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Pre requisites

Semiconductor basics
What is semiconductor?
Why do we need semiconductor?

Types of semiconductor- Intrinsic and Extrinsic

Extrinsic- Doping, p type, n type- trivalent and pentavalent

Majority and minority charge carriers




Syllabus

Power Supplies — Block diagram, Rectifiers, Reservoir and smoothing circuits,
Full-wave rectifiers, Bi-phase rectifier circuits, Bridge rectifier circuits, Voltage regulators,

Output resistance and voltage regulation, Voltage multipliers

Amplifiers — Types of amplifiers, Gain, Input and output resistance, Frequency response,
Bandwidth, Phase shift, Negative feedback, Multi-stage amplifiers.

Operational amplifiers - Operational amplifier parameters, Operational amplifier
characteristics, Operational amplifier configurations, Operational amplifier circuits.

Oscillators — Positive feedback, Conditions for oscillation, Ladder network oscillator,
Wein bridge oscillator, Multivibrators, Single-stage astable oscillator, Crystal controlled

oscillators.
Self-study topics: BJT amplifier types, comparison of BJT & FET.
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Semiconductor diode () (ot

Two-terminal unilateral device which allows the flow of current in only one direction
Anode and cathode are the two terminals
Diode offers low resistance hence permits current flow from Anode to Cathode

It offers high resistance or restricts the flow of current from Cathode to Anode

It can be biased (applying voltage across terminals of diode) in two ways: Forward bias
and Reverse bias

Diode is a pn junction which permits current flow when forward biased and blocks
current when reverse biased




Unbiased Diode

The Unbiased Diode
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Negative ion  pysitive jon

Unbiased

No voltage applied across the junction
Majority holes on p side start diffusing
into n side

Majority free electrons on n side start

diffusing into p side

Positive immobile ions are formed on
n side and negative ions on p side
near the junction, this is called
depletion region

In equilibrium condition, depletion
region widens up to a point where no
further electrons or holes can cross
the junction. This acts as a barrier.
Potential difference across depletion
region is called barrier
potential/junction potential/built-in
voltage/cut-in potential

Net current in unbiased diode is Zero.



Forward biased diode

* Pregion is connected to positive and n region is
connected to negative of dc supply

Narrow deplefion regi -
Gl * Negative of the battery pushes free electrons across the

e P_t; ' Ny g depletion region, provided the applied voltage exceeds
pe i e barrier voltage. Similarly, negative of the battery pushes
oo THE R holes against barrier from p to n region
o LIEIN o * Barrier voltage for Si diode is 0.7V and Ge diode is 0.3V.
o Y ia & » e Due to this width of the depletion region reduces and
¥ .J; 9 O o barrier potential also reduces
P& * Majority carriers cross the junction
Negative ion Positive ion * Hence current starts flowing from p to n side (Anode to
cathode terminal)-Forward current
| 1=
| |
Battery




Reverse biased diode

 Pregion is connected to negative and n region to positive of the dc
voltage

Wide depletion region

TH ) L 2 - Erepeihns Negative of the battery attracts holes in p region and positive of the
i } o " battery attracts electrons in n region
yP | L * Majority charge carriers move away from the junction
J o 1998 Bdd @ 0 * Depletion region widens and barrier potential increases
J ; _ ; @ * Resistance of diode is high
@ o 999|3db9 Q * Due toincreased barrier potential, free electrons on p side are
| Y o attracted towards positive while holes towards negative of the battery
i < : 988 o ; J iQ * There is a very small reverse current due to the flow of minority
g Q! r @ carriers
! CE T : .
200 9 * Reverse currentis constant though reverse voltage is increased upto a

r "
i k]

e limit. It is called reverse saturation current.
hlegalive o | 'ositive 1gn

* Minority charge carriers are thermally generated hence this current is
temperature dependant
b iF, l I + * Reverse saturation current is in the order of micro amperes for Ge and

few nano amperes for Si diodes

Battery




Current voltage or |-V characteristics
of diode

* First quadrant indicates the behaviour of
diode when forward biased

Fiﬁ:j A  Currentis nearly zero when forward voltage is
Current less than knee or barrier voltage
* As forward voltage exceeds barrier voltage,
Forward current increases exponentially
Sias  Third quadrant indicates the characteristics of
e kneg reverse biased diode
Reverse Voltage lvnnage * Asthe reverse voltage is increased, reverse
- v current increases initially but after a small
Forward Voltage voltage becomes constant equal to reverse
T | saturation current. Though reverse voltage is
o o | 03 Germanium increased the reverse current remains
BZE;EL - 20mA Silicon ' 0.7v Silicon constant.
orAvalanche |  Reverse * At reverse breakdown voltage, breakdown of
Region Bias diode occurs and current increases sharply
o | Reverse damaging the diode.
0 Y Current




Diode approximations

|deal diode model Constant voltage drop

model
Forward Biased Reversed Biased

i — ot ” " o0 o— H * 5
Anode Cathode  Ancde [ |Cathode
i @ @ / @ 0.7v 0.7v

+1 - +1. -
Closed circuit Open circuit o—3 | I_O O_"'f;—| |—0
: . Forward Bias Reverse Bias
OIS DiZGe ReNSISaDEsEd (switch closed) (switch open)




DC power supply

A step-down transformer of appropriate turns ratio is used to convert high voltage from the
mains to a low voltage.

The a.c. output from the transformer secondary is then rectified using conventional silicon
rectifier diodes to produce an unsmoothed (sometimes referred to as pulsating d.c.) output.

The output is smoothed and filtered before being applied to a circuit which will regulate (or
stabilize) the output voltage so that it remains relatively constant in spite of variations in both
load current and incoming mains voltage.

High-voltage a.c. Low-voltage a.c. Unsmoothed d.c. Smoothed d.c. Regulated d.c.

l ntiemmt

|:> Step-down Rectifier —N  Reservoir/ N Voltage
transformer —|smoothing filter ——/ regulator

i




DC power supply

The iron-cored step-down transformer feeds a rectifier arrangement (often based on a
bridge circuit).

The output of the rectifier is then applied to a high-value reservoir capacitor. The
capacitor helps to smooth out the voltage pulses produced by the rectifier.

A stabilizing circuit (often based on a series transistor regulator and a zener diode
voltage reference) provides a constant output voltage.

High-voltage a.c. Low-voltage a.c. Unsmoothed d.c. Smoothed d.c. Regulated d.c.

TG H L HSE




Rectifiers

Semiconductor diodes are commonly used to convert alternating current (a.c.) to direct
current (d.c), in which case they are referred to as rectifiers.

