Introduction to semiconductor

Semiconductors:

A semiconductor material is one whose electrical properties lie in between those of
insulators and good conductors. Examples are: germanium and silicon.

In terms of energy bands, semiconductors can be defined as those materials which
have almost an empty conduction band and almost filled valence band with a very

narrow energy gap (of the order of 1 eV) separating the two.

Types of Semiconductors:

Semiconductor may be classified as under:

Semiconductors
intrinsie or pure extrinsic or impure
semiconductors semiconductor
MN-Type P-Type

a. Intrinsic Semiconductors

An intrinsic semiconductor is one which is made of the semiconductor material in
its extremely pure form.

Examples of such semiconductors are: pure germanium and silicon which have
forbidden energy gaps of 0.72 eV and 1.1 eV respectively. The energy gap is so
small that even at ordinary room temperature; there are many electrons which
possess sufficient energy to jump across the small energy gap between the valence

and the conduction bands.



Alternatively, an intrinsic semiconductor may be defined as one in which the
number of conduction electrons is equal to the number of holes.
Schematic energy band diagram of an intrinsic semiconductor at room temperature

Is shown in Fig. below.
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b. Extrinsic Semiconductors:

Those intrinsic semiconductors to which some suitable impurity or doping agent or
doping has been added in extremely small amounts (about 1 part in 10°) are called
extrinsic or impurity semiconductors.
Depending on the type of doping material used, extrinsic semiconductors can be
sub-divided into two classes:

(i) N-type semiconductors and

(i1) P-type semiconductors.



(i)  N-type Extrinsic Semiconductor:

This type of semiconductor is obtained when a pentavalent material like antimonty
(Sb) is added to pure germanium crystal. As shown in Fig. below, each antimony
atom forms covalent bonds with the surrounding four germanium atoms with the
help of four of its five electrons. The fifth electron is superfluous and is loosely
bound to the antimony atom.

Hence, it can be easily excited from the valence band to the conduction band by
the application of electric field or increase in thermal energy. It is seen from the
above description that in N-type semiconductors, electrons are the majority carriers

while holes constitute the minority carriers.

Ce

Ce Shb Ge

Ce



(i1) P-type Extrinsic Semiconductor:

This type of semiconductor is obtained when traces of a trivalent like boron (B)
are added to a pure germanium crystal. In this case, the three valence electrons of
boron atom form covalent bonds with four surrounding germanium atoms but one
bond is left incomplete and gives rise to a hole as shown in Fig. below.

Thus, boron which is called an acceptor impurity causes as many positive holes in
a germanium crystal as there are boron atoms thereby producing a P-type (P for
positive) extrinsic semiconductor.

In this type of semiconductor, conduction is by the movement of holes in the

valence band.
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Majority and Minority Carriers:

In a piece of pure germanium or silicon, no free charge carriers are available at
0°K. However, as its temperature is raised to room temperature, some of the

covalent bonds are broken by heat energy and as a result, electron-hole pairs are



Produced. These are called thermally-generated charge carriers. They are also
known as intrinsically-available charge carriers. Ordinarily, their number is quite
small. An intrinsic of pure germanium can be converted into a P-type
semiconductor by the addition of an acceptor impurity which adds a large number
of holes to it. Hence, a P-type material contains following charge carriers:

(@) Large number of positive holes—maost of them being the added impurity holes
with only a very small number of thermally generated ones.

(b) A very small number of thermally-generated electrons (the companions of the
thermally generated holes mentioned above).

Obviously, in a P-type material, the number of holes (both added and thermally-
generated) is much more than that of electrons. Hence, in such a material, holes
constitute majority carriers and electrons form minority carriers as shown in Fig.
below (a). Similarly, in an N-type material, the number of electrons (both added
and thermally-generated) is much larger than the number of thermally-generated
holes. Hence, in such a material, electrons are majority carriers whereas holes are

minority carriers as shown in Fig. below (b).
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P-N Junction Diode

1. Construction

It is two terminal devices consisting of a P-N junction formed either in Ge or
Si crystal. It is circuit symbol is shown in fig. (1-a). The P and N type
regions are referred to as anode and cathode respectively. In fig. (1-b)
arrowhead indicates the conventional direction of current flow when forward
biased. It is the same direction in which hole flow takes place.
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2. Working
A P-N junction diode is a one way device offering low resistance when forward
biased and behaving almost as an insulator when reverse biased. Hence such
diodes are mostly used as rectifiers for converting alternating current into direct

current.



3. V/I Characteristic

Fig.2 shows the static voltage current characteristics for a low power P-N

junction diode.
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3.1Forward characteristic

When the diode is forward biased and applied voltage is increased from zero
hardly any current flows through the device in the beginning. It is so because
the external voltage is being opposed by the internal barrier voltage Vg
whose value is 0.7 V for Si and 0.3 V for Ge. As soon as Vg is neutralized,
current through the diode increases rapidly with increasing applied battery
voltage. It is found that as little a voltage as 1.0 V produces a forward

current of about 50 mA.

3.2 Reverse characteristic

When the diode is reverse biased majority carriers_are blocked and only a
small current (due to minority carriers) flows through the diode. As the
reverse voltage is increased from zero, the reverse current very quickly
reaches its maximum or saturation value |y which is also known as leakage
current. It is of order of nano ampers (nA) for Si and micro ampers (UA) for

Ge. As seen from fig.2 when reverse voltage Vgr, the leakage current



suddenly and sharply increases, the curve indicating zero resistance at this

point.

. Diode Parameters
4.1 Bulk resistance (rg)
It is the sum of the resistance values of the P and N type semiconductor

materials of which the diode is made of
Tg=Tp + Ty

Usually, it is very small, it is given by

V_VH
F

It is the resistance offered by the diode well above the knee voltage when
current resistance is large.

Obviously, this resistance is offered in the forward direction.

4.2 Junction resistance (r;)

It is value for forward biased junction depends on the magnitude of forward

dc current.
25mV
= LomA for Ge
50 mV ‘
= I mA SRRSO o) Y |



4.3 Dynamic or ac resistance

Fac OF Iq = Ig+ I
For large values of forward current, r; is negligible. Hence, r,c = rg for small
values of I, rg is negligible as compared to r;

Fac = Tj

4.4 Forward voltage drop

It is given by the relation

power dissipated

d voltage drop =
forward voltage drop forward dc current

Reverse saturation current (lo)
Reverse breakdown voltage (VgRr)

Reverse dc resistance (Rg)

reverse voltage
R reverse current

5. Equation of diode current

The analytical equation which describes both the forward and reverse

characteristics is called the Boltzmann’s diode equation given

I=1,e* —1).......for Ge
I=1Le*™ ifV>1volt
And I = I,(e*®V —1)...... ... for Si

I=1,e*" ifV>1wvolt.

Where I, reverse saturation current. V voltage across the diode.

9



Rectifier:

It is a circuit which employs one or more diodes to convert ac voltage into

pulsating dc voltage.
We will consider the following circuits:

(i) Half wave rectifier.
(if) Full wave rectifier.
(iii)  Full wave bridge circuits.

(iv) Voltage multiplier circuits.

Half wave rectifier

Basic half wave rectifier circuit is shown in fig.1 along with its input and output
waveforms. An alternating voltage is applied to a single diode connected in a

series with a load resistor R,.

Working: during the positive half cycle of the input ac voltage the diode D is
forward biased (ON) and conducts while conducting the diode acts as a short
circuit so that circuit current flows and hence, positive half cycle of the input ac

voltage is dropped across R;.
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During the negative half cycle, the diode is reversing biased (off), and so
does not conduct. There is no current flow, hence there is no voltage drop

across R, 1p=0 and V =0.

Average values
We will now state the average values of the output voltage and current.

These are showing in fig.2.

-3
B
[

Instantaneous volt

Let the equation of the input supply voltage of fig.1 be
V=Vsing
Vm= maximum value of supply voltage in fig.1
=/ 2V
V= rms value of supply voltage.
| »= maximum value of diode or load current.
V4= average dc voltage across load.
ls= average dc current through load.

I;ms= rms current through load.
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Then it can be proved that

(i) V, =-7=0318V,

T

(i) lae="pi=72

RL HRL
—0.3184m
Ry,
=0.3181,
Vv
— 045 —
R,
I
[  =T_05]
s 2 i

(ili)  Form Factor

P rms value 051,

average value ~ 0318 I,
wave

(iv) PIV

= 1.57 for sinusoidal ac

It is the maximum voltage across the diode in the reverse

direction.
(v)  Ripple Factor (y)

The ripple factor of a single phase half wave rectifier is

VTms

N Vdc

0385V,
0318V,

Y

1.21

The relation between V,, and V. is given by

V
™ — 1443y
Vdc
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(vi) Efficiency (1)
It is given by the ratio of the output dc power to the total

amount of input power supplied to the circuit

Pou!:
Pm

now, P, . =I3 R,
P, =1 (rg+Ry)

oy JacRs X 100
L (r + Ry

substituting and simplifying we get

= 7, Dbercent

If diode resistance rq is neglected, then

n=40.6% it is the maximumpossible ef ficiency.
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Full -wave Rectifier

The full wave rectifier circuit using two diodes and a center tapped
transformer is shown in fig.3. The centers tap. is usually taken as the ground

or zero voltage reference point.
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(a) Working:
When input ac supply is switched on, the ends of the transformer secondary

become +Ve and negative alternately. During the positive half cycle of the
ac input. Hence, being forward biased diode D; conducts (but not D, which
Is reverse biased). As a result, positive half cycle of the voltage appears
across Ri. In the negative half cycle D, conducts (but not D;). So we find
that current keeps of following through R in the same direction in both half
cycles of the ac input. Also, the frequency of the rectified output voltage is

twice the supply frequency.

(b)_Average values:

. 2V
0 Ve=—17
= 0.636V,, twicethe half waverecifier value
242V
__ ooy
T

Where Vi, is the maximum voltage across each half of the secondary

winding.

=rms voltage across each half of the secondary winding.

(i) la =

2L 2 Vg

T T Rp

=0.6361,
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(iv) form factor,F = Irms _ Irms

Iy Iqe

(c) PIV:

In this case, PIV rating of each diode is 2 V. consider the positive half
cycle of the input ac supply when D; acts as short and D, acts as open since
it is reverse biased. A voltage V, develops across R,. As seen from fig.
below, voltage across D, is equal to the sum of voltages across the lower
half GN of the transformer secondary and the load resistor. Hence PIV of
D,=2 V.
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(d) Ripple factor (y):

Vie(rms) _ 0.305 Vy
Vic 0.636 Vi,

= 0.482

For full wave rectifier circuit y =

Is much less than that of half wave rectifier. The relation between V,, and

Vg IS the same as HW rectifier.

(e) Efficiency:
P

out

P

1n

‘rdcz * RI.

Lms” (Ta + Ry)

Substituting and simplifying, we get

81.2% ,
=" =812% ifr,=0
1+52
R,

Y

It is twice the value for half wave rectifier.
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Full-Wave Bridge Rectifier
It is the most frequently-used circuit for electronic dc power supplies. It requires

four diodes but the transformer used is not centre-tapped and has a maximum

voltage of Vsm.

(a) Working

During the positive input half-cycle, terminal M of the secondary is positive and N

IS negative as shown separately in Fig. below (a). Diodes D1 and D3 become
forward-biased (ON) whereas D2 and D4 are reverse-biased (OFF). Hence, current
flows along MEABCFN producing a drop across RL.

During the negative input half-cycle, secondary terminal N becomes positive and
M negative. Now, D2 and D4 are forward-biased. Circuit current flows along
NFABCEM as shown in Fig. below (b). The current keeps flowing through load
resistance RL in the same direction AB during both half-cycles of the ac input
supply. Consequently, point A of the bridge rectifier always acts as an anode and

point C as cathode.

18



(b) Average and RMS Values
i)y V,,=0636V,

= 0.9V

2 Vi

() lge=-2"

HRL

=0.6361,

—IDQXV—'DQI
— - R_ " TIms

L

(ii)) I =0.7071,

I I
(iv) form factor,F = —= = =
’rﬂv ‘rdc
=1.11

(c) PIV:

In a full wave bridge rectifier, the PIV rating of each of the four diodes is V,

(not 2V, as the case for ordinary full wave rectifier).

(d) Ripple factor (y):

It is the same of for ordinary full wave rectifier

y = 0.482

(e) Efficiency:

19



It is the same of for ordinary full wave rectifier

n = 81.2%. if diode resistance is neglected.

(f) Advantages:

1. No centre-tap is required on the transformer.

2. Much smaller transformers are required.

3. It is suitable for high-voltage applications.

4. It has less PIV rating per diode.

The obvious disadvantage is the need for twice as many diodes as for the centre-

tapped transformer version.

Diode Applications
Diode Clipper and Clamper Circuits

These are diode wave-shaping circuits i.e. circuits meant to control the shape of the
voltage and current waveforms to suit various purposes. Each performs the wave-
shaping function indicated by its name. The output of the clipping circuit appears
as if a portion of the input signal were clipped off. But clamper circuits simply

lams (i.e. lift up or down) the input signal to a different dc level.

Clippers
A clipping circuit requires a minimum of two components i.e. a diode and a

resistor. Often, dc battery is also used to fix the clipping level. The input waveform

can be clipped at different levels by simply changing the battery voltage and by

20



interchanging the position of various elements. We will use an ideal diode which
acts like a closed switch when forward-biased and as an open switch when reverse-
biased.

