = 600 €22 k4.7 kQ125(11.1 Q) =378 Q

1

ext, in order to determine the capacitance, you must calculate the
idrange gain of the amplifier so that you can apply Miller’s theorem.

R _RJ/R _1UQ _
R TR To)

e

99

pply Miller’s theorem.
Cin(}l/[iller) i Cbc(Av(mid) +1) = (2.4 pF)(100) = 240 pF

he total input capacitance is C;, uyi.r) in parallel with Cy...
Cin(tot) T~ Cin(MiIler) il Cbe =240 pF +20 pF =260 pF
1 RR BRI fr. =3780)
2”(Rm(mt})(cm(mt)) e
N 1
 27(378Q)(260 pF)

e

Che * Chupatittery = 260 pf

30

otal Amplifier FrequencyRe sponse - Bandwidt

An amplifier normally operates with signal frequencies between f, and f,,,.

The range (band) of frequencies lying between f, and f,, is defined as the
bandwidth of the amplifier, as illustrated in Figure. The amplifier’s
bandwidth is expressed in units of hertz as

BW =f cu _fcl

Ideal

Actual

f

.0 .
ectronics — Amplifier Frequency Response
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Introduction To Operational Amplifiers

Outlines

The operational amplifier or op-amp is a circuit of
components integrated into one chip. We will study the op-
amp as a singular device. A typical op-amp is powered by two
dc voltages and has an inverting(-) and a noninverting input
(+) and an output. Note that for simplicity the power terminals
are not shown but understood to exist.

) Syl (5} Symbal wish e wpply comncctions

.o -

» Introduction to operational amplifier
(OP-Amp)

» The Parameters and Characteristics of
an Op-Amp.

» Basic Op-Amp Operation

» Three Op-Amp Configurations and Closed-
loop Frequency Response of an Op-Amp.

(g 13 SMT SMT

{5} Typical packages. Fin | is indicated by  noich or dot o dual-in-fase (DI
‘and surface- moum Vechaology (SMIT) packaprs, as shown.

Key Words: Operational Amplifier, CMRR, Inverting, Noninverting, Open Loop Gain

_ OP-Amps Floyd




Introduction To Op-Amps —
Internal Block Diagram of an Op-Amp

troduction To Op-Amps — The Ideal & Practical Op-A

While an ideal op-amp has infinite voltage gain and infinite
bandwidth. Also, it has infinite input impedance (open) and zero
output impedance. We know this is impossible. However, Practical
op-amps do have very high voltage gain, very high input impedance,
very low output impedance, and wide bandwidth.

A typical op-amp is made up of three types of amplifier circuit: a
differential amplifier, a voltage amplifier, and a push-pull amplifier, as
shown in Figure. A differential amplifier is the input stage for the op-amp. It
has two inputs and provides amplification of the difference voltage between
the two inputs. The voltage amplifier provides additional op-amp gain.
Some op-amps may have more than one voltage amplifier stage.

{ah beal op-ag represcatation (b} Prasctical op-amp seprcsentation

12 Electronics _ OP-Amps Floyd Electronics _ OP-Amps

Op-Amp Input Modes and Parameters —
Input Signal Modes — Signal-Ended Input

When an op-amp is operated in the single-ended mode, one input is
grounded and signal voltage is applied only to the other input as shown
in Figure. In the case where the signal voltage is applied to the inverting
input as in part (a), an inverted, amplified signal voltage appears at the
output. In the case where the signal voltage is applied to the noninverting
input with the inverting input grounded, as in part (b), a noninverted,
amplified signal voltage appears at the output.

Op-Amp Input Modes and Parameters —
Input Signal Modes - Differential Input

In the differential mode, two opposite-polarity (out-of-phase) signals

are applied to the inputs, as shown in Figure. This type of operation is

also referred to as double-ended. The amplified difference between the
two inputs appears on the output.

V.

inl

V.

1

ET212 Electronics _ OP-Amps Floyd
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Op-Amp Input Modes and Parameters —
Input Signal Modes - Common-Mode Input

Ex. 12-1 Identify the type of input mode for each op-amp in Figure.

In the common mode, two signal voltages of the same phase, frequency,
and amplitude are applied to the two inputs, as shown in Figure. When
equal input signals are applied to both inputs, they cancel, resulting in a
zero output voltage. This action is called common-mode rejection.