Types- Half-wave rectifier, Full-wave rectifier, Bridge rectifier

Half-wave rectifier uses single diode and operates on only either positive or negative half-
cycles of the supply

Full-wave rectifier uses two diodes with centre tap transformer and operates in both
positive and negative half cycles

Bridge rectifier uses four diodes and operates in both positive and negative half cycles




Half-wave rectifier

Mains voltage (220 to 240 V) is applied to the
primary of a step-down transformer (T1).

The secondary of T1 steps downthe 240 Vr.m.s. T1 H ¥
to 12 V r.m.s. (the turns ratio of T1 will thus be A A
240/12 or 20:7).

D1 will be forward biased during each positive half- 240V 12V R,
cycle (relative to common) and will effectively
behave like a closed switch. Y Y

D1 will be reverse biased during each negative half- - o--

cycle and will effectively behave like a open
switch.




Half-wave rectifier- Working

The switching action of D1 results in a pulsating output voltage which is developed
across the load resistor (RL).

Mains supply and output developed across RL both have same frequency 50 Hz.

During the positive half-cycle, the diode will drop the 0.6 V to 0.7 V forward threshold
voltage normally associated with silicon diodes.

However, during the negative half-cycle the peak a.c. voltage will be dropped across D1
when itis reverse biased. This is an important consideration when selecting a diode for a

particular application.

D1 D1
T - T o0 o —
+ + + - -
Current flow BL No current flow HL
- + +

-0- -




Half-wave rectifier- Working

Assuming that the secondary of T1 provides 12 V r.m.s., the peak voltage output from the
transformer’ s secondary winding will be given by:

The peak voltage : V:.L- =1414x L’;m_ =1414x12V =1697V negative half-cycles

are blocked by D1 ana tnus only e posiuve nair-cycie appear across RL.

Actual peak voltage across RL will be the 17 V positive peak being supplied from the
secondary on T1, minus the 0.7 V forward threshold voltage dropped by D1. Positive
half-cycle pulses having a peak amplitude of 16.3 V will appear across RL.




Half-wave rectifier- Waveforms
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Problem 1

A mains transformer having a turns ratio of 44:1is connected to a 220 Vr.m.s. mains

supply. If the secondary output is applied to a half-wave rectifier, determine the peak
voltage that will appear across a load.

Ans: . .
The r.m.s. secondary voltage will be given by:

Vo=V, /44=220/44=5V
The peak voltage developed after rectification will
be given by:

V. =1414 x5V =707V

PK

Assuming that the diode Is a silicon device with
a forward voltage drop of 0.6V, the actual peak
voltage dropped across the load will be:

V =707V-06V=647V




Reservoir and smoothing circuits

Improvement in Half-wave rectifier circuit is

possible by adding the capacitor, C1, to ensure

that the output voltage remains at, or near, the

peak voltage even when the diode is not D1

conducting. T4 H —

When the primary voltage is first applied to T1, the
first positive half-cycle output from the
secondary will charge C1to the peak value seen
across RL.

Hence C1 charges to 16.3 V at the peak of the | 0~
positive half-cycle. Because C1and RL are in

parallel, the voltage across RL will be the same as

that across C1.

240V 2v 0 == R,

The time required for C1to charge to the
maximum (peak) level is determined by the
charging circuit time constant (the series
resistance multiplied by the capacitance value).




Half-wave rectifier with capacitor
filter

The series resistance comprises the secondary winding resistance together with the
forward resistance of the diode and the (minimal) resistance of the wiring and
connections. Hence C1 charges very rapidly as soon as D1 starts to conduct.

The time required for C1to discharge is, in contrast, very much greater. The discharge
time constant is determined by the capacitance value and the load resistance, RL.

In practice, RL is very much larger than the resistance of the secondary circuit and hence
C1 takes an appreciable time to discharge.

During this time, D1 will be reverse biased and will thus be held in its non-conducting
state. As a consequence, the only discharge path for C1is through RL.




Half-wave rectifier with capacitor
filter

C1is referred to as a reservoir capacitor. It stores
charge during the positive half-cycles of secondary T1 secondary
voltage and releases it during the negative half-cycles. voltage

7V

Y

C1 will discharge by a small amount during the
negative half-cycle periods from the transformer

secondary. Voltage across

A7V
i +16.3V
Small variation in dc output voltage is ripple R, without 1
present o

Since ripple is undesirable we must take additional
precautions to reduce it. One obvious method of

reducing the amplitude of the ripple is that of simply Voltage across Rinole

increasing the discharge time constant. R, with £1 T PP
resent R

Discharge time constant can be increased by P UL CE I ST (|1}

increasing the value of C1 or by increasing the
resistance value of RL. Usually RL cant be changed.

Increasing the value of C1is a more practical
alternative and very large capacitor values (often in
excess of 4,700 uF) are typical.




Refinement to the circuit to reduce
ripple (use of R-C smoothing filter)

This circuit employs two additional components, R1and
C1, which act as a filter to remove the ripple.

The value of C1is chosen so that the component
exhibits a negligible reactance at the ripple frequency
(50 Hz for a half-wave rectifier or 100 Hz for a
full-wave rectifier)

The amount of ripple is reduced by an approximate
factor ~r it e

XC D1 R1 +

, T _

s . P W
240V 12V mmll Eml2 <A




Half-wave rectifier circuit with L —C
smoothing filter

D1 L1
—— +
T1 -

— C2

12V R
' u

240V




Problem 2

The R — C smoothing filter in a 50 Hz mains operated half-wave rectifier circuit consists

of R1=100 Q and C 2 =1,000 uF. If 1V of ripple appears at the input of the circuit,
determine the amount of ripple appearing at the output.

Ans: X. = 1 _ 1
© 2nfC 6.28x50x1000x%10°
=w=3.1w
314

The amount of ripple at the output of the circurt
(l.e. appearing across C1) will be given by:

V _*]RL—H )18
e JRaXE 10074318

From which:
V=0032V=32mV




Full-wave rectifiers

A better rectifier arrangement would make use of both positive and negative half-cycles.
Improvement over half-wave rectifiers

They are not only more efficient but are significantly less demanding in terms of the
reservoir and smoothing components.

Two types: phase type and the bridge rectifier type.