Such circuits are used in radars and digital computers etc. when it is desired to
remove signal voltages above or below a specified voltage level. Another
application is in radio receivers for communication circuits where noise pulses that

rise well above the signal amplitude are clipped down to the desired level.

Example:
For the simple parallel clipper of Fig. below, find the shape of the output voltage.

What will happen when diode and resistor are inter-changed?

Solution:

When positive half-cycle of the signal voltage is applied to the clipper i.e. when A
Is positive with respect to B, the diode D is reverse-biased. Hence, it acts as an
open switch. Consequently, the entire input voltage appears across it.

During the negative half-cycle of the signal voltage when circuit terminal B
becomes positive with respect to A, the diode is forward-biased. Hence, it acts like
a closed switch (or short) across which no voltage is dropped.

Hence, the wave-shape of Vy is as shown in Fig. below (c). It is seen that the
negative portion of the signal voltage has been removed. Hence, such a circuit is

called a negative clipper.
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When Diode and Resistor are Interchanged

In this case, the circuit becomes as shown in Fig. below. Now, the output voltage
VO is that which is dropped across R. During the positive half-cycle of the signal
voltage, D acts as an open switch. Hence, all applied voltage drops across D and
none across R. So, there is no output signal voltage.

During the negative input half cycle, terminal B is positive and so it is forward-
biases B which acts as a short. Hence, there is no voltage drop across D.
Consequently, all the applied signal voltage drops across R and none across D. As
a result, the negative half-cycle of the input signal is allowed to pass through the

clipper circuit. Obviously, now the circuit acts as a positive clipper.
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Example:
What would be the output waveform displayed by the oscilloscope in Fig. below?

The silicon diode has a barrier voltage of 0.7 V.
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Solution:

Consider the negative input half-cycle first i.e. when point B is positive with
respect to point A. The diode starts conducting when applied voltage exceeds 0.7
V. Since D and RL are in parallel, voltage across them cannot exceed 0.7 V.
Obviously, negative half-cycle beyond 0.7 V gets clipped. Hence, circuit behaves
like a negative clipper.

During the positive input half-cycle when point A is positive, diode becomes
reverse-biased and hence, becomes open-circuited. The applied voltage drops
across the resistors R and RL connected in series. The peak value of the output
voltage is

R,

. =15X
P R +R,

1
=15x—=13.64V.
1.1

Example:
With the sine wave signal input of Fig. below (a) find the shape of the output

signal V,. (b) Find the shape of the output signal V. if battery connections are

reversed and peak value of the output voltage.
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Example:

The triangular voltage of Fig. below (a) is applied to the biased parallel Clipper
circuit of Fig. below (b). Find the wave-shape of the output voltage together with

the maximum value of the output.
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(a) Biased Series Clippers

Consider the wave form shown below, and then the output voltage of the biased

series circuits will be as shown below:
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(b) Biased Parallel Clippers

The waveforms of the output voltage are as shown below:

Clipping has been changed by changing the battery and diode connections.
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(B) (A
Clampers

To put it simply, clamping is the process of introducing a dc level into an ac signal.
Clampers are also sometimes known as dc restorers.
By way of illustration, consider the signal shown in Fig. below (a). It is a sine
wave with equal of £ 5V about 0 V.
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A clamper circuit has a minimum requirement of three elements, diode, capacitor
and resistor. Also it needs a dc battery. Following additional points regarding

clamper circuits are worth keeping in mind.
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1. Both R and C affect the waveform.

2. Values of R and C should produce a time constant (== CR) which is large
enough to ensure that capacitor remains almost fully charged during the time-
period of the signal. In other words, time constant ™ T/2 where T is the time-
period of the input signal. For good clamping action, the RC time constant should
be at least ten times the time-period of the input signal voltage.

3. It is advantageous to first consider the condition under which the diode becomes
forward biased.

4. For all clamping circuits, voltage swing of the input and output wave forms is

the same.

Example:
The input signal of Fig. below (a) is applied to the clamper circuit shown in Fig.

below (b). Draw the waveform of the output voltage Vo. How will it change if R is
100 Q?
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Solution:

As seen, time-period of the input signal is T = 1/1000 second = 1 ms
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T/2 =0.5 ms.

T=1x10-6 x 10 x 103 = 10 ms

T » T/2. Hence, once charged, the capacitor will have hardly any time to discharge
by the time signal polarity reverses.

We consider the two half cycles of the input signal separately:

(a) Positive Input Half-cycle

When positive half-cycle of the input signal voltage is applied to the clamper
circuit, its terminal A becomes positive with respect to terminal B. Hence, D acts
like a short as shown in Fig. below(c). A steady positive voltage of 5 V remains
applied to A for 0.5 ms. at the same time, R is also shorted out because it is in
parallel with D. Hence, C will rapidly charge to 5 V. Being across a short, Vo = 0

during positive half-cycle as shown below.
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(b) Negative Input Half-cycle
In this case, terminal B becomes positive and so reverse-biases D by 10 V. Hence,

D acts like an open switch as shown below. Now, R and C get connected in series

29



so that their t= RC = 10 ms. as stated earlier, capacitor will take a time of 5t = 50
ms to get fully discharged. But the input signal will allow it just 0.5 ms during
which to discharge. Obviously, C would hardly get discharged in this extremely
short time interval of 0.5 ms. hence, it can be assumed to be still fully charged with
the original polarity during this negative half-cycle.

The output voltage Vy across the ‘open’ will be = voltage from E—A —-B —F —
=5+ 10 = 15 V — with E negative the waveform of the output voltage is shown in
Fig. below (b). It has same frequency as that of the input signal. However, it has
been clamped down in the negative region. It is seen that voltage swing of both

input and output circuits is the same i.e. 15 V.
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Now, 7= 100 x 1 x 10—6 ms = 0.1 ms. hence, the capacitor which is almost

instantaneously charged to +5 V during the positive input half-cycle, will be

30



almost completely discharged during the negative half cycle because, now, 5 t (full

discharge time) equals the half time-period (0.5 ms) of the signal.

Hence, in this case, Vo would be momentarily equal to — 15 V at the beginning of

the negative half-cycle but will fall off to almost 0 V before the signal reverses its

polarity (Fig. below). As seen, vy consists of voltage spikes of amplitude —15 V.
Wiy i

a . L5 20 25 34
V- 13V{4 1]
LEf =

In the following clamping circuits, it would be assumed that the amount of the time

5t =5 RC » T/2 where T is the time-period of the input signal. For all circuits, we
will take the same input signal shown below with a peak value of V. We will also
take note of the change in the output waveform when diode connections are

reversed.

=
 J
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Input signal
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SPECIAL DIODES

Zener Diode

It is a reverse-biased heavily-doped silicon (or germanium) P-N junction diode
which is operated in the breakdown region where current is limited by both
external resistance and power dissipation of the diode. Silicon is preferred to Ge
because of its higher temperature and current capability.

When a diode breaks down, both Zener and avalanche effects are present although
usually one or the other predominates depending on the value of reverse voltage.
At reverse voltages less than 6 V, Zener effect predominates whereas above 6 V,
avalanche effect is predominant. Strictly speaking, the first one should be called
Zener diode and the second one as avalanche diode but the general practice is to
call both types as Zener diodes.

Zener breakdown occurs due to breaking of covalent bonds by the strong electric
field set up in the depletion region by the reverse voltage. It produces an extremely
large number of electrons and holes which constitute the reverse saturation current
(now called Zener current, 1,) whose value is limited only by the external

resistance in the circuit. It is independent of the applied voltage.

(a) V/I Characteristic

A typical characteristic is shown by Fig. below in the negative quadrant. The
forward characteristic is simply that of an ordinary forward-biased junction diode.
The important points on the reverse characteristic are:

V, = Zener breakdown voltage

I, min = minimum current to sustain breakdown

I, max = maximum Zener current limited by maximum power dissipation.
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The schematic symbol of a Zener diode and its equivalent circuit are shown in Fig.

below.
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(b) Zener Voltages
Zener diodes are available having Zener voltages of 2.4 V to 200 V. Their power

dissipation is given by the product V,l,. Maximum ratings vary from 150 mW to

S0 W.
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(c) Zener Biasing

For proper working of a Zener diode in any circuit, it is essential that it must
1. be reverse-biased.
2. Have voltage across it greater than V,.

3. be in a circuit where current is less than I, max.

(d) Uses

Zener diodes find numerous applications in transistor circuitry. Some of their
common uses are:

1. as voltage regulators.

2. as a fixed reference voltage in a network for biasing and comparison purposes
and for calibrating voltmeters.

3. as peak clippers or voltage limiters.

4. for meter protection against damage from accidental application of excessive
voltage.

5. for reshaping a waveform.
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Transistors

1. Introduction to transistor circuit:

Basically, the transistor consists of two back-to back P-N junctions manufactured
in a single piece of a semiconductor crystal. These two junctions give rise to three
regions called emitter, base and collector. As shown in Fig. 1 (a) junction transistor
is simply a sandwich of one type of semiconductor material between two layers

of the other type. Fig. 1 (a) shows a layer of N-type material sandwiched between
two layers of P-type material. It is described as a PNP transistor. Fig. 1 (b) shown
an NPN — transistor consisting of a layer of P-type material sandwiched between
two layers of N-type material. The emitter, base and collector are provided with
terminals which are labelled as E, B and C. The two junctions are: emitter-base
(E/B) junction and collector-base (C/B) junction. The symbols employed for PNP
and NPN transistors are also shown in Fig. 1. For a PNP transistor, arrowhead
points from emitter to base meaning that emitter is positive with respect to base
(and also with respect to collector)* For NPN transistor, it points from base to

emitter meaning that base (and collector as well)* is positive with respect to the

emitter.
Emitter [T T 7| Collector E £ g1 ~
E | ] £ 2
B~ Base B
@
™
N|P NI —o E C
E i C \ /
B
) "B
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1. Emitter

It is more heavily doped than any of the other regions because its main function is
to supply majority charge carries (either electrons or holes) to the base.

2. Base

It forms the middle section of the transistor. It is very thin (10 ° m) as compared to
either the emitter or collector and is very lightly-doped.

3. Collector

Its main function (as indicated by its name) is to collect majority charge carriers

coming from the emitter and passing through the base.

2. Transistor Biasing

For proper working of a transistor, it is essential to apply voltages of correct
polarity across its two depletion layers one with each junctions. These layers form
a barrier which is need some positional to breaking this potential is 0.7 V. for Si
junction and 0.3 V. for Ge junction. For the normal operation of the transistor ,the
following should be verified:

1. emitter-base junction is always forward biased and

2. collector-base junction is always reverse- biased.

This type of biasing is known as reverse biasing. As showing in fig. (3-a, b)

1 1~ 1
& PINP|¥ 5 NIPIN IE
—_\IEE VIB Vcc __\’%E AIB VCC
A
> p B
E & e = & i
!
v-'e 1
\%E Vee= \’%E AB VCC—
< < > Ay
(@ &
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Positive terminal of Vg is connected to P-type emitter in order to repel or Push
holes into the base. The negative terminal of V¢ iIs connected to the collector so
that it may attract or pull holes through the base. Similar considerations apply to
the NPN transistor. It must be remembered that a transistor will never conduct

any current if its emitter-base junction is not forward- biased.

4. Transistor Currents:

The three primary currents which flow in a properly-biased transistor are Ig, Ig and
Ic. In Fig. 4 (a) are shown the directions of flow as well as relative magnitudes of
these currents for a PNP transistor connected in the common-base mode. It is seen
that again, le = Ig + I¢

It means that a small part (about 1—2%) of emitter current goes to supply base
current and the remaining major part (98—99%) goes to supply collector current.
Moreover, Ig flows into the transistor whereas both Iz and I flow out of it.

Fig. 4 (b) shows the flow of currents in the same transistor when connected in the
common-emitter mode. It is seen that again, Ig = Ig + I¢ this can be proved by
taking current flowing in to a transistor are positive. Ig + (-Ig) + (-Ic) =0 or

le = Ig + Ic. This statement is true regardless of transistor type or transistor

configuration.
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Note.

The four basic guideposts about all transistor circuits are:

1. Conventional current flows along the arrow whereas electrons flow against it;
2. E/B junction is always forward-biased,;

3. C/B junction is always reverse-biased;

4, |E= |B+ IC-

6. Transistor Circuit Configurations

Basically, there are three types of circuit connections (called configurations) for
operating a transistor.

1. Common-base (CB),

2. Common-emitter (CE),

3. Common-collector (CC).
-Common-base ( CB) Configuration

The input signal is applied between the emitter and base whereas output is taken

out from the collector.

1P O/P

The ratio of the collector current to the emitter current is called dc alpha (o) of @

transistor.




It is also called forward current transfer ratio (—hgg). If we neglect (-) the

o = Ig /lc . The a of a transistor is a measure of the quality of a transistor; higher the
value of a, better the transistor in the sense that collector current more closely
equals the emitter current.

-

Iy=iy Now, Ip=Ip—alp=(1-0)l,

There is also an a, .. for a transistor.

o, = _Mc
ac Nf
It is also, known as short-circuit gain of a transistor and is written as — hg,. For all

practical purposes, Ogc= Oac= 0.

Example: in a transistor connected as a CB configuration: Ie =2 mA and Ig = 20
HA. Compute the values of a and IC.