212 Electronics — OP-Amps

Ex. 12-2 A certain op-amp has an open-loop voltage gain of 100,000 and a common-
Op-Amp Input Modes and Parameters — mode gain of 0.2. Determine the CMRR and express it in decibel.
Common-Mode Rejection Ratio

— - - A, =100,000, and A = 0.2. Therefore,
The common-mode rejection ratio (CMRR) is the measure for

how well it rejects an unwanted the signal. It is the ratio of open CMRR = i — 100,000 =500.000
loop gain (A,) to common-mode gain (A.,). The open loop gain is Acm 0.2 ’
| a data sheet value.

Expressed in decibels,

CMRR =% CMRR =2010g(500,000) = 11408
A

m

EX. 12-3 An op-amp data sheet specifies a CMRR of 300,000 and an A | of
90,000. What is the common-mode gain?




Op-Amp Input Modes and Parameters

Op-amps tend to produce a small dc voltage called
output error voltage (Vouyreron)- The data sheet
provides the value of dc differential voltage
needed to force the output to exactly zero volts.
This is called the input offset voltage (Vgg). This
can change with temperature and the input offset
drift is a parameter given on the data sheet.

Ex. 12-4 The output voltage of a certain op-amp appears as shown
in Figure in response to a step input. Determine the slew rate.

Op-Amp Input Modes and Parameters

There are other input parameters to be considered for op-
amp operation. The input bias current is the dc current
required to properly operate the first stage within the op-
amp. The input impedance is another. Also, the input
offset current which can become a problem if both dc input
currents are not the same.

Output impedance and slew rate, which is the response
time of the output with a given pulse input are two other
parameters.

Negative Feedback

Vo (V)

t— | ps

The output goes from the lower to the upper limit in 1 ps. Since this rgsponse is not
ideal, the limits are taken at the 90% points, as indicated. So, the upper limit is +9
V and the lower limit is -9 V. The slew rate is

Negative feedback is feeding part of the output back to the
input to limit the overall gain. This is used to make the gain
more realistic so that the op-amp is not driven into saturation.
Remember regardless of gain there are limitations of the
amount of voltage that an amplifier can produce.

+

s

Internal inversion makes V
180° out of phase with V.

Negative

Fopdhark

network

OP-Amps




Ex. 12-5 Identify each of the op-amp configurations in Figure.

[£1)

AAA
*YYY
=

T—AAR
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EX. 12-6 Determine the gain of the amplifier in Figure.
The open-loop voltage gain of the op-amp is 100,000.

This is a

v

ey

R

S
100 k2

oninverting op-amp configuration. Therefore, the closed-loop volt:

R 100kQ
=1+—=1+ =223
Ao =1+ 5 = Tk

ge gain is

The closed-loop voltage
gain (A,) is the voltage
gain of an op-amp with
external feedback. The gain —0 Vi
can be controlled by
external component values.
Closed loop gain for a non-

Feedback
network

inverting amplifier can be RS
determined by the formula =i
below. =
Ideal Op-Amp
V, =V, =V,
Via(Ri + R ) =R; -V,

_Ri+R,

out

Y/ —(1+R‘)v
n Ri n

Voltage-follower

The voltage-follower amplifier configuration has all of the output
signal fed back to the inverting input. The voltage gain is 1. This
makes it useful as a buffer amp since it has a high input impedance
and low output impedance.




The inverting amplifier
has the output fed back to
the inverting input for
gain control. The gain for
the inverting op-amp can
be determined by the
formula below.

ldeal Op-Amp
V,=V,=0

)/I'_Vin %_Vout =0
R, R,

Ex. 12-8 Determine the closed-loop gain of each amplifier in Figure.

i)

ET212 Electronics — OP-Amps Floyd

Ex. 12-7 Given the op-amp configuration in Figure, determine the
value of R; required to produce a closed-loop voltage gain of -100.

R
‘&J:ﬁ,

R, =|A,, R =(100)(2.2kQ) = 220k

Ex. 12-9 If a signal voltage of 10 mV . is applied to each amplifier
in Figure, what are the output voltages and what is there phase
relationship with inputs?.