Bi-phase rectifier circuits

Mains voltage (240 V) is applied to the primary

of the step-down transformer (T1) which has D1

two identical secondary windings, each T1 ’l —0" -
providing 12 V r.m.s. (the turns ratio of T1 will A *
thus be 240/12 or 20:1 for each secondary
winding). Vpyp= 12V R

On positive half-cycles, point A will be positive * B Y
with respect to point B. Similarly, point B will be 240V O~ -
positive with respect to point C. In this condition A
D1 will allow conduction while D2 will not allow Y
conduction. Vge=12V

On negative half-cycles, point C will be positive cV

with respect to point B. Similarly, point B will be H
positive with respect to point A. In this condition
D2 will allow conduction while D1 will not allow
conduction.




Equivalent circuits during positive
and negative half-cycle

D1
LK O Vg0~ — ——0 —
+ + +
Current flow
+ : | A - R,
o- - -

Current flow

- +

(a) (b)




Bi-phase rectifier circuits with
capacitor filter

The current is routed through the load in the same

direction on successive half-cycles. D1

Pulsating output voltage being developed across the m M -
load resistor (RL). Frequency of the output is 100 Hz. This

doubling of the ripple frequency allows us to use smaller 12V —A IR
values of reservoir and smoothing capacitor to obtain the

same degree of ripple reduction. 240V L o-

Peak voltage produced by each of the secondary
windings will be approximately 17 V and the peak voltage 12V

across RL will be 16.3V

If C1is added at the output, it charges to approximately H
16.3 V at the peak of the positive half-cycle and holds the D2
voltage at this level when the diodes are in their

non-conducting states.




Bi-phase rectifier circuits-

waveforms

The time required for C1to charge to the maximum
(peak) level is determined by series resistance which
comprises of secondary winding resistance together
with the forward resistance of the diode and the
(minimal) resistance of the wiring and connections.
Hence C1 charges very rapidly as soon as either D1 or
D2 starts to conduct.

The time required for C1to discharge is, in contrast, very
much greater.

The discharge time contrastis determined by the
capacitance value and the load resistance, RL which is
large.

C1 takes an appreciable time to discharge.

During this time, D1 and D2 will be reverse biased and
held in a non-conducting state, thus only discharge path
for C1is through RL.

T1 secondary /\ A [\ HIV
voltage
0V

U U U ATV
Voltage across
R without C1 i
present 0V
Voltage across Ripple
R with (1 "’
present




Bridge rectifier circuits

This arrangement avoids the need to have two separate
secondary windings. It uses 4 diodes.

Mains voltage (240 V) is applied to the primary of a step- M.

down transformer (T1). The secondary winding provides A ps D1

12V r.m.s. (approximately 17 V peak) and has a turns 12V

ratio of 20:1 240V .
On positive half-cycles, point A will be positive with g | D2 D3

respect to point B. In this condition D1 and D2 wiill allow
conduction while D3 and D4 will not allow conduction.

On negative half-cycles, point B will be positive with
respect to point A. In this condition D3 and D4 will allow
conduction while D1 and D2 will not allow conduction.




Equivalent circuits during positive
and negative half cycles

Once again, the result is that current is routed through the load in the same direction on
successive half-cycles.

Once again, the peak output voltage is approximately 16.3 V (i.e. 17 Vless the 0.7 V
forward threshold voltage).

T1 - T1

D4

Current
flow




Bridge rectifier circuits W|th reservolr

capacitor

Reservoir capacitor (C1) can be
added to maintain the output voltage
when the diodes are not conducting.

C1 charges to approximately 16.3 V at
the peak of the positive half-cycle
and holds the voltage at this level
when the diodes are in their
non-conducting states.

R—C and L - C ripple filters can be
added to bi-phase and bridge
rectifier circuits in exactly the same
way as those shown for the
half-wave rectifier arrangement

A A D4 D1
+
Y Y D2 D3
- o (1 R L
0 -
T1 secondary H7V
voltage
oV
ATV
Voltage across
R, without 1
present
Voltage across
R, with (1

present




Voltage regulators

Regulator circuit using Zener diode Ry .

Rs is included to limit the zener current to a safe A V'V -=- Regulated

value when the load is disconnected output =V,
Unregulated T D1 p

When a load (RL) is connected, the zener input =¥/, L

current (IZ) will fall as current is diverted into the

\J

load resistance

(itis usual to allow a minimum current of 2 mA
to 5 mA in order to ensure that the diode
regulates).

The output voltage (VZ) will remain at the zener
voltage until regulation fails at the point at which
the potential divider formed by RS and AL,

produces a lower output voltage that is less than
VZ.




Equations

il The power dissipated in the zener diode will be
R +Rs given by P, =[x \/;, hence the minimum value for

where VIN is the unregulated input voltage A can be determined from the off-load condition

IIJ'{E:VNK

when:
V - Vm'vz L’Tr -V [VN_HE)EHE
_ YN A. min.= ==
Hﬂ FHE]H.—H_ H[V ] ; L P, max. 'Dzmla:’:.
IM VE
Thus:
R. min. = H‘JVE_VIJ
: P, max.

where P, max. is the maximum rated power
dissipation for the zener diode.




Problem 3

A 5V zener diode has a maximum rated power dissipation of 500 mW. If the diode is to
be used in a simple regulator circuit to supply a regulated 5V to a load having a

resistance of 400 Q, determine a suitable value of series resistor for operation in
oo pply of 9 V.

A, max.:H_x[E—’”— ] R, ma::-:.:im{]x(§—1)=4ﬂﬂxi’l-8—1}'=320 Q

IM

Lflr‘«lvz — Vzi

R min. (9x5)-5? 45-25

A. min. =

. = =40 Q
P, max. 7 0.5 0.5




Output resistance and voltage
regulation

In a perfect power supply, the output voltage would remain constant regardless of the current
taken by the load, but in practice output voltage falls as the load current increases.

Power supply has internal resistance (ideally this should be zero). This internal resistance
appears at the output of the supply.

_ change in output voltage AV
change in output current A/

ot

oirt

The regulation of a power supply is given by the relationship:

change in output voltage
change in line (input) voltage

x 100%

Regulation =

|deally, the value of regulation should be very small. Simple shunt zener diode regulators are
capable of producing values of regulation of 5% to 10%. More sophisticated circuits based on
discrete components produce values of between 1% and 5% and integrated circuit regulators
often provide values of 1% or less.




Problem 4

The following data were obtained during a test carried out on a d.c. power supply:
(i) Load test: Output voltage (no-load) =12V, Output voltage (2 Aload current) =11.5V

(ii) Regulation test: Output voltage (mains input, 220 V) =12 V, Output voltage (mains
input, 200 V) =11.9V

Determine (a) the equivalent output resistance of the power supply and (b) the regulation
of the power supply.