Solution: Ic = lg -1 =2x10°-20 x 10° = 1.98 mA

a=1Ic/lg=1.98/2 =0.99

- Common-emitter CE Configuration
Here, input signal is applied between the base and emitter and output signal is
taken out from the collector and emitter circuit. As seen from Fig. below, Ig is the

input current and |c is the output current.
B =—lc/-lg=Ic/lgorlc= B Is

It is also called common-emitter d.c. forward transfer ratio and is written as heg.
While analysing ac operation of a transistor, we use ac § which is given by

Bac = Alc / Alg. It is also written as he.
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The flow of various currents in a CE configuration both for PNP and NPN

transistor is shown in Fig. below.

Ip=Ip+ o= Ig+ Blp=(1+ B I

- Relation Between a and 8

i I B 1
p=- and a==5 - s
Ip Ip o ip
B ' iy Iniig
PR
b E’_l—oc
| —a=1/1+8)
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- CC Configuration

In this case, input signal is applied between base and collector and output signal is

taken out from emitter-collector circuit Ig is the input current and Ig is the output

ig ip ig & S

Ii dg 45 « Biaap- A+B

current The current gain of the circuit is it means that o/p current is (1+f) times
the i/p current.

The flow paths of various currents in a CC configuration are
=]+ =] +0B/=(1+0)
=Lt L= L B= (1 B |
output current = (1 +[3) X input current

PP 1E
4%—{ \>| |
| e 1
| I
==
- Relations Between Transistor Currents:
C(:j—c :I_C
Ip Ip
R o
+p @ Py
IC' :BIB: M.E':i‘ff
(|) 1+B
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Leakage Currents in a Transistor
(a) CB Circuit

Consider the CB transistor circuit shown in Fig. below. The emitter current

(due to majority carriers) initiated by the forward-biased emitter base junction
Is split into two parts :
(i) (1 — o) Ig which becomes base current Ig in the external circuit and

(i1) o Iz which becomes collector current I¢ in the external circuit.

P N P Ig=0 E~C
. OPEN '
B
= VEe Ipo = v Ieso
- e o Vee
'@ : %)

As mentioned earlier, though C/B junction is reverse-biased for majority charge

carriers(i.e. holes in this case), it is forward-biased so far as thermally-generated

minority charge carriers (i.e. electrons in this case) are concerned. These current

flows even when emitter is disconnected from its dc supply as shown in Fig. below

(@) where switch, S; is open. It flows in the same direction* as the collector current

of majority carriers. It is called leakage current Icgo. The subscripts CBO stand for

‘Collector to Base with emitter Open.” Very often, it is simply written as Ico.
It should be noted that
(i) Icgo Is exactly like the reverse saturation current Is or Iy of a reverse-biased

diode discussed
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(i) Icgo Is extremely temperature-dependent because it is made up of thermally-
generated minority carriers. As mentioned earlier, Icgo doubles for every 10°C rise
in temperature for Ge and 6°C for Si.

If we take into account the leakage current, the current distribution in a CB
transistor circuit becomes as shown in Fig. below both for PNP and NPN type

transistors.

P N P N P N

I Iy olg: Ic L Iy ol g
V. 3 . A -,
-. I leo lco |

A ' . : '
- \"r( A 4 : \.(,'('
Ve (l=ol; ¥ Vie (=)l A H
Ico | -
<--- - S
< ¢ = =

- I
Ig = (l=00) [ =L
(@) (b)

IB= (1=cr) l!. =3 l(‘n

It is seen that total collector current is actually the sum of two components:
(i) Current produced by normal transistor action i.e. component controlled by
emitter current. Its value is a Iz and is due to majority carriers.

(ii) temperature-dependent leakage current Ico due to minority carriers.

(i) Substituting the value of Iz = (Ic + Ig) in EQ. (i) above, we get

Wy |, deo
S —
fe =10 "1«
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(iv) Eliminating Ic from Eq. (i) above, we get

(b) CE Circuit

In Fig. below (a) is shown a common-emitter circuit of an NPN transistor whose
base lead is open. It is found that despite Iz = 0, there is a leakage current from
collector to emitter. It is called Icgo, the subscripts CEO standing for ‘Collector to
Emitter with base Open’.

Taking this leakage current into account, the current distribution through a CE

circuit becomes as shown in Fig. below (c).

Big
‘ICF-O - ¢ 1
%
IB_O /-" P 'l %
pn—" (2 r" 3 | ICF.O.
s v | Tomw oW by @Y Ly
—oo—{B P =vee : lcp‘og Vee l Ny & ; cC
EY |N : ) —+Vup :l :
__'.__VBB + \ ) ’{l I -V
L >
Iy Plg
(a) ) ()
_ %y Ieo
@ le=12¢™ 1=
Now, Bl5= &y Substituting this v—aluc above, we get,

Substituting the value of /, from above, we have
(i) Iy =lg—Wg—1pp= (1 — ) Ip— Lopy
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Transistor characteristics and approximation

Transistor Static Characteristics:

There are the curves which represents relationship between different d.c. currents
and voltages of a transistor. The three important characteristics of a transistor are:
1. Input characteristic,

2. Output characteristic,

3. Constant-current transfer characteristic.

Common Base Test Circuit:

77 N\ E — c 7~ N
1J\/j\/ ﬁ )‘I N
IE I\\___ T /“ IC
T RQ, é s "\“ R
\&E NG j> VBE VCB \/L/ o o _VCC
B

Common Base Static Characteristics

(a) Input Characteristic

It shows how Ig varies with Vge when voltage Vg is held constant.

First, voltage Vg is adjusted to a suitable value with the help of R; .

Next, voltage Vge is increased in a number of discrete steps and corresponding
values of I are noted from the milliammeter.

When plotted, we get the input characteristic shown in Fig. below, one for Ge and
the other for Si. Both curves are exactly similar to the forward characteristic of a P-
N diode.
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This characteristic may be used to find the input resistance of the transistor.
R=AVp/ Al — V,pconstant.

This characteristic is hardly affected by changes either in Vg or temperature.

mA Ge Si
8_
6 "
T i
13
2
Vee
0 \ ™1 |

02 04 0.6 08V
—»VgE

(b) Output Characteristic

It shows the way I varies with Vcg when Ig is held constant.

First, movable contact, on R; is changed to get a suitable value of Vgg and hence

that of Ie. While keeping Ig constant at this value, Vcg is increased from zero in a

number of steps and the corresponding collector current Ic that flows is noted.

Next, Vcg is reduced back to zero, Ig is increased to a value a little higher than

before and the whole procedure is repeated. In this way, whole family of curves is

obtained.

1. The reciprocal of the near horizontal part of the characteristic gives the

output resistance R o Of the transistor. Ry IS very high, a typical value

being 500 kQ.

| _ AVg
il T T A T
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2.

It is seen that Ic flows even when Vg = 0. For example, it has a value = 1.8
mA corresponding to Vcg = 0 for Ie = 2 mA. It is due to the fact that
electrons are being injected into the base under the action of forward-biased
E/B junction and are being collected by the collector due to the action of the
internal junction voltage at the C/B junction. For reducing Ic to zero, it is
essential to neutralize this potential barrier by applying a small forward bias
across C/B junction.

Another important feature of the characteristic is that a small amount of
collector current flows even when emitter current Iz = 0. it is collector
leakage current Icgo.

This characteristic may be used to find o, Of the transistor.

o =Slc _ DE
@ Al; BC
6.2-43
= 2 = 0.95

Another point worth noting is that although Ic is practically independent of
Vce over the working range of the transistor, yet if Vg is permitted to
increase beyond a certain value, Ic eventually increases rapidly due to

avalanche breakdown.

Current Transfer Characteristic

It shows how I¢ varies with changes in Ig when Vg is held constant. For drawing
this characteristic, first Vg is set to a convenient value and then Ig Is increased in

steps and corresponding values of I¢ noted.

aaC:AIC/AIE

47



(i)  Itscurrent gain is less than unity.

(i) Its input and output resistances are so different.

Common Emitter Test Circuit

The static characteristics of an NPN transistor connected in CE configuration may
be determined by the use of circuit diagram shown in Fig. below.
/+ )\—\’D

[ ] &@/E

-Vcc
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Common Emitter Static Characteristics

(@) Input Characteristic
It shows how lg varies with changes in Vge when Vce is held constant at a

particular value.

0.1 0.2 0.3 0.4V

(b) Output or Collector Characteristic
It indicates the way in which I¢ varies with changes in Vcg when Ig is held
constant.
It is seen that as Vcg increases from zero, I rapidly increases to a near saturation
level for a fixed value of Ig. a small amount of collector current flows even when Ig
= 0. It is called Icgo. Since main collector current is zero, the transistor is said to be
cut-off. If Ve is allowed to increase too far, C/B junction completely breaks down
and due to this avalanche breakdown, I¢ increases rapidly and may cause damage
to the transistor.
When Ve has very low value (ideally zero), the transistor is said to be saturated
and it operates in the saturation region of the characteristic. Here, change in Ig does
not produce a corresponding change in Ic.
We can find B, at a specific value of Ig and V.

Bac= A Ic /Alg
from two points A and B in the fig. below. Alg = (60 — 40) = 20 pA, and we can
finding A Ic.
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Rout (= A Ve /A 1¢) varies from 10 kQ to 50 kQ.

(c) Current Transfer Characteristic
It indicates how I¢ varies with changes in Ig when Vce is held constant at a given
value. In fig. below (a). The slope gives

B, =Al./AI
A small collector current flows even when Ig = 0. It is the common-emitter leakage
current lcgo = (1 + B) Ico. lco it is also due to the flow of minority carriers across

the reverse-biased C/B junction.

Vg Constant I
m
T f Vg Constant
5 <
Alg . 4
6 Iceo
—PIg(HA) Yo —R
(@) ®

50



Common Collector Static Characteristics

A2

Output

+
O

In this case, collector terminal is common carrier to both the input (CB) and output
(CE) carrier’s circuits. The output characteristic is Ig versus Ve for several fixed
values of Ig. Since Ic = Ig, as shown in Fig. below (a). The CC input characteristic

is a plot of Vg versus Ig for different values of Ve and is shown in fig. below (b).

For Ig =100 pA and Ve =2 V.

Veg = Ve —Vee=2-0.7=1.3V — for Si material

Moreover, as Vg is increased, Vg iIs reduced there by reducing lg. Now, consider
the values Vce =4 V and Iz = 100 pA

Veg=4-0.7=33V

Again, as Vg increases, Ig is decreased.
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Common Base Formulas:

Consider the circuit MEBM. In fig. below, Applying Kirchhoff's voltage law and
starting from point B (or ground) upwards, we get
@)  —Vpg—IRg+ Vg =0 or Iy = %
where Veg=0.3V (for Ge) and 0.7 V (for 57)
Since, generally, Vege » Vgg, we can simplify the above to Ig = Vee /Rg = 10V/20 K
=0.5mA
Taking Vge into account and assuming silicon transistor

I, =(10-0.7) V20 K=0.465 mA
(B) I, =alz= I;=0.5mA neglecting leakage current.
(¢) From circuit NCBN, we get

Veg=Vep—lo 2= Vpe—IpR;=25-0.5x10=20V (o)
Voc=20V
+I ]C IE Rl: < I
B NPN .-..-_- — AN 'IB E
I g
Ry R, 5 B () T Re Re
- N/ % == % NPN
e i CE  Vpgg— /_5 —
i ‘ T Y8 Ve AT, hT:kF e 1 T
. R LT o+ + o Ver | Vce

- | « Ale
[ + b [ s

&

|||
&

Common Emitter Formulas

Consider the CE circuit of Fig. below. Taking the emitter-base circuit. we have
+Vgp— 10V +Vee— 15V

B =
% R Ra%lM R;% 10k
I.=BI — neglecting leakage current I, L ~100
Ver=VeeIcky

VBE VCE

g Ll
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Common Collector Formulas

The CC circuit with its proper d.c. biasing voltage sources is shown in Fig. below
(a). The two circuits given represent the same thing.

AAAAAA
Rg

=Y

@ @&
Another way of drawing the same circuit is shown in Fig. below (a) where only
one battery has been used. It should be noted that load resistor is not in the
collector lead but in the emitter lead as shown.
The fig. below makes the circuit connection quite clear. Input is between base and

collector terminals where as output is between emitter and collector terminals.
It is seen that

8+VCC
= Yoe Vo8
E R +Ry /B>
Vee= Vept Ig Ry Vo

oul

¥

Lrea=vm
RE+BRE ,Ic-ﬁIB

Ig
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LOAD LINES AND DC BIAS CIRCUITS

D.C. Load Line
For drawing the dc load line of a transistor, one needs to know only its cut-off and

saturation points. It is a straight line jointing these two points. For the CE circuit of

Fig. 1, the load line is drawn in Fig. 2.
Saturation 7+Vece

V, .
— Active Ry §
Ry Region Rp
IC : )
T C +VpE . ¥CET
IBE Ve
L RE VE
¢ Vee—» Ve l l

A is the cut-off point and B is the saturation point. The voltage equation of the

collector-emitter is

ro=tec Ve

Vee=1cRy +Veg o R
L L

Consider the following two particular cases :
(HwhenI =0, V_ =V,
— cut-off point A
(#) when V' ,,=0, I.=V /R,
— saturation point B

Load line can be drawn if only V¢ and R, are known.

54



Active Region

All operating points (like C, D, E etc. in Fig. above) lying between cut-off and
saturation points from the active region of the transistor. In this region, E/B
junction is forward-biased and C/B junction is reverse-biased.

Quiescent Point

It is a point on the dc load line, which represents the values of Ic and Ve that exist
In a transistor circuit when no input signal is applied.