ET212 Electronics — OP-Amps Floyd 23




ffects Of Negative Feedback On Op-Amp Impedances mpedances of a Noninverting Amplifier — Output Impedanc
Impedances of a Noninverting Amplifier — Input Impedance

The output impedance is understood to be low for an op-amp.

. . Its exact value can be determined by the formula below.

owever high the input
pedance of an op-amp | v, Zoureny) = Lo (1 + AyB)
cuit is, impedance still
ists. For a non-inverting
plifier it can be
termined by the formulas
low.

B{feedback attenuation) — 1/ Ac/
=R/R, +R)

. - o i i i

Ex. 12-11 The same op-amp in Example 6-10 is used in a voltage-
follower configuration. Determine the input and output impedance.

Ex. 12-10 (a) Determine the input and output impedances of the
amplifier in Figure. The op-amp data sheet gives Z,, =2 MQ, Z_,, =
75 @, and A, =200,000. (b) Find the closed-loop voltage gain.

(a) The attpnuation, B, of the feedback circuit
R 10kQ
R +R; 230kQ

=0.0435

Notice that Z;,y, is much greater than Z,, ), and Z,, is much less than
Z,nry from Example 6-10.




]

in

Impedances of an Inverting Amplifier

Biteedvackattenuatiory = R/ (R; + Ry)
Ziny = R;
» ol, 1] —

Zout(l) =Zy/ (1 +A,B)

Virtual ground
y)

pen-Loop Response

The open-loop gain of an op-amp is determined by the
internal design and it very high. The high frequency
cutoff frequency of an open-loop op-amp is about 10 Hz.

A (dB)
_—— Midrnge

106 L

1003

20 dRidecade roll-off

Unity-gain frequency (fy)

S Critical frequency
P

8
e

? T T
"o 106 Ik

Ideal plot of open-loop voltage gain versus frequency for
a typical op-amp. The frequency scale is logarithmic.

Ex. 12-12 Find the value of the input and output impedances in Figure.
Also, determine the closed-loop voltage gain. The op-amp has the
following parameters: A ; = 50,000; Z,, =4 MQ; and Z = 50 L.

| %y

LAAJ
100 ki1

Zin, =R =1.0KQ

The feedback attenuation, B, is

The closed-loop voltage gain is (zero for all practical purpo

Open-Loop Frequency Response

The internal RC circuit of an op-amp limits the gain at
frequencies higher than the cutoff frequency. The gain
of an open-loop op-amp can be determined at any
frequency by the formula below.

in

L7

Op-amp represented by a gain element
and an internal RC rcuit.

Op-amp




Ex 12-13 Determine A, for the following values of f.

(a)f=0Hz (b)f=10Hz (c) f=100Hz (d)f= 1000 Hz

Avimid) 100,000

Of course as with any RC circuit phase shift begins to occur
—~100.000 at higher frequencies. Remember we are viewing internal
- >

1+ f 2 / f 2 ,\/ 1 4L 0 characteristics as external components.

; ¥,y W ic Vig
| - &

(a) Aol =\/

c(cl)y

Ex 12—14 Calculate the phase shift for an RC lag circuit for each of the following

frequencies, and then the curve of phase shift versus frequency. Assume f; = 100 Hz Op-amps are normally used in a closed loop configuration with negative
(@ f=1Hz (b) f=10Hz (c) f=100 Hz (d) f = 1000 Hz (e) f = 10,000 Hz feedback. While the gain reduced the bandwidth is increased. The

bandwidth (BW) of a closed-loop op-amp can be determined by the
formula below. Remember B is the feedback attenuation.

BW,, = BWy,(1 + BA i)

10,000 Hz
100 Hz

(e) Gz—mn’l( ):—89.4°

[

(I inal pesprsmses.
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Ex 12-15 A certain op-amp has three internal amplifier stages with the
following gains and critical frequencies:

Stage 1: A, =40 dB, f.,=2kHz
Stage 2: A, = 32 dB, f, =40 kHz
Stage 3: A ;=20 dB, fie =150 kHz

Determine the open-loop midrange gain in decibels and the total phase lag when

The gain-
bandwidth
product is always
equal to the
frequency at
which the op-
amp’s open-loop
gain is 0dB (unity-
gain bandwidth).

Open-loop gain

- Closed-loop gain

feton friety

Closed-loop gain compared to open-loop gain.

10
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