Ans: o change in output voltage  12-11.5

= _ = =025Q
**  change in output current 2-0

change in output voltage

Regulation = — x 1009
change in line (input) voltage
} 12-1.9 0.1
Regulation = x100% =—x100% = 0.5%
220-200 20




Voltage multipliers: Voltage doubler

Increasing the output of simple half-wave

rectifier
D1 +
C1 will charge to the positive peak secondary T - ” —O —-
voltage while C2 will charge to the negative .
peak secondary voltage. Ve N\ =
Since the output is taken from C1 and C2
connected in series the resulting output voltage ¢ ; R
is twice that produced by one diode alone.
+
C2




Voltage tripler

C1 charges to the positive peak secondary
voltage, while C2 and C3 charge to twice
the positive peak secondary voltage.

Output voltage is the sum of the voltages
across C1 and C3 which is three times the
voltage that would be produced by a single
diode.

Circuit can be extended to provide even T
higher voltages but the efficiency of the
circuit becomes less Ve 1\

High-order voltage multipliers of this type
are only suitable for providing relatively
small currents.




Amplifiers

Amplifiers are electronic circuits that increase the strength of a signal
(voltage/current/power)

It uses electric power from a power supply to increase the amplitude of a signal applied
to its input terminals, producing a proportionally greater amplitude signal at its output.

The amount of amplification provided by an amplifier is measured by its gain: the ratio of
output voltage, current, or power to input.

An amplifier can either be a separate piece of equipment or an electrical circuit
contained within another device.

Amplification is fundamental to modern electronics, and amplifiers are widely used in
almost all electronic equipment.




Types of amplifier

a.c. coupled ampilifiers: stages are coupled together in such a way that d.c. levels are
isolated and only the a.c. components of a signal are transferred from stage to stage.

d.c. coupled amplifiers: stages are coupled together in such a way that stages are not
isolated to d.c. potentials. Both a.c. and d.c. signal components are transferred from

stage to stage.

Large-signal amplifiers: Large-signal amplifiers are designed to cater for appreciable
voltage and/or current levels (typically from 1V to 100 V or more).

Small-signal amplifiers: Small-signal amplifiers are designed to cater for low-level
signals (normally less than 1V and often much smaller). Small-signal amplifiers have to
be specially designed to combat the effects of noise.

Audio frequency amplifiers: operate in the band of frequencies that is normally
associated with audio signals (e.g. 20 Hz to 20 kHz).

Wideband ampilifiers: capable of amplifying a very wide range of frequencies, typically
from a few tens of hertz to several megahertz.




Types of amplifier

Radio frequency amplifiers: operate in the band of frequencies that is normally
associated with radio signals (e.g. from 100 kHz to over 1 GHz). They are frequency
selective. They are restricted to narrow band of frequencies.

Low-noise amplifiers: Low-noise amplifiers are designed so that they contribute
negligible noise (signal disturbance) to the signal being amplified. These amplifiers are
usually designed for use with very small signal levels (usually less than 10 mV or so).




Gain

It indicates amount of amplification

Gainis simply the ratio of output voltage to input voltage, output current to input current,
or output power to input power

_ vV
Voltage gain, ,ﬂt\‘_ = ﬁ

=3

.Ir in out
Current gain, A = ;J‘ —n° vy
b Fin Input Output Vout
Power gain, 4 =2«
P D — —o— —— —
n




Problem 5

An amplifier produces an output voltage of 2 V for an input of 50 mV. If the input and
output currents in this condition are, respectively, 4 mA and 200 mA, determine: (a) the
voltage gain; (b) the current gain; (c) the power gain.

A=Yes 2V __ 49
"V B0mV
A ks _200mA
L 4mA

n

| xV _Eﬂﬂmﬂxiv 0.4 W

— ot out — = = 2, DGG
Ap L >V 4mAx50mV 200 uW

A =AxA, =50x40=2,000




Input and output resistance

Input resistance is the ratio of input voltage to input current and it is expressed in ohms. |t
is resistive in the mid band frequency band. In other cases it is complex quantity, then it is
referred as input impedance considering the effect of capacitance in parallel with it.

Output resistance is the ratio of open-circuit output voltage to short-circuit output
current and is measured in ohms. In the presence of reactive component it is referred to
as output impedance.

Input and output re¢

Am.plifier
o O
Rin E> <::I Rout
O O
Input Output




Frequency response

Frequency response is a plot of gain of the amplifier versus frequency of the input
source. It is mostly plotted on a logarithmic scale.

The frequency response of an amplifier is usually specified in terms of the upper and
lower cut-off frequencies of the amplifier.

These frequencies are those at which the output power has dropped to 50% (otherwise

known as the — 3 dB points) or where the voltage gain has dropped to 70.7% of its
mid-kéaair?}d valiie

Audio frequency Wideband Radio frequency
's Y N
| L e . ) N\
/ N \ \
d.c. coupled '
/ \ \
v \ \
T | T | 1 | T T |
1 10 100 1k 10k 100k 1M 10M 100 M 1G

Frequency (Hz)




Frequency response

Voltage gain

ﬂvmax

ﬂ.?ﬂ?dvmu —————————————

Bandwidth Bandwidth

fl fl ! T
1 2 Frequency f, r, Frequency




Problem 6

Determine the mid-band voltage gain and upper and
lower cut-off frequencies for the amplifier whose
frequency response is shown in Figure.

Ans: The mid-band voltage gain corresponds with the
flat part of the frequency response characteristic. At that
point the voltage gain reaches a maximum c* " voitage gain

O 77T T T T T 11T

The voltage gain at the two cut-off frequenc ayma. _ L L4 1L L | Mobard i o f;\
can be calculated from: 0l Lt L \ I AL
0.707x35 i i ] L UL L
S T TR T T T TN
A cut-off =0.707 x A max=0.707 x 36 =24.7 20 +—— " g \\
. . AR AN SN
This value of gain intercepts the frequency 1K | L f;\L 7
response graph at f1=57 Hz and 2 = 590 kt " TN
0 R0 O AT
1 10 I 100 1K 10k 100k ' M 10M
f, = 5THz Frequency (Hz) f, = 590kHz




Bandwidth

The bandwidth of an amplifier is usually taken as the difference between the upper and
lower cut-off frequencies (i.e. f2 — f1)

The bandwidth of an amplifier must be sufficient to accommodate the range of
frequencies present within the signals that it is to be presented with.