It is also known as the dc operating point or working point. The best position for
this point is midway between cut-off and saturation points where Vce= % Vcc (like

point D in Fig. above).

0O-Point and Maximum Undistorted Output

Position of the Q-point on the dc load line determines the maximum signal that we

can get from the circuit before clipping occurs. Consider the cases shown in Fig.

below.
Ic
Ic“/ Saturation Ica 4
Cut-Off Icq ™ Qs
- Q /
o LN
s S —— i N, Ve L VcEq T
" l
A
L < —
B
@ @) ©

(@) Q; is located near cut-off point, signal first starts to clip at A. It is called cut-off
clipping because the positive swing of the signal drives the transistor to cut-off.

Maximum positive swing is = lcg Rac.
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(b) Q- is located near saturation point, then clipping first starts at point B . It is
caused by saturation. The maximum negative swing = Vceo.
(c) Qs is located at the centre of the load line. In this condition, we get the
maximum possible output signal. The point Qs gives the optimum Q-point. The
maximum undistorted signal = 2V cgo.
In general, consider the case shown in Fig. 2. Since A < B, maximum possible
peak-to-peak output signal = 2 A. If the operating point were so located that A > B,
then maximum possible peak-to-peak output signal = 2B. When operating point is
located at the centre of the load line, then maximum
undistorted peak-to-peak signal is =2 A Ic
=2B
=Vce

=2 VCEQ-

Under optimum working conditions correspondingto @

Fig. 1 (c), lco is half the saturation value given by
VCC/RL
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Need For Biasing a Transistor

For normal operation of a transistor amplifier circuit, it is essential that there
should be a

(a) Forward bias on the emitter-base junction and

(b) Reverse bias on the collector-base junction.

In addition, amount of bias required is important for establishing the Q-point which
is dictated by the mode of operation desired. If the transistor is not biased
correctly, it would

1. Work inefficiently and

2. Produce distortion in the output signal.

Factors Affecting Bias VVariations

In practice, it is found that even after careful selection, Q-point tends to shift its
position. This bias instability is the direct result of thermal instability which itself
is produced by cumulative increase in Ic that may, if unchecked, lead to thermal

runaway. The collector current for CE circuit is given by
Ip=PBly+ I,
=B+ A +PB) Iy
This equation has three variables: B, Ig and Ico all of which are found to increase
with temperature. In particular, increase in lIco produces significant increase in
collector current Ic. This leads to increased power dissipation with further increase

in temperature and hence Ic. Being a cumulative process, it can lead to thermal

runaway which will destroy the transistor itself.
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However, if by some circuit modification, I¢ is made to decrease with temperature
automatically, then decrease in the term Blg can be made to neutralize the increase
in the term (1 + B) Ico, thereby keeping Ic constant. This will achieve thermal

stability resulting in bias stability.

Stability Factor
The degree of success achieved in stabilizing I¢ in the face of variations in Ico is

expressed in terms of current stability factor S. It is defined as the rate of change of
Ic with respect to Ico when both B and Ig (Vgg) are held constant.

dl,
S=dl';0 — B and I constant

Larger the value of S, greater the thermal instability and vice versa. The stability
factor may be alternatively expressed by using the well-known equation

lc=1p+ (I +B) Ico
Which, on differentiation with respect to I, yields.
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Beta Sensitivity

Variations in B-value are caused by variations in the circuit operating conditions or

by the substitution of one transistor with another. Beta sensitivity Kg is given by

Kg is dimensionless ratio and can have values ranging from zero to unity.

Stability Factor for CB and CE Circuits
(i) CB Circuit

Here, collector current is given by

(i) CE Circuit

If B = 100, then S = 101 which means that Ic changes 101 times as much as Ico.
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Different Methods for Transistor Biasing

Some of the methods used for providing bias for a transistor are:
1. Base bias or fixed current bias.
It is not a very satisfactory method because bias voltages and currents do not

remain constant during transistor operation.

2. Base bias with emitter feedback.
This circuit achieves good stability of dc operating point against changes in 3 with

the help of emitter resistor which causes degeneration to take place.

fig Vi
RLg
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3. Base bias with collector feedback.
It is also known as collector-to-base bias or collector feedback bias. It provides

better bias stability.

4. Voltage divider bias.
It is most widely used in linear discrete circuits because it provides good bias

stability. It is also called universal bias circuit or base bias with one supply.

o
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Base Bias
Base Bias with Emitter Feedback

This circuit is obtained by simply adding an emitter resistor to the base bias circuit
as shown in Fig. below.
1. At saturation, Ve is essentially zero; hence Vcc is o+Vee

distributed over R, and Rg.

2. lc can be found as follows:

Consider the supply, base, emitter and ground route.

Applying Kirchhoff’s Voltage Law, we have

Substituting these values in the above equation, we have

3. Collector-to-ground voltage

4. Emitter-to-ground voltage

The B-sensitivity of this circuit is
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Example: For the circuit shown in Fig. below, find (i) I¢ (sat) , (ii) Ic, (iii) V¢,
(iv) Vg, (v) Vce and (vi) Kg.

Solution.
VCC=30V
O

Base Bias with Collector Feedback

This circuit (Fig. below) is like the base bias circuit except that base resistor is
returned to collector rather than to the V¢ supply. It derives its name from the fact
that since voltage for Rg is derived from collector, there exists a negative feed-back
effect which tends to stabilise I¢ against changes in . To understand this action,
suppose that somehow B increases. It will increase I¢ as well as Ic R but decrease
V¢ which is applied across Rg. Consequently, Ig will be decreased which will

partially compensate for the original increase in p.
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Base Bias with Collector and Emitter Feedbacks

In the circuit of Fig. below, both collector and emitter feedbacks have been used in
an attempt to reduce circuit sensitivity to changes in . If B increases, emitter
voltage increases but collector voltage decreases. It means that voltage across Rg is
reduced causing Ig to decrease thereby partially off-setting the increase in 3. Under
saturation conditions, Vcc is distributed over R, and Rg. Assuming lg to be
negligible as compared to I, we get,

lcsay = Veo/(Re + Ry).

I(lc"‘ Ip)
Ry
~AMA I; vl
N\ Ves
S/ A
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\Voltage Divider Bias

The name ‘voltage divider’ is derived from the fact that resistors R; and R, form a
potential divider across Vcc (Fig. below). The voltage drop V; across R, forward-
biases the emitter whereas V¢ supply reverse-biases the collector.

As per voltage divider theorem.
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Using Thevenin’s Theorem

More accurate results can be obtained by Thevenizing the voltage divider circuit as
shown in Fig. below. The first step is to open the base lead at point A and remove
the transistor along with R and Rg thereby leaving the voltage divider circuit
behind as in (a) and (b).

The original circuit is reduced to that shown in Fig. (¢c) Where V= Vgg'; Rn=Rg".
Now, applying the B-rule to the circuit of fig.(b) we may find Ig and then

le=(1+p)Ig or we can find Ig directly.

And IE:(1+B)IB
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Load Line and Output Characteristics
Consider a silicon NPN transistor which is connected in CE configuration (Fig.

below) and whose output characteristics are given in Fig. below. Let its f = 100.

First, let us find the cut-off and saturation points for drawing the dc load line and

then mark in the Q-point.

This locates the Q-point in Fig. above.
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Also

Example. For the circuit of Fig. below, find (a) lcgay , (b) Ic, (€) Ve, (d) K.
Neglect Vge and take B = 50.

Sl
sup  $2K
‘u\\v, Ver
. .
% $6K $6K
|

Suppose an ac input signal voltage injects a sinusoidal base current of peak value
10 pA into the circuit of Fig. 1. It will swing the operating or Q-point up and down
along the load line.

When positive half-cycle of Ig is applied, the Q-point shifts to point C which lies
on the (20 + 10) = 30 mA line.

Similarly, during negative half-cycle of input base current, Q-point shifts to point
D which lies on the (20 — 10) = 10 pA line.

By measurement, at point C, Ic = 2.9 mA. Hence, Vce =10-2%x29=42V
Similarly, at point D, Ic measures 1.1 pA. Hence, Vcg=10-2%x1.1=78V
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It is seen that Vce decreases from 6 V to 4.2 V by a peak value of (6-4.2) = 1.8V
when base current goes positive. On the other hand, Vg increases from 6 V to 7.8
V by a peak value of (7.8 — 6) = 1.8 V when input base current signal goes
negative. Since changes in Vcg represent changes in output voltage, it means that
when input signal is applied, Ig varies according to the signal amplitude and causes
Ic to vary. It may e noted that variation in voltage drop across R, are exactly the
same as in Vck.
Steady drop across R when no signal is applied =2*2=4V. When signal goes
positive, drop across R =2*2.9=5.8V.when base signal goes negative Ic=1.1mA
and drop across R =2x1.1=2.2V.
Hence, voltage variation is = 5.8 — 4 = 1.8 V during positive input half-cycle and
4 — 2.2 = 1.8V during negative input half-cycle.
rms voltage variation = 1.8/+/2 = 1.27V.
Now, proper dissipated in R, by ac component of output voltage is
P. =1.27%/2 =081 mW

Py =1.°R, =22 x 2 = 8mW

Total power dissipated in R =8.81mW.

AC Load Line

It is the line along which Q-point shifts up and down when changes in output

voltage and current of an amplifier are caused by an ac signal.

This line is steeper than the dc line but the two intersect at the Q-point determined
by biasing dc voltage and currents.

AC load line takes into account the ac load resistance whereas dc load line

considers only the dc load resistance.
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DC load line

The cut-off point for this line is where Vce=Vce. It is also written as Ve

(cut-off) saturation point is given by Ic=Vcc/R.. It is represented by straight line
AQB in Fig.1.

AC load line
The cut-off point is given by Vceuroy=VceotlcoRae Where Ry is the ac

load resistance. Saturation point is given by

It is represented by straight line CQD in Fig.1. The slope of the ac load line is
given by y=-1/Rg.

It is seen from Fig. 1 that maximum possible positive signal swing is = lcgRgc.

Similarly, maximum possible negative signal swing is Vcego.

Example: Draw the dc and ac load lines for the CE circuit shown in fig. below, (a)
what is the maximum peak to peak signal that can be obtained?

Solution:
DC load line

Vceutofh=Vec=20V. (point A)

lcsan=Vec/(Ri+Re) = 20/5 = 4mA (point B).

Hence, AB represents dc load line for the given circuit.

Approximate bias conditions can be quickly found by assuming that Ig is too small
to affect the base bias as in fig. below V, = 20 x 4/(4 + 16) = 4 V. If we neglect
VEe, Vo= VFE;

Also, Ic = Ig =2 mA. Hence, lcqg = 2 mA.

70



AC Load Line
Cut-off point, Vceeutofy = Veegt lcoRac
Now, for the given circuit, ac load resistance is R,.= R¢c = 3K.

Cut-off point = 10 + 2 x 3 = 16 V. Saturation point,

Lisay=lcp+ _2 =2+ 3 =5.13mA

Hence, line joining 16-V point and 5.13 mA. Point gives ac load line as shown in
Fig. (b). As expected, this line passes through the Q-point.
Now, lcg. Rae = 2 x 3 =6 V and Vo= 10 V. Taking the smaller quantity,

maximum peak output signal = 6 V. Hence, peak-to-peak value =2 x 6 =12V,

VCC_ 20V mA .
s T 33%1{ 513 acLead Line
12 o} B dc Load Line
H—o 4
il 72 I

F T e e T o I S,

F AR
Vs Rﬁg‘iK v Res2K Vg { H e A
I 0 5 10 15 20V
+~ = T 4 . —=VcE
@ @®)
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What are h-parameter?

These are four constants which describe the behavior of a two-port linear
network. A linear network is one in which resistance, inductances and capacitances
remain fixed when voltage across them is changed.

Consider an unknown linear network contained in t 0—b—

I Linear
V, £

a black box as shown in Fig. 1. As a matter of Circut

convention, currents flowing into the box are taken
positive whereas those flowing out of it are Fig.1

considered negative.

Similarly, voltages are positive from the upper to the lower terminals and negative
the other way around. The electrical behavior of such a circuit can be described
with the help of four hybrid parameters or constants designated as h,, h,,, h,, h,,.
In this type of double-number subscripts, it is implied that the first variable is
always divided by the other. The subscript | refers to quantities on the input side
and 2 to the quantities on the output side. The letter 'h' has come from the word
hybrid which mixture of distinctly different items. These constants are hybrid
because they have different units. Out of the four h-parameters, two are found by
short-circuiting the output terminals 2-2 and the other two by open-circuiting the

input terminals I-1 of the circuit.
(@) Finding hy and hy from Short-Circuit Test

As shown in Fig. , the output terminals have been shorted so that v, = 0, because

no voltage can exist on a short.

The linear circuit within the box is driven by an Open 7
input voltage v,. It produces an input current i Y é}gﬁ,‘i Vz%
o0—] =

whose magnitude depends on the type of circuit ir0

within the box.
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by — — output shorted

= — output shorted

These two constants are known as forward parameters. The constant h represents
input impedance with output shorted and has the unit of ohm. The constant h,,

represents current gain of the circuit with output shorted and has no unit since it is

the ratio of two similar quantities.
The voltages and currents of such a two-port network are related by the following

sets of equations or V/I relations

Vhy iyt iy By
5= Dy iy sy V,

Here, the hare constants for a given circuit but change if the circuit is changed.

Knowledge of parameters enables us to find the voltages and currents with the help

of the above two equations.
(b) Finding h,,and h,, from Open-circuit Test
As shown in Fig.3 , the input terminals are open so that i, = O but there does appear

a voltage v, across them. The output terminals are driven by an ac voltage v, which

sets up current I2.

1< Qma i

hia — mmput open +
= P S v, Lincer “5%’)
) Circnit
14 - _
hyy —= — imput open 10
o Fg i I Fig.3
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As seen, h,, represents voltage gain (not forward gain which is v, / v ). Hence, it
has no units. The constant h., represents admittance (which is reverse of

resistance) and has the unit of mho or Siemens, s.
It is actually the admittance looking into the output terminals with input terminals

open. Generally, these two constants are also referred to as reverse parameters.

Summary of b-parametens
k., = mput impedance jl with output shorted

h,, = forward current gain
h., = reverse voltage gain with mput open
h = output admittance

The h-parameter Notation for Transistors

While using h-parameters for transistor circuits, their numerical subscripts are
replaced by the first letters for defining them.
ho=h =mputimpedance | output shorted

h,.= h. = forward current gain
-

h..=h =reverse voltage gam

JJ; = h g = output admittance mput open

A second subscript is added to the above parameters to indicate the particular
configuration. For example, for CE connection, the four parameters are written as
Nie, Nte, Nre, Noe. Similarly, for CB connection, these are written as hib, hfb, hrb and for

CC connection as hjc, hs, heand hee

The h-parameters of an Ideal CB Transistor

A CB-connected transistor has been shown in Fig.4 (a), connected in a black box.

Fig.4 (b) gives its equivalent circuit. It should be noted that no external biasing
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resistors or any signal source has been shown connected to the transistor.

(a) (B)
Fig. 4

(i) Forward Parameters
The two forward h-parameters can be found from the circuit of Fig.4 ( a) where a

short has been put across the output. The input impedance is simply re.

h.=Fr

o] &
The output current equals the input current i.e. Since it flows out of the box, it is
taken as negative. The forward current gain is
[

h = 1
.|'-|'J1 !-

&

(It also called the ac a of the CB circuit.)

(i1) Reverse Parameters

The two reverse parameters can be found from the circuit diagram of Fig. ( b).
When input terminals are open, there can be no ac emitter current. It means that ac
current source (inside the box) has a value of zero and so appears as an ‘open’.
Because of this open, no voltage can appear across input terminals, however, large

V, may be. Hence, V;=0.
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Iy
O o
| ) |
|f.-'”\.| = 8 & A
\"/J Lz Uk .2 Open |v,(~)
(a) (b)
Fig.
Vi (0
h, — — 0
by Vny

Similarly, the impedance, looking into the output terminals is infinite.

Consequently, its admittance (= /o) is zero.

f =10

The four h-parameters of an ideal transistor connected in CB configuration are;

h,=r h,=-1, h,=0:

i & fie) ? i ¥ ?ﬁ- b

Lo e | 1k
hm% ®

- I hmif. 5
Fig. 5.

In reality, output impedance is not infinity but very high so that h is extremely

small. Similarly, there is some amount of feedback between the output and the input
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circuits (even when open) though it is very small. Hence, h is very small.

The h--parameters of an ideal CE Transistor

Fig 6 (a) shows a CE-connected ideal transistor contained in a black box where

shows its ac equivalent circuit in terms of its B and resistance values.

{a) (B)
Fig. 6.

(a) Forward Parameters

The two forward h-parameters can be found from the circuit of Fig.7 (a)

Where output has been shorted. Obviously, the input impedance is simply Pre

h e ij'{,

The forward current gain is given by

.hﬁ'. ; .
I I

>

iz f,lj,

(It is also called the ac beta of the CE circuit)

(b) Reverse Parameters

These can be found by reference to the circuit of Fig.7 (b), where input terminals

are open but output terminals are driven by an are voltage source v, With input
terminals open, there can be no base current so that i, = 0. If i,= 0, then collector
current source has zero value ib and looks like an open. Hence, there can be no v,
due to this open.
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Again, the impedance looking into the output terminals is infinite so that

conductance is zero -~ h =10

e

B C B ——— ¢
W] L] >
Bip| | -

"
E

(a) (B)
Fig. 7.

Hence, the four h-parameters of an ideal transistor connected in CE transistor are

h=Pr ; h= B, hr=0;h =0.

The hybrid equivalent circuit of such transistor is shown in fig.8.

I ir.:

H-.—»—L —4— o

hie 2 (1) hgei

Ec o E
Fig. 8

Approximate Hybrid Equivalent Circuits
(@) Hybrid CB Circuit

In Fig. 9. (@) is shown an NPN transistor connected in CB configuration. Its ac

equivalent circuit employing h-parameters is shown in Fig. 9 (' b).
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The V/I relationships are given by the following two equations

]’1'1'} - hu’i '!e' T hn’} F-l’.']'}
'i'a' B &ﬂ} ta‘ T hm’; Fi.'f.l

These equations are self-evident because applied voltage across input terminals

must equal the drop over h. and the generator voltage. Similarly, current ic the

output terminals must equal the sum of two branch currents.

. h. i .
) b i
I"r.-—»le .:M—| > ¢
E I, . . C A\ / . T
| " ™ /) ~ f- Veb ["-.?.-":' {!f Tob Vb
Veb i;l Veb hypVer, i,
% ! r B
L =}
(a) (&)
Fig. 9

(b) Hybrid CE Circuit
The hybrid equivalent of the transistor alone when connected in CE configuration

is shown in Fig.10 (b). Its V/I characteristics are described by the following two

equations.
Uj'x' a Ji:1:r£' "'1'3+ hﬁ' vﬁ' 3 iy Bo 'y hle~ , 3 (j
- - ; S Y
o= ity et |4 Jho v
A b ’ = = ce
X 1 } hn:“'ru: . hftih
1 : 3
(a) (b)
Fig. 10.
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(c) Hybrid CC Circuit
The hybrid equivalent of a transistor alone when connected in CC Configuration

Is shown in Fig.11( b). Its VV/I characteristics are defined by the following two

equations :

b,
B L E
V., = h i +h v B B $g
e e'h Tm e E x |
i, = hyit h | - |EYTE A A
. f.-E' ch Ny W Vie y ' E;hnt ¥
v K 1.
'C.C l hrc"x:c h[i‘]b
s 1S O
C

Fig. 11

We may connect signal input source across output terminals BC and load

resistance across output terminals EC to get a CC amplifier.

Typical VValues of Transistor h-parameters

In the table below are given typical values for each parameter for the broad range
of transistors available today in each of the three configurations.

Parameter CB CE cC
h, 250 1K 1K
h, 3x10° 25x10" =0
h, 0.98 50 50
h, 0.5x10°S 25x10°°8 25x10°S

Approximate Hybrid Formulas

The approximate hybrid formulas for the three connections are listed below. These
are applicable when hyand h; is very small and R ¢ is very large. The given values

refer to transistor terminals. The values of Fincstagey ©F Fin and r

biasing resistors and load resistance respectively.

o(stage) will depend on
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frem CE CEB cC
. ., Ry, h, + hﬁ,RL
1 1 fie
— . h.g g
A, hg = B hg =1 he, = B
A, % j:;::} Re 1

Common Emitter h-parameter Analysis

The h-parameter equivalent of the CE circuit of Fig.12 , no emitter resistor has
been connected.

| i B it =
v - . SR - )
= - CC <
R, = Ry B r, Ty
T b Ry | T fin | <&
O = = A
a/ 3 2 2
=R . - " N
’ 52 Vs T h. o hgdy Y
J:'Hrs = E
i | i . Y
(a) (h)
Fig. 12
- B =iy =, C
Vo T L i
_ > cC
R, ?:1 RL :.-: h!lL ' rﬂ r’o
r SRs | Yin fin =R Y
—] ) > =2 __.'I-.hrc'*'c}_ |
L a | sRIRS), ) B V=,
El% L Vi Y1 Pl v ]']fch v hm’: =R Z %
o = RZ E; RE JIV‘\ '-:j“' ‘ ™
Vg { f—g RI: )* '-:
1* L L Y A b
(a) (b)

Fig. 13
We will now derive expressions for voltage and current gains for both these
circuits.

71




l. Input Impedance

When looking into the base-emitter terminals of the transistor, hje in series with hy
no. For a CE circuit, hy is very small so that h,, V, is negligible as compared to the

drop over hje. Hence, rin=hje.

Now, consider the circuit of Fig.13. Again ignoring h, V, we have
v, =h i, +iR.=h_i+(i,+i)R,
= h i, +i, R, +"'*,r¢ i, R (( i hgiy)
=i, [h, +R.(1+ ;':ﬁ.]]

o0
.rr.l'J'_ rrnﬁ_pa_..-{.‘] - Ell f}} 'hf-E' “ ﬁf&'}RE
!‘ 0T !‘mﬁ?an R || R || J"|J'J'1'|ﬁ'x.r1::_-51

2. Output Impedance
Looking back into the collector and emitter terminals of the transistor in Fig. (12
b), ro= 1/hge .

Asseen,r, orr, . =r | R =(1/h)]|r, ( . Rp)

*To ofstage)

Since 1/h,,is typically 1 M or so and R, is usually much smaller, r "= R, =r,

3. Voltage Gain

I Vin
Now, v=-i R, and v, =i h,
A, IR EIf.' R e h..lr Ry
. Elb JF]Ir'e E.I’? hre JF]Ir'e'
Now, consider Fig{3( b). Ignoring i_ v , we have from the input loop of the circuit
v, = iplh,+ R_ (1+h £,}] proved above
4 Vo iRy heRy
" Vim dplhe Rg(1 hg)l he (1 hg)Rg
R
é —if(1+ k) R >>h,
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4. Current Gain

iy hfé‘ .
4 = b
i3 T ho, fe ifth r, <<l
P h. Ry ||Ry
Tony Ry|IRy

5. Power Gain

A= A% 4,

Common Collector h-parameter Analysis

The CC transistor circuit and its h-parameter equivalent are shown in Fig.14

i B isi i C
1; -y 0 'Pb r }.;10 O { ‘
L o cC 2
Rz RL:; ES b y Iy t"EJ
P R | T | Ty NP
,"t"" dh — — A h'L'VO N
) " ”, /N0 l é 1

2 '_ —— = v/ w V=V

f.jRS | I Vi =V, =Ry Ry o Il_lfcll" f by gRL I Y

LoozRy cRg v = L5 I

) 4 '8 }" I .

T‘h — = T { ) :.!
(a) (8)

Fig.14
l. Input Impedance
Vin — i_f; Jilrrnc_‘_ hrt' .\"n‘— i.l’;;frc+ Vn— by hrc+ le RL . .
=ih th iR =i (b +hR)) i =heiy
1.'.
Tin % B heRyp
f
As §een, fnyxtargre ) n rruffx.r.‘;e} ” RI || RE a rr.f:ﬂx.m'}” RBthm RB_ R.f ” R_"
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2. Output Impedance

Va
F =
] i |'prj L] i

MNow, i, =i = hfe i= }r:ﬁ, i
Since v.=0,i s produced by h_v_=v,

Hence, considering the input circuit loop, we get
Yo Yo

" he RslIR R he RsllR

. . hg v,
© Rl T R 1 Ry) where Re= K14,

Vo R (RgllR|IRy)
F, -
o i, ﬁﬁ'
ra” RL

Alsn, O
3. Voltage Gain

4 X
Y Vin
R,=h_i, R andi,=(v, ~v)/h,

Now, v =i R =h,i,R,
f’ﬁ_ﬂz ﬁ,feRLan

he R
el
¥ h:\e {Pm Pa} or Vo ﬁic ﬁk.
o Yo MRk
¥in 1 ﬁI,E.RL.I'r}lﬁ.
4. Current Gain
h.R
e fip
where R, =R || R,

Rk
4; j:I : ﬁfe} A r RE

I n
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Conversion of h-parameters

Transistor data sheets generally specify the transistor in terms of its h-parameters

for CB connection i.e. hy,, hs, hy, and hy,. 1f we want to use the transistor in CE or

CC configuration we will have to convert the given set of parameters into a set of

CE or CC parameters. Approximate conversion formulae are tabulated over leaf :

From CB to CE

he 7——

ﬁm.' 1 L

h ih “ob

h,, T ha ha

rh

Table
From CE to CB

b,

he

'hll' M

’Hv ]

75

From CE 1o CC

hrc =h Ic
hm.'_ hm:

}'rﬁ.— (1+ }'Iﬁ.]

I

h,=1-h_



Example. A transistor used in CB circuit has the following set of parameters.
hy=36 Q,hy = 0.98 h, =5 x 10%h = 10° Siemens
WithR;= 2 K and R .= 10 K, calculate (i) Fincbase) U0 ¥ oy (D) A and (iv) 4.