Many signals contain harmonic components (i.e. signals at 2f, 3f, 4f, etc. where fis the
frequency of the fundamental signal).

It is desirable for an amplifier’ s bandwidth to greatly exceed the highest signal
frequency that it is required to handle!




Phase shift

Phase shift is the phase angle between the input and output signal voltages measured in
degrees.

The measurement is usually carried out in the mid-band where, for most amplifiers, the
phase shift remains relatively constant.

Conventional single-stage transistor amplifiers provide phase shifts of either 180° or
360° .




Negative feedback

Many practical amplifiers use negative feedback in order to precisely control the gain,
reduce distortion and improve bandwidth.

The gain can be reduced to a manageable value by feeding back a small proportion of
the output.

The amount of feedback determines the overall (or closed-loop) gain.

Because this form of feedback has the effect of reducing the overall gain of the circuit,

this form
e 4 O
+ + _ - -
Input Amplifier input Amplifier Amplifier output Output
. (gain=A,,
(Vin) Vi) phase shift = 180%) (Vou) (Vour)
- + - + +
O < O
Voltage
fed-back
(BVaud)
- Feedback Network *
v (feedback ratio=p, | |
P out phase shift = 180%) o




Equations

. V
Overall gain, G = 2
verall gain v

n

Vo =V BV,
VE-J'. = }ﬂla,.- x IL"F,-,

Overall gain, G = A XV _ A XV
° | _Vlin-*—ﬁll’{:-m _Vlin+B{_}ﬂ'-xvlin}

A

W

1+pA,

Overall gain with negative feedback applied will be less than the gain without feedback.
Loop gainis defined as the product of 3 and Av. If Avis very large (as is the case with
an operational amplifier) the overall gain with negative feedback applied will be given
by:

G=1/p (when A_ is very large)




Problems 7 and 8

/. An amplifier with negative feedback applied has an open-loop voltage gain of 50, and
one-tenth of its output is fed back to the input (i.e. 3 = 0.1). Determine the overall voltage
gain with negative feedback applied.

A
__A B0 50 ..,
1+BA  1+(0.1x50) 6

8. If in problem 7, the amplifier’ s open-loop voltage gain increases by 20%, determine the
percentage increase in overall voltage gain.

A=A +02A =12x50=60

A
s, A 60 60 _.,
1+BA  1+(0.1x60) 7

The increase in overall voltage gain, expressed as

a percentage, will thus be: Note: One of the important benefits of
8.57-833 14309, _9283% negative feedback in sj[e)bmzmg the
8.33 overall gain of an amplifier stage.




Problem @

An integrated circuit that produces an open loop gain of 100 is to be used as the basis of

an amplifier stage having a precise voltage gain of 20. Determine the amount of
feedback required.

— "q"«'
C1+BA,
1 1
p=—-—
G A
11
B=—-——=0.05-0.01=0.04
20 100




Multi-stage amplifiers

In order to provide sufficiently large values of gain, itis frequently necessary to use a
number of interconnected stages within an amplifier.

The overall gain of an amplifier with several stages (i.e. a multi-stage amplifier) is simply
the product of the individual voltage gains.

‘ﬂ".,.-' = A.” * A\-‘E * ;qu, eic.

Bandwidth of a multistage amplifier will be less than the bandwidth of each individual
stage.

Anincrease in gain can only be achieved at the expense of a reduction in bandwidth.




Different types of coupling used In
multi-stage amplifiers

R — C coupling: The stages are coupled together using capacitors having a low reactance
at the signal frequency and resistors.

Supply Supply

[ R C R C
First : II Second : ”
@ I stage stage
R %

UI:IL.'T

O
(a) Typical R-C coupling between stages

L — C coupling: inauctors nave a rign reacidiice di uie signai irequency. This type of
coupling is generally only used in RF and high-frequency amplifiers.

Supply Supply
I I

Il Il
C L C L3 C
1 I

I First I Second I
M stage stage
[ l l
i
Cr 0

{b) Typical L-C coupling between stages




Different types of coupling used In
multi-stage amplifiers

Transformer coupling Supply Supply

T First ? Second §
Lllllhl §

g stage TE stage T3
Direct coupling: DC levels are preserved

(c) Typical transformer coupling between stages

Supply

(o — E‘ % e |
First Second
stage slage

1|-"'| 2|

VUL.'T
— 1 [

(d) Typical direct coupling between stages




operational amplifier:introduction

An opegationa anylifier (or OP AMP) is a very high gain differentid anyplifie with high input

i mpedance and low output impedance. ]

Op amp offe dl the advantages of monadlithic integrated cirauit such as small size, high
rdidoility, reduced cost and less power consumption.

Op amps ae used in used in applications sudh as adder, subtractor, multiplier, integrator,
differentiator, rectifier, comparator, instrumentation amnplifiers etc.

. ~ - (3 AT
» 4 ’ _" . . i )
i S & Nt 1 1 A
p | L =)

Figure 8.1 A typical operational amplifier.




Symbols and Connections

The device has two inputs i.e. inveting input &
non-inverting input and one output and No common
connection.

%

Invertinginput ismarked by “—
inputismarkedby “+” sign.

sgn & Non-nverting

The '+ dgn indicates zero phase shift while the
"=’ signindicaes180° phase shift.

Opamp requires symmetrica supplies i.e. podtive and
negative rail supply (£6 V tox15V) to alow the output
voltage to swing both positive (doove 0 V) and negative
(bdow 0V).

The common oconnection to these two supplies (0 V
supply) acts as the commonrail.

+ve supply

} Qutput

-ve supply

Inverting input

S~
input _}F

Non-inverting

Figure 8.2 Symbol for an operational amplifier

+Y supply rail

Ed

1 Positive rail

™~ suppl
y} {IT pply
-—

Common 0V rail ) )
N I Negative rail

'| supply
-\ supply rail T-
Figure 8.3 Supply connections for an operational

amplifier




Operational Amplifier Parameters

The various operationd anplifier parameters are as follows:

a) Openloopgan

b) Closedloopgan

c) Input Resistance

d  Output Resistance

e) Input offset voltage

f)  Full Power Bandwidth

0 SewRate




Operational Amplifier Parameters
_Open-loop voltage gain

» |t isratio of output voltage to input voltage measured with no feedback applied.
» Openloop gan (Ayou)) istheinterna voltage gan of opamp andis given by expression

V
Amu:f:
» |n decibdls, V
A4D.L| :2{]'(@?

in

where Vin & Vit istheinput & output vol tage respectivaly under open | oop conditions.