Solution. Approximate Values

1
yr.=h, =360 i) 7 ¢ IM
[!) Tin ® (H) 'hm’: 10 6
(iiiy A, =h, =—0.98 (iv) A4, hp o p 098 ok 272
i b : his € 36
More Accurate Values
. h o h
(i r Ll
) infbase) h;f; huf? ”rL
098 5 10°* . :
= _— (.. r,=R. sincethereisno R,)
10 ¢ 1710 10° Loe .
=36+49=409 0
It is the input resistance at transistor terminals.
Transistor—— =
Rg L
ARNR - 0
T v,
~ h,lx<}:' NE e
Vs hygie :
B | i 1 _L
Fig. 15
(i) 7, hipRs 36 2000 0.8 M

ho(hy  Rs) hg-hy 10 (36 20000 ( 098) 5 10%

It is the output resistance at transistor terminals.

e 0.9 0.97
U Ay 1 10° 10t

(iif) A4

4 htt
) A hip (1 hgprr) A by (R

Here, ac load r; = R, = 10 K= 104

( 0.98) 10* 249
360 10°% 109 (o098 5 1w 10f

A,
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Example A transistor used in CE connec-

tion has the following set of RB:JHDUKRCg
h-parameters : hff”(’ kf!ﬂﬂ, km=5 107 andhm |
= 2% 107 5. With RS=.? andRC=5K, determine R /-""
(i) ry (i) r,(iiD) 4, and (iv) A, —A—| : j
o 2K \ /
Solution. hS
, hpr Q
0 T He 37y, %
4 -
1000 5107 100 = =
210° 15 10° Fig. 16
=7230Q
, . R 1000 2000
(i) 7 ' : T
(he R)hoe hgehee (1000 20000 10° 100 5 10
=30,0002=0.03M
Byly hL;_ l-f €
RS 2K :l'in i
= \ U B SR
™) RE§3DUK: :) {qrf} hwf; i <'J_'U 5K§RL Yo
| i ||
Fig. 17
hg, 100
(i) 4 fe 1
A T ha 12 10°5 10°
i
. fe'L
WA T RO hyer) o
100 5 10° 164

(100 2000)(1 2 10° 5 10% 100 5 10* 5 10°
The negative sign indicates that there is 180° phase shift between the input and output ac signals.
Obviously, it is the overall (or circuit) voltage gain and not the voltage gain of the transistor alone.
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Example The transistor of Fig. has .Eﬁeﬁﬂmm‘% set of b-parameters :
.ﬁk=2 K,.‘:*= 100, .‘:l= Sx |l]4, .‘:u=2.5 =078
Find the voltage gain and the ac impedance of the stage.

Solution. Using somewhat exact formul

he

R, U

3

Fisaf heany

Now, collactor load
r, =I0K|30K=75K
wo s 10

) 15 0% 175 10
=2000- 316 = 1684
The ac input impedance of the stage Le.
impedance when looking into point B is
= T ey || By || Ry = 1684 [ SO 25 = 153K

F b
h [

gbase) e 177} Now, r=I10K|30K=75K

100
0184 (25 10 * 1/7500)

Obviously, R does not come into the ac picture because it is ac grounded by the bypass capacitor.

=375

Example In the CC circuat of Fig the transistor parameter are b, = P.'Kmnf.ﬁﬁ=
100. Caleulate the circwdt input and output impedance and voltage, current and power gains.

Solution. r, =h +h R, =2+ 100 x5=502K

i 0 +Vpr
T imiirage ~ LA 10K iﬂ,
=10]10]502=495K
G B
e (R, \BR;) I
a he G
Hhsh 10KER I_?
2 (1)10) 100) Bty
—m - B30 Ve _T_
- IR = . Fig
g = Toll Ry =283 Q215K &
= 18.10
A,z land 4 =h, =100
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1.What is an OP-AMP ?

It is a very high-gain, amplifier which can amplify signals having frequency

ranging from 0 Hz to a little beyond 1 MHz. They are made with different
internal configurations in linear 1Cs. An OP-AMP is so named because it was
originally designed to perform mathematical operations like summation,
subtraction, multiplication, differentiation and integration etc. in analog computers.
Present day usage is much wider in scope but the popular name OP-AMP
continues.

Although an OP-AMP is a complete amplifier, it is so designed that external
components (resistors, capacitors etc.) can be connected to its terminals to change
its external characteristics. Hence, it is relatively easy to tailor this amplifier to fit a
particular application and it is, in fact, due to this versatility that OP-AMPs have

become so popular in industry.

2. OP-AMP Symbol
Standard triangular symbol for an OP-AMP is shown in Fig.1 (a) though the one

shown in Fig.1 (b) is also used often. In Fig.1 (b), the common ground line has
been omitted. It also does not show other necessary connections such as for dc
power and feedback etc. The OP-AMP’s input can be single ended or double-ended
(or differential input) depending on whether input voltage is applied to one input
terminal only or to both. Similarly, amplifier’s output can also be either single-
ended or double ended.

The most common configuration is two input terminals and a single output.

All OP-AMPs have a minimum of five terminals :

1. inverting input terminal, 2. non-inverting input terminal,

3. output terminal, 4. positive bias supply terminal,
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Again, the impedance looking into the output terminals is infinite so that

conductance is zero -~ h =10

e

B C B ——— ¢
W] L] >
Bip| | -

"
E

(a) (B)
Fig. 7.

Hence, the four h-parameters of an ideal transistor connected in CE transistor are

h=Pr ; h= B, hr=0;h =0.

The hybrid equivalent circuit of such transistor is shown in fig.8.

I ir.:

H-.—»—L —4— o

hie 2 (1) hgei

Ec o E
Fig. 8

Approximate Hybrid Equivalent Circuits
(@) Hybrid CB Circuit

In Fig. 9. (@) is shown an NPN transistor connected in CB configuration. Its ac

equivalent circuit employing h-parameters is shown in Fig. 9 (' b).
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The V/I relationships are given by the following two equations

]’1'1'} - hu’i '!e' T hn’} F-l’.']'}
'i'a' B &ﬂ} ta‘ T hm’; Fi.'f.l

These equations are self-evident because applied voltage across input terminals

must equal the drop over h. and the generator voltage. Similarly, current ic the

output terminals must equal the sum of two branch currents.

. h. i .
) b i
I"r.-—»le .:M—| > ¢
E I, . . C A\ / . T
| " ™ /) ~ f- Veb ["-.?.-":' {!f Tob Vb
Veb i;l Veb hypVer, i,
% ! r B
L =}
(a) (&)
Fig. 9

(b) Hybrid CE Circuit
The hybrid equivalent of the transistor alone when connected in CE configuration

is shown in Fig.10 (b). Its V/I characteristics are described by the following two

equations.
Uj'x' a Ji:1:r£' "'1'3+ hﬁ' vﬁ' 3 iy Bo 'y hle~ , 3 (j
- - ; S Y
o= ity et |4 Jho v
A b ’ = = ce
X 1 } hn:“'ru: . hftih
1 : 3
(a) (b)
Fig. 10.
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(c) Hybrid CC Circuit
The hybrid equivalent of a transistor alone when connected in CC Configuration

Is shown in Fig.11( b). Its VV/I characteristics are defined by the following two

equations :

b,
B L E
V., = h i +h v B B $g
e e'h Tm e E x |
i, = hyit h | - |EYTE A A
. f.-E' ch Ny W Vie y ' E;hnt ¥
v K 1.
'C.C l hrc"x:c h[i‘]b
s 1S O
C

Fig. 11

We may connect signal input source across output terminals BC and load

resistance across output terminals EC to get a CC amplifier.

Typical VValues of Transistor h-parameters

In the table below are given typical values for each parameter for the broad range
of transistors available today in each of the three configurations.

Parameter CB CE cC
h, 250 1K 1K
h, 3x10° 25x10" =0
h, 0.98 50 50
h, 0.5x10°S 25x10°°8 25x10°S

Approximate Hybrid Formulas

The approximate hybrid formulas for the three connections are listed below. These
are applicable when hyand h; is very small and R ¢ is very large. The given values

refer to transistor terminals. The values of Fincstagey ©F Fin and r

biasing resistors and load resistance respectively.

o(stage) will depend on
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frem CE CEB cC
. ., Ry, h, + hﬁ,RL
1 1 fie
— . h.g g
A, hg = B hg =1 he, = B
A, % j:;::} Re 1

Common Emitter h-parameter Analysis

The h-parameter equivalent of the CE circuit of Fig.12 , no emitter resistor has
been connected.

| i B it =
v - . SR - )
= - CC <
R, = Ry B r, Ty
T b Ry | T fin | <&
O = = A
a/ 3 2 2
=R . - " N
’ 52 Vs T h. o hgdy Y
J:'Hrs = E
i | i . Y
(a) (h)
Fig. 12
- B =iy =, C
Vo T L i
_ > cC
R, ?:1 RL :.-: h!lL ' rﬂ r’o
r SRs | Yin fin =R Y
—] ) > =2 __.'I-.hrc'*'c}_ |
L a | sRIRS), ) B V=,
El% L Vi Y1 Pl v ]']fch v hm’: =R Z %
o = RZ E; RE JIV‘\ '-:j“' ‘ ™
Vg { f—g RI: )* '-:
1* L L Y A b
(a) (b)

Fig. 13
We will now derive expressions for voltage and current gains for both these
circuits.
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l. Input Impedance

When looking into the base-emitter terminals of the transistor, hje in series with hy
no. For a CE circuit, hy is very small so that h,, V, is negligible as compared to the

drop over hje. Hence, rin=hje.

Now, consider the circuit of Fig.13. Again ignoring h, V, we have
v, =h i, +iR.=h_i+(i,+i)R,
= h i, +i, R, +"'*,r¢ i, R (( i hgiy)
=i, [h, +R.(1+ ;':ﬁ.]]

o0
.rr.l'J'_ rrnﬁ_pa_..-{.‘] - Ell f}} 'hf-E' “ ﬁf&'}RE
!‘ 0T !‘mﬁ?an R || R || J"|J'J'1'|ﬁ'x.r1::_-51

2. Output Impedance
Looking back into the collector and emitter terminals of the transistor in Fig. (12
b), ro= 1/hge .

Asseen,r, orr, . =r | R =(1/h)]|r, ( . Rp)

*To ofstage)

Since 1/h,,is typically 1 M or so and R, is usually much smaller, r "= R, =r,

3. Voltage Gain

I Vin
Now, v=-i R, and v, =i h,
A, IR EIf.' R e h..lr Ry
. Elb JF]Ir'e E.I’? hre JF]Ir'e'
Now, consider Fig{3( b). Ignoring i_ v , we have from the input loop of the circuit
v, = iplh,+ R_ (1+h £,}] proved above
4 Vo iRy heRy
" Vim dplhe Rg(1 hg)l he (1 hg)Rg
R
é —if(1+ k) R >>h,
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4. Current Gain

iy hfé‘ .
4 = b
i3 T ho, fe ifth r, <<l
P h. Ry ||Ry
Tony Ry|IRy

5. Power Gain

A= A% 4,

Common Collector h-parameter Analysis

The CC transistor circuit and its h-parameter equivalent are shown in Fig.14

i B isi i C
1; -y 0 'Pb r }.;10 O { ‘
L o cC 2
Rz RL:; ES b y Iy t"EJ
P R | T | Ty NP
,"t"" dh — — A h'L'VO N
) " ”, /N0 l é 1

2 '_ —— = v/ w V=V

f.jRS | I Vi =V, =Ry Ry o Il_lfcll" f by gRL I Y

LoozRy cRg v = L5 I

) 4 '8 }" I .

T‘h — = T { ) :.!
(a) (8)

Fig.14
l. Input Impedance
Vin — i_f; Jilrrnc_‘_ hrt' .\"n‘— i.l’;;frc+ Vn— by hrc+ le RL . .
=ih th iR =i (b +hR)) i =heiy
1.'.
Tin % B heRyp
f
As §een, fnyxtargre ) n rruffx.r.‘;e} ” RI || RE a rr.f:ﬂx.m'}” RBthm RB_ R.f ” R_"
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2. Output Impedance

Va
F =
] i |'prj L] i

MNow, i, =i = hfe i= }r:ﬁ, i
Since v.=0,i s produced by h_v_=v,

Hence, considering the input circuit loop, we get
Yo Yo

" he RslIR R he RsllR

. . hg v,
© Rl T R 1 Ry) where Re= K14,

Vo R (RgllR|IRy)
F, -
o i, ﬁﬁ'
ra” RL

Alsn, O
3. Voltage Gain

4 X
Y Vin
R,=h_i, R andi,=(v, ~v)/h,

Now, v =i R =h,i,R,
f’ﬁ_ﬂz ﬁ,feRLan

he R
el
¥ h:\e {Pm Pa} or Vo ﬁic ﬁk.
o Yo MRk
¥in 1 ﬁI,E.RL.I'r}lﬁ.
4. Current Gain
h.R
e fip
where R, =R || R,

Rk
4; j:I : ﬁfe} A r RE

I n
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Conversion of h-parameters

Transistor data sheets generally specify the transistor in terms of its h-parameters

for CB connection i.e. hy,, hs, hy, and hy,. 1f we want to use the transistor in CE or

CC configuration we will have to convert the given set of parameters into a set of

CE or CC parameters. Approximate conversion formulae are tabulated over leaf :

From CB to CE

he 7——

ﬁm.' 1 L

h ih “ob

h,, T ha ha

rh

Table
From CE to CB

b,

he

'hll' M

’Hv ]
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From CE 1o CC

hrc =h Ic
hm.'_ hm:

}'rﬁ.— (1+ }'Iﬁ.]

I

h,=1-h_



Example. A transistor used in CB circuit has the following set of parameters.
hy=36 Q,hy = 0.98 h, =5 x 10%h = 10° Siemens
WithR;= 2 K and R .= 10 K, calculate (i) Fincbase) U0 ¥ oy (D) A and (iv) 4.