» Most operationd anplifiers have very high opendoop voltage gains values (Typicaly Ayor) >
100000 or Ayor) > 920dB).




Operational Amplifier Parameters
Closedd oop valtage gain

» |t isratio of output voltage to input voltage measured with negative feedback goplied.
» Openloop gan (Aycr)) istheinternal voltage gain of opamp and is given by expression

Ve
Aa) = ;’
» N decibdls, V
ﬁa|=2ﬂlog—5”

i

where Vin & Vit istheinput & output vol tage respectively under closed |oop conditi ons.

» Closeddoop valtage gain is normaly vary much less than the open-oop voltage gain.




Operational Amplifier Parameters

|nput Resistance

» |tis defined asratio of input voltage to input current and is given by expression:

o Vo
in .'[
in

where where R i s the input red stance (in ohms), Vi istheinput voltage (invaolts) and lin isthe
input current (in amps).

» Theinput of an operational arplifier ispurely resstive at lower frequendes.
» However, at high frequencies the shunt capacitive reactance become more significant.

» Input resistance of operationa anplifiers is very much dependent on the semiconductor

technol ogy employed.

» | n practice values range from about 2 MQ for common bi polar typesto over 102 Q for FET and
CMOS devices.




Operational Amplifier Parameters

Output Resistance
» |t isdefined as ratio of open-cirauit output voltage to short-circuit output current and is given by
EX[oressi on:
R = VM{D{?J
it
’ 'r[-::ur{SSJ

where where Royt 1S the output resistance (in ohms), Vau(oc) 1S the open-aircuit output voltage
(involts) andl ot 1S the short-circuit output current (in amps).

» Typicd vdues of output redstance range fromless than 10 Q to a-ound 100 Q, depending upon
the configuration and amount of feedback employed.




Operational Amplifier Parameters
Input offset valtage

» Anidea operationa amplifier would provide zero output voltage when 0V differenceis applied
to itsinputs.

» [N practice, due to impafed interna baance, there may be some small voltage present at the
output.

» The voltage tha must be gpplied differentially to the operationd amplifier input in order to
make the output voltage exactly zero is known as the input offset voltage.

» Input offset voltage may be minimized by applying reatively lage anounts of negative
feedback or by using the offset null facility provided by a number of opadiond amplifier
devices.

» Typica vdues of input offset valtage rangefromT mV to 15 mV.

» |f AC rather than DC coupling is employed, offset voltage is not normally a problem and can be
happily ignored.




Operational Amplifier Parameters
Full Power Bandwidth

» |t is equivalent to the frequency at which the maximum undistorted peak output voltage swing
fdlsto 0.707 of its | ow-frequency (DC) vaue.

» Typica fullpower bandwidths range from 10 kHz to over 1 MHz for some high-speed devices.




Operational Amplifier Parameters

Sew Rate

» |t isis the rate of change of output voltage with timein
regoonse to a perfect step-function input and is given by
exX[ressi on: AV

— oLt

AL

where AV our is the change in output voltage (in vaolts)
and At is the corresponding interval of time (in
seconds).

» Slew rae is measured in V/s (or V/us) and typica
vauesrangefrom 0.2V /justo over 20 V/us.

» Slew rate imposes a limitation on cirauitsin which large
amplitude pulses rather than smdl amplitude sinusoidal
sgnals are likely to be encountered.

Inverting input voltage, V

Time, t

Output voltage, Vg ¢

+VS ___________

Slope = slew rey

Vp—F ===

Slew rate for an operational amplifier



Example 8.1

An operational amplifier operating with negative feedback produces an output voltage of 2 V when supplied with an input of 400 pV.
Determine the value of closed-loop voltage gain.

V, 2
Ao =" = 400. 104~
|(A)q |, = 20log5000=74aB

Example 8.2

An operational amplifier has an input resistance of 2 MQ. Determine the input current when an input voltage of 5 mV is present.

R. —

i

Vin
'I[."n

V, 5107
— [ = =

nTh T o108 =2.5nA




Example 8.3

A perfect rectangular pulse is applied to the input of an operational amplifier. If it takes 4 us for the output voltage to change from -5V to
+5 V, Determine the slew rate of the device.

AV, 10
_ _25V/
At 4-10° Hs

Sew Rate=

Example 8.4

A wideband operational amplifier has a slew rate of 15 V/us. If the amplifier is used in a circuit with a voltage gain of 20 and a perfect step
input of 100 mV is applied to its input, determine the time taken for the output to change level.

SewRate= AVoy
At
AV,
SewRate
The output voltage changewill be20 - 100=2,000mV (or 2 V).
2V

r:
19V /s

— Af=

=0.133us




Operational Amplifier Characteristics

The desirable characteristics for an ‘ided’
operationd amplifier ae

a) Opendoop vatage gan should be very
high (idedly infinite).

b) Input resistance should be very high
(idedly infinite).

c) Output resistance should be very low
(idedly zero).

d Fullpower bandwidth should be as wide
as possible.

e Slewrateshouldbeaslarge aspossible.

f) Input offset should be as smal as possible.

Table 8.1 Comparison of operational amplifier
parameters for ‘iIdeal” and ‘real” devices

Parameter Ideal Real

Voltage gain Infinite 100,000

Input resistance Infinite 100 MQ
Output resistance Zero 20 Q
Bandwidth Infinite 2 MHz

Slew rate Infinite 10 V/us

Input offset /ero Less than 5 mV

e The characteristics of most moden integrated cirauit operationd amplifiers (i.e.  ‘red’
operationad amplifiers) come very dose to those of an

witnessed by the datashownin Table 8.1.

‘ided operaiond amplifier, as




Operational Amplifier Configurations

Input
Qutput
HIH I'J

(a) Inverting amplifier

RF
rqIhI
—A\AN +
Input

Input Outout
utpu

ﬁlIr-nl P

v, 0

(b) Non-inverting amplifier

Qutput

(c) Differential amplifier

Figure 8.7 The three basic configurations for operational voltage amplifiers




Effect of Adding Capacitors -

e |nput capadtor (Cn) and feedback capacitors (Cr) of appropride
vaue may beinserted in series with the input resistor, Rin, andin
pardld with the fesdback resstor, Rr.

* The vaue of capacitors are chosen so as to rall-off the frequen
resoonse of the anplifier at the desired lower and upper aut

frequencies, respectively.

* Thelower cut-off frequency (f1) isdetermined by the value of the
iNput cagpacitance Cin, and input resistance, Rin.