Solution. Approximate Values

1
yr.=h, =360 i) 7 ¢ IM
[!) Tin ® (H) 'hm’: 10 6
(iiiy A, =h, =—0.98 (iv) A4, hp o p 098 ok 272
i b : his € 36
More Accurate Values
. h o h
(i r Ll
) infbase) h;f; huf? ”rL
098 5 10°* . :
= _— (.. r,=R. sincethereisno R,)
10 ¢ 1710 10° Loe .
=36+49=409 0
It is the input resistance at transistor terminals.
Transistor—— =
Rg L
ARNR - 0
T v,
~ h,lx<}:' NE e
Vs hygie :
B | i 1 _L
Fig. 15
(i) 7, hipRs 36 2000 0.8 M

ho(hy  Rs) hg-hy 10 (36 20000 ( 098) 5 10%

It is the output resistance at transistor terminals.

e 0.9 0.97
U Ay 1 10° 10t

(iif) A4

4 htt
) A hip (1 hgprr) A by (R

Here, ac load r; = R, = 10 K= 104

( 0.98) 10* 249
360 10°% 109 (o098 5 1w 10f

A,
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Example A transistor used in CE connec-

tion has the following set of RB:JHDUKRCg
h-parameters : hff”(’ kf!ﬂﬂ, km=5 107 andhm |
= 2% 107 5. With RS=.? andRC=5K, determine R /-""
(i) ry (i) r,(iiD) 4, and (iv) A, —A—| : j
o 2K \ /
Solution. hS
, hpr Q
0 T He 37y, %
4 -
1000 5107 100 = =
210° 15 10° Fig. 16
=7230Q
, . R 1000 2000
(i) 7 ' : T
(he R)hoe hgehee (1000 20000 10° 100 5 10
=30,0002=0.03M
Byly hL;_ l-f €
RS 2K :l'in i
= \ U B SR
™) RE§3DUK: :) {qrf} hwf; i <'J_'U 5K§RL Yo
| i ||
Fig. 17
hg, 100
(i) 4 fe 1
A T ha 12 10°5 10°
i
. fe'L
WA T RO hyer) o
100 5 10° 164

(100 2000)(1 2 10° 5 10% 100 5 10* 5 10°
The negative sign indicates that there is 180° phase shift between the input and output ac signals.
Obviously, it is the overall (or circuit) voltage gain and not the voltage gain of the transistor alone.
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Example The transistor of Fig. has .Eﬁeﬁﬂmm‘% set of b-parameters :
.ﬁk=2 K,.‘:*= 100, .‘:l= Sx |l]4, .‘:u=2.5 =078
Find the voltage gain and the ac impedance of the stage.

Solution. Using somewhat exact formul

he

R, U

3

Fisaf heany

Now, collactor load
r, =I0K|30K=75K
wo s 10

) 15 0% 175 10
=2000- 316 = 1684
The ac input impedance of the stage Le.
impedance when looking into point B is
= T ey || By || Ry = 1684 [ SO 25 = 153K

F b
h [

gbase) e 177} Now, r=I10K|30K=75K

100
0184 (25 10 * 1/7500)

Obviously, R does not come into the ac picture because it is ac grounded by the bypass capacitor.

=375

Example In the CC circuat of Fig the transistor parameter are b, = P.'Kmnf.ﬁﬁ=
100. Caleulate the circwdt input and output impedance and voltage, current and power gains.

Solution. r, =h +h R, =2+ 100 x5=502K

i 0 +Vpr
T imiirage ~ LA 10K iﬂ,
=10]10]502=495K
G B
e (R, \BR;) I
a he G
Hhsh 10KER I_?
2 (1)10) 100) Bty
—m - B30 Ve _T_
- IR = . Fig
g = Toll Ry =283 Q215K &
= 18.10
A,z land 4 =h, =100
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1.What is an OP-AMP ?

It is a very high-gain, amplifier which can amplify signals having frequency

ranging from 0 Hz to a little beyond 1 MHz. They are made with different
internal configurations in linear 1Cs. An OP-AMP is so named because it was
originally designed to perform mathematical operations like summation,
subtraction, multiplication, differentiation and integration etc. in analog computers.
Present day usage is much wider in scope but the popular name OP-AMP
continues.

Although an OP-AMP is a complete amplifier, it is so designed that external
components (resistors, capacitors etc.) can be connected to its terminals to change
its external characteristics. Hence, it is relatively easy to tailor this amplifier to fit a
particular application and it is, in fact, due to this versatility that OP-AMPs have

become so popular in industry.

2. OP-AMP Symbol
Standard triangular symbol for an OP-AMP is shown in Fig.1 (a) though the one

shown in Fig.1 (b) is also used often. In Fig.1 (b), the common ground line has
been omitted. It also does not show other necessary connections such as for dc
power and feedback etc. The OP-AMP’s input can be single ended or double-ended
(or differential input) depending on whether input voltage is applied to one input
terminal only or to both. Similarly, amplifier’s output can also be either single-
ended or double ended.

The most common configuration is two input terminals and a single output.

All OP-AMPs have a minimum of five terminals :

1. inverting input terminal, 2. non-inverting input terminal,

3. output terminal, 4. positive bias supply terminal,
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5. negative bias supply terminal.

¥ t—m e
1 "
- P
fa) i#)

3. OP-AMP Applications

We will consider the following applications :

1. As scalar or linear (i.e., small-signal) constant-gain amplifier both inverting and
non-inverting, 2. as unity follower, 3. Adder or Summer, 4. Sub-tractor,
5. Integrator, 6. Differentiator 7. Comparator.

Now, we will discuss the above circuits one by one assuming an ideal OPAMP.

4. Linear Amplifier

We will consider the functioning of an OP-AMP as constant-gain amplifier both in
the inverting and non-inverting configurations.

(a) Inverting Amplifier or Negative Scale.

As shown in Fig.2, non-inverting terminal has been grounded, whereas R; connects
the input signal v; to the inverting input. A feedback resistor R¢ has been connected

from the output to the inverting input.
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ain

) ) . : V. v
Since point 4 1s at ground potential*. 7, = —= = L
KR
- _IV,:, .
i, = — Please note —ve sign
L RI
Using KCL
; : VioMo Vo Vi
h+(-h) =0 or 24+-2=0 or —%t=-
R R, R, R,
Re
4, = —?1 or 4,=-K Also, vy=-Kv,
R A Ry
v, O—AMN—9 A%
+ — — i
o— o

Fig.2

It is seen from above, that closed-loop gain of the inverting amplifier depends on
the ratio of the two external resistors R; and Ry and is independent of the amplifier
parameters. It is also seen that the OP-AMP works as a negative scaler. It scales the

input i.e., it multiplies the input by a minus constant factor K.

(b) Non-inverting Amplifier or Positive Scaler

This circuit is used when there is need for an output which is equal to the input
multiplied by a positive constant. Such a positive scaler circuit which uses negative
feedback but provides an output that equals the input multiplied by a positive

constant is shown in Fig.3. Since input voltage v, is applied to the non-inverting

terminal, the circuits is also called non-inverting amplifier.
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Here, polarity of vq is the same as that v, i.e., both are positive.
Gain
Because of virtual short between the two OP-AMP terminals, voltage across R; is

the input voltage v,. Also, vq is applied across the series combination of R; and R.

Vi, = Vo, = IRV, = r‘{R1+Rj;|
! il +R B+R R
4, = Vo :—{ ! f) _'11;:—1 S 1+ 2L
"r',-" E.‘I‘:‘]‘l Rl Rl

v e

Fig.3

Example 68.1. For the inverting amplifier of Fig 68 5, R; = 1 K and R.=1M_ Assuming an
ideal OP-AMP amplifier, determine the following circuit values -

fa) voltage gain, (b} input resistance, {c) output resistance

Solution. It should be noted that we will be calculating values of the circuit and not for the OP-
AMP proper.

R 1000
(a) A, = 21K __ 400
R, 1K

() Because of virtual groundat4 R, =R, =1K
{c) Output resistance of the circuit equal the output resistance of the OP-4AMP i e, zero ohm.

5. Unity Follower

It provides a gain of unity without any phase reversal. This circuit (Fig. 4) is useful
as a buffer or isolation amplifier because it allows, input voltage vi, to be

transferred as output voltage vo While at the same time preventing load resistance
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R. from loading down the input source. It is due to the fact that its Rj = « and Ry =
0. In fact, circuit of Fig. 4 can be obtained from that of Fig. 2 by putting
R; =R¢=0.

Fig.4

6. Adder to Summer

The adder circuit provides an output voltage proportional to or equal to the
algebraic sum of two or more input voltages each multiplied by a constant gain
factor. Fig. 5 shows a three-input inverting adder circuit. As seen, the output
voltage is phase-inverted.

Calculations

As before, we will treat point A as virtual ground

LY W
i = 2L and =2
R TR
A v
. Y3 _ o
iy = and i= -2
R, R
Applying ECI to point 4 . we have
iy Fiy+iy+(—)= 0
v v v -V
1 2 3 0|
Ly 2473 |0y
o R R, R [RfJ
" " R
Vﬂ=_ —f\-'1+—f"u-'2+—f\ff3
& Ry Ry
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The overall negative sign is unavoidable because we are using the inverting input
terminal.
If R,

Rzz R3=R,ﬂ'lﬂﬂ

R

Hence, output voltage is proportional to (not equal to) the algebraic sum of the
three input voltages.

i 5

then Vo =

R then ouput exactly equals the sum of inputs. However, ifRf=R-'“3

__R’Irj {vl+v2+v3) = _%{vl+v2+v3]

7. Subtractor

The function of a subtractor is to provide an output proportional to or equal to the
difference of two input signals. As shown in Fig. 6 we have to apply the inputs at
the inverting as well as noninverting terminals.

Calculations

According to Superposition Theorem vy = vo' + vo” where vy’ is the output produced

by v1 and vy"” is that produced by vs.
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Now, v, = —— v
0 Rl 1
B
" f 1 A R—f
AY = |1+ — "r'l VoA A
0 [ Rl ] 1
R R
. _ f F
S Vo = [ 14— v, —— ¥
0 2 1
[ R, R - ;
Since Ry» Ry and R/R ) » 1. hence vy O + !
R ]
Vg = ?f (vy — vy =K (v,-v)) Fig. 6
1

Further, [fRf= R, then
vy = (v5 —v,;) = difference of the two mput voltages
Obviously. if R, #R,. then a scale factor 1s introduced.

Example Find the output voltages of an OP-AMP inverting adder for the following sets of
input voltages and resistors. In all cases, R;=1M

v, = 3V.v,=+3V.v;=+2V:R,=250K.R,=500K.R,=1M

Solution. Vo = — (K v+ Ky vy + Ky V)
Ry 1000K
= 1000 M
1= R T 250K T RETY;
Vg = —[(4>(—3}+(2x3}+(1xz}]z_'_:ﬁ,
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Example Design an OP-AMP circuit that will produce an output equal to — (4 v; + v, +
0-1v;). Write an expression for the output and sketch its output waveform when v, = 2 sin @t, v,=
+ 35 Vdcand v;=-100V dc.

R R R
Solution. vo = —| Lv,+Lv,+ Ly, (D
R]. RZ - R3
and also Vp = —(@v+v,+01vy) -2
Comparing equations (1) and (2), we find,
R R R
R R, Ry

Therefore if we assume R .= 100 K then R, =25 K R, =100 K and R, =10 K. With there values
of Ry, R, and R;. the OP-4MP circuit 1s as shown in Fig.

R
vid AAA (—\.’2

25K
+5V

v Ry Ry
2 NN A +2V
100K - -—-
Va
AL -

A
o —10Vf — - — = — - — - — - Vs
-

A
10K

ol

(a) (b)
Fig.
With the given values of v; =2 sin @, v, =+ 5V. v;=— 100 V dc, the output voltage, vy =2 sm o
+5—100=2 sin ¢t — 95 V. The waveform of the output voltage 1s sketched as shown in Fig. (&).

8. Integrator
The function of an integrator is to provide an output voltage which is proportional

to the integral of the input voltage.

¥
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A simple example of integration is shown in Fig. 7 where input is dc level and its
integral is a linearly-increasing ramp output. This circuit is that the feedback
component is a capacitor C instead of a resistor Ry.

Calculations

As before, point A will be treated as virtual ground.

Vi, Vo Vo Vo

= —= j,= - =— =— =—xCV
"R x. ljjmc 1sC 0
where 5 = jmin the Laplace notation.
Now i = i, Art 68.26 (a) R
v * ’
_1 = -5 Cvl:l ﬁm
R ¥y —* |
W v
_':I = _0 — 1 [f"}
Vin Vi sCR
Ad = - 1 O
Y sCR O

Now, the expression of Eq. (i) can be written Vi

in time domain as

1
Vo = Ton

{cos 2000 mr — 1) =

It is seen from above that output (right-hand side expression) is an integral of the
input, with an inversion and a scale factor of 1/CR. This ability to integrate a given
signal enables an analog computer solve differential equations and to set up a wide
variety of electrical circuit analogs of physical system operation. For example, let
R=1Mand C=1 pF. Then

1

1
scale factor = ——=—————=-1
CR  106x107®
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0= v

oy
oV
= H““H o
_S——0 v

=10

Fig.8
As shown in Fig. 8 the input is a step voltage, whereas output is a ramp (or
linearly-changing voltages) with a scale multiplier of —1. However, when R = 100
K, then

scale factor = _';ﬁ =_10
107 x10™
Vo () = —mjul ). dt

9. Differentiator

Its function is to provide an output voltage which is proportional to the rate of the
change of the input voltage. It is an inverse mathematical operation to that of an
integrator. As shown in Fig. 9, when we feed a differentiator with linearly-
increasing ramp input, we get a constant dc output.