* The upper cut-off frequency (fo) is determined by the feedback
capacitance, Cr, and feedbacgk resistance RE. Y

* Thelower & upper cut-off frequency is given by:

1 0159 . 1 0159

fl = = ? = =
2mR,C R,C 2T1R.C. R.C
* where fy .iéf%héml O\A/erINCLJF%Joff frequency in hertz, 6|N IS fn farads
and Ry isin ohns & f, is the upper cut-off frequency in hertz,

Ceisinfarads and R, isin ohms.

C Ry MV
——O
Vin ) Vour
o, O

Figure 8.8 Adding capacitors to modify the
frequency response of an inverting operational

amplifier
Voltage gain
Low-frequency roll-off High-frequency roll-off
due to C due to C.
Flat mid-band response
Ajmax ——— - K—‘ - — —— _/_Z —

0707Amax - ————— g ————————————— = ———

Bandwidth, (f, - f,)

Frequency

Lower cut-off, f, Upper cut-off, f,

Figure 8.9 Effect of adding capacitors, C and
C., to modify the frequency response of an
operational amplifier




Example 8.6

An inverting operational ampilifier is to operate according to the following specification:
Voltage gain =100

Input resistance (at mid-band) = 10 kQ

Lower cut-off frequency = 250 Hz

Upper cut-off frequency =15 kHz

Devise a circuit to satisfy the above specification using an operational amplifier.

Thenomina input resistanceis the same asthevauefor R,
R, =10KQ

Mid-band voltage gain A, :% ~R.=A- R, =100- 10KQ =1000KQ

i

0159 _ ~ _0159_ 0159

RCy M R, 10-10° 250

: 0.159 0.159 0159
Hi gher cut-off frequency £, = =C, = = =106pF
* RC- " Rf, 100-10°-15 10°

Lower cut-off frequency £, = = 63nF




Operational Amplifier Circuits

Aswdl asther gpplication as a general ourpose amplifying device operationa anplifiers
have a number of other applicaions such as:

a) VodtageFdlowe
b) Differentiator
C) Integraor

d Sunmming Anplifier




Operational Amplifier Circui >L

vlh.l VCIU'I'
Vdtage fallower o 0

Figure 8.11 A voltage follower

Input voltage, V,,
» This drauit is essentidly an inveting amplifier in g
which 100% of the outpuit is fed back to the inpuit.

» The expression is given by: ° \/ \/ fime.t
VDUT =Viy

Qutput voltage, V,

» Thereault isanamplifier tha hasavoltagegain of 1 (i.
e. unity), a very high input resistance and a very high /\
output resistance. 0 Time, t
» This stage is often referred to as a buffer and is used \/ \/
for maching a highdimpedance cdrauit to a
low-i rrpedaqce cirauit. Figure 8.12 Typical input and output waveforms

for a voltage follower




Operational Amplifier Circuits :
Differentiator °—|CH ~ o Mﬁn l o &
A differentiator produces an Vi + Vour Vi l + V..,

output voltage that is equivalent to o ° o 0
the rate of change of itsinpuit. Figure 8.13 A differentiator Figure 8.15 An integrator
. . . Input volia 'ar"'"'rm Fvoltags
» The expressionis given by: P nput volage, i
Vi
VDUT =-RC at 0 Time. t 0 Tene. ¢
| ntegrator
> An integrator produces an
Othaalt MI Ch IS aqL" Val mt Quiput vollage, Vi ;r Output voltage, V,
to the aea under the
gaph of the input k A N
function. 0 Time, f 0 Time, ¢
o NN
» The expresson is given
by, 1 | - o -
ouT = J. V}NOT Figure 8.14 Typical input and output waveforms Figure 8.16 Typical input and output waveforms
RC for a differentiator for an integrator




Operational Amplifier Circuits >

Figure 8.17 A comparator

Cmpar atq Input voltage,

» Compaator is a drcuit which compares the voltage a the
Inverting & nondnverting input terminals.

» \When non-inverting input voltage exceeds the inverting input, input voltage, V.,
output voltage will thus rise to the maximum possible vaue
(equal tothe pogtive supply rail voltage).

» Conversdly, when inveting input voltage exceeds the %
non-inverting input, output voltage will thus rise to the minimum

possiblevalue (equal to the negative supply rail voltage). Outout voltage, Vo
» A typical goplication for a comparator is that of comparing a T
signal voltage with a reference voltage. 0 Time, ¢
> The output will go high (o low) in order to signdl the result of ™[~ :
the Compaﬂg)n Figure 8.18 Typical input and output waveforms

for a comparator




Operational Amplifier Circuits

R ANN
Vi, o—AW—
. o Anp— >'—j
Summing amplifiers .

Figure 8.19 A summing amplifier

» A summing avplifier is a drcuit tha produces an output

that is the sum of its two input voltages.
. . . o . . . . D'% Time, ¢
» Since the operational anplifier is connected in inverting
mode, the output voltage is g|ven
AR

ouT

Input voltage, V,

where V1 and V7 are the input vol tages.

» A typicd application is that of ‘mixing’ two input
signals to produce an output voltage that is the sum of the

o A A -

Figure 8.20 Typical input and output waveforms
for a summing amplifier

Cutput valtage, V1




Positive feedback

Positive feedback is an dternative form of feedback, where the output is fed badk in such away as
to reinforce theinput (rather than to subtract fromit).

Theoverdl vatage gain (G) of anplifie with postive feedbadk is given by:

Vour _ A where A, is theinternd gain of the arplifier & B is the proportion of
V., 1-BA the output voltage fed back to the input.

e when the loop gan BAv o— — +—oO
approaCh6 uni ty T he Input Amplifier input Art\pllﬂ:r A.m pllf er output -Dutput
denominator (1 — BAv) will (Via) Win) phaiga;:ii-'t ='180°) +“"aut}
become d ose to zero. O— " — o

fodhbeck I

 Therefore, the overdl gan with BV,
positive feedback applied will be
geater than the gain without o ] Feadback network I" |
feedbadk. ®®. I | phase shift = 180°) o

e This form of feedbadk is used in
osdllaor arauits.

Figure 9.1 Amplifier with positive feedback applied




Oscillators

Oscillators are the circuits tha generate an output signd without the need for an input signal.
When the loop gan approaches unity (or larger), it results in unstable anplifie with infinite gain.

In such case, anplifier will osallate snce any disturbance will be anplified and result in an output.

Therefore, pogitive feedback have an undesirable effect i.e. instead of reducing the overal gain it
renforces any signd present and the output continuous oscillates if theloop gainis1 or greater.




Condition for Oscillations

Ther | it f i\t
a) thefeedback must be poditive (i.e. the sgnal fed back must arrive badk inphase with the
signd at theinput);

b) the overdl loop voltage gan must be greater than 1 (i.e. the avplifier’ s gan must be
sufficient to overcome the losses associated with any frequency sdective feedback
network).

To aeae an osallaor, an amplifier with sufficient gain is needed to overcome the losses of the
network that provide positive feedback.

|f the anplifier provides 180° phase shift, the frequency of oscillation will betha a which thereis
180° phase shift in the feedback network.

Alternativdy, if the anplifier produces 0° phase shift, the cirauit will osallate at the frequency a
whi ch the feedback network produces 0° phase shift.

Positive feedback is needed in both cases so that the output signa arrives badk at the input in such a
sense asto reinforce theorigind signd.




Ladder Network Oscillator

00> | Vee
network can be Used 1o prOV|de1 a0’ phase shlft A1 R 2
Heree, TR71 operates a a  conventiond Y cl
common-amitter anplifier stage with Ry ad R» Vour
providing base bias potential and Rz and C; providing ¢
emitter stabilizati on. TR1
The totd phase shift provided by the C—R ladder R2 — C1
network (connected between collector and base) is v

180" at the frequency of osdllation.

Figure 9.2 Sine wave oscillator based on a three
The trangstor provides the other 180° phase shift in siaqe R ladder network

order to redize an overdl phase shift of 360° or 0°

(nTc%teef that these arelltart1e same). y 1
. requency of oscillationis ==
O 2r RCV6

* Theloss associated with the |adder network is 29, thus the amplifier must provide a gain of at least 29 in order for the
circuit to oscillate




Wien Bridge Oscillator

A phase shift oscillator based a Wien bridge network can be
used to provide 0° phase shift.

Simlar to C—R ladder, this network provides a phase shift
which.varies with frequency.
Theinput signd isappliedto A and B while the output i s taken
fromC and D.

At one particular freguency, the phase shift produced by the
network will beex&ﬂy Z2&0. Figure 9.3 A Wien bridge network

I an anplifier producing O° phase shift i s connected which has % 1

suffident gan to overcome the losses of the Wien bridge,  , ,,33
oscillations will result.

c1

The frequency at which the phase shift will be zerois: h
IC1 yOUT
fose = ! -
27\1’R H;C C;. C2 o R2 ” g
Theminimum anmplifier gain requiredto sustain oscillationis: | "
AV =1+ Q + R? Figure 9.4 Sine wave oscillator based on a Wien

C? R bridge network




Example 9.1

Determine the frequency of oscillation of a threestage ladder network oscillator in which C =10 nF and R =10 kQ.

Thefrequency of osallation

1 1
fo = - — 647 Hz
O orRCY6  2- 314-10-10°- 10-10°7- 6
Example 9.2

Fig. 9.4 shows the circuit of a Wien bridge oscillator based on an operational amplifier.
If C1=C2 =100 nF, determine the output frequencies produced by this arrangement (a) when R1 = Rz =1kQ and (b) when R; = Ry = 6 kQ.

(@ WhenR, =R, =1 K
IfR, =R, =R andC, =C, =C, then
T T

Tose = = =1.99KH
% 27RC 2-314-1-10°-100- 107 j
(@ WhenR, =R, =6K
IfR, =R,=RadC, =C,=C, then
1 1 = 26bHz

f p— p—
O 927RC 2 314- 6 10°- 100- 107




Multivibrators

Multivibrators are a family of oscillator circuits that produce output waveforms consisting of one
or more rectangular pul ses.

They generate square wave output froman oscillator rather than a sine wave output.

Multivibrators use regenegdive (i.e positive) feedback; the active devices present within the
oscillator circuit being operated as switches, being dternatdy cut-off and driveninto saturation.

Theprincpa types of multivibrator ae

a) AstableMultivibrators
They provide a continuous train of pulses (Also refered to as freetunning
multivibrators);

b) Monostable multivibrators
They produce a single output pulse (they have one stadle state and are dso referred to
a oneshot” multivibraors);

o Bistablemultivibrators

They have two stable states and require a trigger pul se or control signal to dhange from
one state to another.




Single-Stage Astable Oscillator

A simple form of astable osdllator that produces a square wave output can be built using just
one operdiond anplifier.

The crcuit employs podtive feedback with the output fed back to the non-inverting input via
the potentid divider formed by R1T and R2.

This crcuit can make a very ample square wave source with a freguency that can be made
adjustable by replacing R with avariadle or preset resistor.

R

IC1 Vout

R2

ov

Figure 9.10 Single-stage astable oscillator using
an operational amplifier




Single-Stage Astable Oscillator

 Assumethat Cisinitialy uncharged and the valtage at the inverting input is dightly less than the
voltage at the noninverting input.

* The output voltage will rise rgoidy to +V¢cc and the valtage at the inverting input will begin to
rise exponentialy as cgpadtor C dharges through R.

e Eventualy the voltage at the inverting input will have reached a vaue that causes the voltage a
the inverting input to exceed that present at the non-inverting input.

At this point, the output voltage will rapidly fal to =V cc. Capacitor C will then start to charge in
the other direction and the voltage at the inverting input will begintofall exponentidly.

Eventudly, the voltage at the inverting input will have reached a value that causes the voltage at
the inverting input to be less than that present at the noninverting input. At this point, the output
voltagewill riserapidy to +V cc once again and the cydewill continueindefinitdy.

Upper threshold valtage (i.e. maximum positive vaue for voltage at inverting input) & Lower
threshold voltage (i.e. maxi mum negatjve vauefor yol tage at inverting input) 1s given by:

F, K, |
V.=V, =-V.. :
. UHER-I-R?H VI‘T HA‘RR-{_HJ}J
Findly, time for one compl ete cyde of the output waveform produced by the astable oscillator is
!_-' ZR? Y
T=2RCIn| 1+, ,J




Crystal Controlled Oscillators

Crysta controlled oscillators are used when an exact frequency of oscillation need to be
accuratd y maintained.

Crystal oscillator used quartz crysta as the frequency determining dement and operates on the
prind ple of piezod ectric effect.

During piezodectric effect, whenever a potentid difference is applied across its faces of quartz
crystal, the crystal oscillates.

The frequency of oscillationis deermined by thecarystal” s “cut’ andphysica size.

Figure 9.11 A quartz c
be resonant at 4 MHz and is supplied in an HC18
wire-ended package)