Circuit

Differentiator circuit can be obtained by interchanging the resistor and capacitor of

the integrator circuit of Fig. 8. Let i = rate of change of charge =dg/dt.
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Vin o—1
Vo
o |+

Differentiator

Input Output
Fig.9
Now, =Cv C A R
7 c +O0—|| AN
dﬁ_!r 1""I V:

ol
i =g (Cv)=CF

Taking point 4 as virtual ground

odv,
Vg = —IR= —(C- It ]R=—CR. ar

r = Vi
o+

Example The input to the differentiator cir cuit of Fig. is a sinusoidal voltage of peak value of 5 mV
and frequency 1 kHz. Find out the output if R = 1000 K and C = 1 uF.

(o]

Solution. The equation of the input voltage 1s
v =5 sin 2 % 1000 =5 smn 2000 ¢t mV

scalefactor = CR=10"x10’=01
d .
vy = 01 i (5 st 2000 mr) = (0-5 x 2000 1) cos

2000 mt = 1000 1 cos 2000 nf mV

As seen, output 15 a costnusoidal voltage of frequency 1 kHz
and peak value 1000 tmV.
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10. Comparator

It is a circuit which compares two signals or voltage levels. The circuit is shown in
Fig. 10 and (like that of the unity follower) is the simplest because it needs no
additional external components.

If v; and v, are equal, then vy should ideally be zero. Even if v; differs from v, by a
very small amount, vq is large because of amplifier’s high gain. Hence, circuit of
Fig.10 can detect very small changes which is another way of saying that it

compares two signals.
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1. Whatisa FET ?

The acronym ‘FET’ stands for field effect transistor. It is a three-terminal

unipolar solid-state device in which current is controlled by an electric field as is

done in vacuum tubes. Broadly speaking, there are two types of FETSs :

(a) junction field effect transistor (JFET)
(b) metal-oxide semiconductor FET (MOSFET)

It is also called insulated-gate FET (IGFET). It may be further subdivided into :

(i) depletion-enhancement MOSFET i.e. DEMOSFET
(if) enhancement-only MOSFET i.e. E-only MOSFET

Both of these can be either P-channel or N-channel devices.

The FET family tree is shown below :

FET

Junction FET (JEET) M0‘31-(‘§;<g$§F5g‘{%,};E?F“§%§ tar FEX

I
DE MOSFET

N-Channel P-Channel N-Channel P-Channel
D o+ Vpp [j—“"nn D i—* Vbp D 9—Vbp
G G/ u_] G '| E G :—f’__ \-::
Se S I So S¢o
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Advantages of FETs

FETs combine the many advantages of both BJTs and vacuum tubes. Some of their

main advantages are :

1. high input impedance, 2. small size, 3. ruggedness, 4. long life,

5. high frequency response, 6. low noise,

7. negative temperature coefficient, hence better thermal stability,

8. high power gain,

9. a high immunity to radiations,

10. no offset voltage when used as a switch (or chopper), 11. square law
characteristics.

The only disadvantages are :

1. small gain-bandwidth product,

2. greater susceptibility to damage in handling them.

2. Static Characteristics of a JFET

We will consider the following two characteristics:

(i) drain characteristic

It gives relation between Ip and Vps for different values of Vgs (which is called
running variable).

(i) transfer characteristic

It gives relation between Ip and Vs for different values of Vps.

We will analyse these characteristics for an N-channel JFET connected in the
common-source mode as shown in Fig. 1. We will first consider the drain

characteristic when Vgs = 0 and then when Vs has any negative value up to Vs,
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Fig.1

D.C Analysis of FET circuit
1. JFET C/CS:

a. output c/cs or Drain c/cs:

Fig. 2 shows a family of Iy versus Vps curves for different values of Vgs. It is seen
that as the negative gate bias voltage is increased. The P-N junctions must be

reverse-biased for active region operation Vgs=-1V.

Vgs=0 J
[DSS ________ T
1
I
_____ ! -1V y,
In : :
T P 2V )
R
o
: 1 1 -SV _.-J
1 1
1 1 1 1 _ .
L -4v ) Vas=—4 Vp
0 1 2 3 4V



Fig.2
b. Transfer Characteristic
It is a plot of Ip versus Vgs for a constant value of Vpsand is shown in Fig. 3. It is
similar to the transconductance characteristics of a vacuum tube or a transistor. It is
seen that when Vgs = 0, Ip =lpss and when Ip = 0, Vgs = Vp. The transfer

characteristic approximately follows the equation.

Ves | Ve )
ID=ID&E[ _f] =ID&S‘[]-_V = ]
P GS(aff)

The above equation can be written as

1
Ves = Veste (1— —2_ ]

IDSS

This characteristic can be obtained from the drain characteristics by reading off Vs

* Ipss

T,

and lpss values for different values of Vps.

Vps Ip
Constant  / 4
/
L~ |
-4V -2V 0
VEI ¥
Vas+
Fig.3
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3. DC Biasing of a JFET
A JFET may be biased by using either

1. A separate power source Vg as shown in Fig. 4 (a),
2. Some form of self-bias as shown in Fig. 4(b),

3. Source bias as in Fig. 4 (c),

4. Voltage divider bias as in Fig. 4 (d).

Fig.4
Ves=Vae

Given Ipss, Vp

3 2
Vee | V,
(3 GS(af)

16=0, Ip=Is
Vb=Vpp-lp Rp

Vs=0
Vps=Vp-Vs=Vpp-Ip Rp
Po=Ip Vps .
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The circuit of Fig. 4 (b) is called self-bias circuit because the Vgs bias is obtained
from the flow of JFET's own drawn current Ip through Rs.

~Vs=IlpRsand Vgs =— Ip Rs

The gate is kept at this much negative potential with respect to the ground.

The addition of Rg in Fig. 4 (b), does not upset this dc bias for the simple reason
that no gate current flows through it (the gate leakage current is almost zero).
Hence, gate is essentially at dc ground. Without Rg, gate would be kept ‘floating’
which could collect charge and ultimately cutoff the JFET.

The resistance Rg additionally serves the purpose of avoiding short-circuiting of
the ac input voltage, vi,. Moreover, in case leakage current is not totally negligible,
R would provide it an escape route. Otherwise, the leakage current would build up
static charge (voltage) at the gate which could change the bias or even destroy the
JFET. Fig. 4 (c) shows the source bias circuit which employs a self-bias resistor Rs
to obtain Vgs.

Here, Vss = Ip Rs + Vgs or Vgs = Vss — Ip Rs.

Fig. 4(d) shows the familiar voltage divider bias. In this case, V,= Vgs + Ip Rs or
Ves = Vo —IpRs

Since, V,=Vpp—— S Vs =Vpp R — — IR;
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Example  Determine the quiescent value of Vo I,and Vy, for the JFET circuit of Fig.
given that Iy = 10mA4, R;= 5 K and V= -5 V.

Solution. Since I = I, Vo= I,R,=-5000 I},

=10 107°(1+02 ¥y
Substituting this value in the above equation, we gt
V5g=—=5000(10 x 107) (1+02 V)
Expanding and rearranging the above, we have
Wi+ 20V +50= 0

Voo =-365V o 685V

Rejecting the higher value because it 1s more than ¥, we have V=~ 3.65 V
-3.65 =-5000L, .. I = 0.73mA

vy =Voy-LR,=12- 073x2= 154V
Vo =LR=073x5=365V & Vy =Vp-V,=1054-365=689V
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1. Number Systems

The number systems are used quite frequently in the field of digital electronics and
computers. However the type of number system used in computers could be
different at different stages of the usage. For example, when a user key-in some
data into the computer, s(he), will do it using decimal number system i.e. the
system we all have used for several years for doing arithmetic problems. But when
the information goes inside the computer, it needs to be converted to a form
suitable for processing data by the digital circuitry. Similarly when the data has to
be displayed on the monitor for the user, it has to be again in the decimal number
system. Hence the conversion from one number system to another one is an
important topic to be understood.

There are four systems of arithmetic which are often used in digital circuits. These
systems are:

1. Decimal—it has a base (or radix) of 10 i.e. it uses 10 different symbols to
represent numbers.

2. Binary—it has a base of 2 i.e. it uses only two different symbols.

3. Octal—it has a base of 8 i.e. it uses eight different symbols.

4. Hexadecimal—it has a base of 16 i.e. it uses sixteen different symbols.

All these systems use the same type of positional notation except that — decimal
system uses powers of 10 — binary system uses power of 2 — octal system uses
powers of 8 — hexadecimal system uses powers of 16.

Decimal numbers are used to represent quantities which are outside the digital
system. Binary system is extensively used by digital systems like digital computers
which operate on binary information. Octal system has certain advantages in
digital work because it requires less circuitry to get information into and out of a

digital system. Moreover, it is easier to read record and print out octal numbers



than binary numbers. Hexadecimal number system is particularly suited for

microcomputers.

2. Binary Number System

Like decimal number (or denary) system, it has a radix and it also uses the same
type of position value system.

(i) Radix

Its base or radix is two because it uses only two digits 0 and 1 (the word ‘binary
digit’ is contracted to bit). All binary numbers consist of a string of Os and 1s.
Examples are 10, 101 and 1011 which are read as one zero, one-zero-one and one-
zero-one one to avoid confusion with decimal numbers. Another way to avoid
confusion is to add a subscript of 10 for decimal numbers and of 2 for binary
numbers as illustrated below.

1019, 10144, 5742, —decimal number and10,, 101,, 110001, — binary numbers.

It is seen that the subscript itself is in decimal. It may be noted that binary numbers

need more places for counting because their base is small

3. Binary to Decimal Conversion

Following procedure should be adopted for converting a given binary integer
(whole number) into its equivalent decimal number:

Step 1. Write the binary number i.e. all its bits in a row.

Step 2. Directly under the bits, write 1, 2, 4, 8, 16,..... starting from right to left.
Step 3. Cross out the decimal weights which lie under 0 bits.

Step 4. Add the remaining weights to get the decimal equivalent.



Example. Convert 11001, to its equivalent decimal number.
Solution. The four steps involved in the conversion are as under
Stepl.1 1001

Step2.168 4 2 1

Step3.168 4 2 1

Step4.16+8+1=25 -11001, =253

It is seen that the number contains 1 sixteen, one eight, 0 four’s, 0 two’s and 1 one.

4. Decimal to Binary Conversion

(a) Integers

Such conversion can be achieved by using the so-called double-dabble method. It
Is also known as divide-by-two method. In this method, we progressively divide
the given decimal number by 2 and write down the remainders after each division.
These remainders taken in the reverse order (i.e. from bottom-to-top) form the
required binary number. As an example, let us convert 2510 into its binary
equivalent.

25 + 2 =12 + remainder of 1

12 + 2 =6 + remainder of O

6 + 2 = 3 + remainder of 0

3+2=1+remainder of 1

1+ 2 =0+ remainder of 1

2550 = 11001,



The above process may be simplified as under: Successive Remainders Divisions
2)25
2)12
2)6
2)3
2)1
2)0 1

Reading the remainders from bottom to top, we get 25,5 = 11001,. It may also be

1
0
0
1

put in the following form:
25+2=12+1
12+2=6+0

6+2=3+0

3+2=1+1

1+2=0+1

decimal 25=1100 1 binary

5. Binary Operations

We will now consider the following four binary operations:

1. addition 2. subtraction 3. multiplication 4. division

Addition is the most important of these four operations. In fact, by using
‘complements’, subtraction can be reduced to addition. Most digital computers
subtract by complements. It leads to reduction in hardware because only adding
type of circuits are required. Similarly, multiplication is nothing but repeated

addition and, finally, division is nothing but repeated subtraction.



5.1 Binary Addition

Addition is simply the manipulation of numbers for combining physical quantities.
For example, in the decimal number system, 2 + 3 = 5 means the combination of -
* with < « « to give a total of « <= « «. Addition of binary numbers is similar to the
decimal addition.

Following points will help in understanding the rules of binary addition.

1. When ‘nothing’ is combined with ‘nothing’, we get nothing. Binary
representation of the above statementis:0+0=0

2. When nothing is combined with ¢, we get «. In binary language 0 + 1 =1

3. Combining  with nothing, gives . The binary equivalentis1+0=1

4. When we combine « with ¢, we get « «. The binary representation of the above is
1+ 1=10. It should be noted that the above sum is not ‘ten’ but ‘one-zero’ i.e. it
represents ¢ « and not ¢ e ¢ « ¢ ¢« o« |n other words, it is 10, which represents
decimal 2. It is not decimal ten. The last rule is often written as 1 + 1 = 0 with a
carry of 1

The above rules for binary addition can be summarized as under:

0+0=0 0+1=1

1+0=1 1+ 1=0withacarry of 1 or =10,

It is worth noting that ‘carry-overs’ are performed in the same manner as in
decimal arithmetic. The rules of binary addition could also be expressed in the

form of a table as shown below



Y 1 o 1
o o 1 or 0 1
1 1 10, 1 1 0o with a carry 1
As an illustranon, let us add 101 and 110.
101 — first column 1-0=1
+ 110 — second column 0=+=1=
1011 — third column 1+1= 10
(l.e. Owithcarry 1)
Smmilarly,
1 carry
55 | — 1lstcolumn 1+0 =1
+ 110 — 2nd column 14+] = 0O with carry 1
1101 — 3rd column 1+ 1+carryofl
= 10+ 1=11,
Let us consider one more example -
. .- <
1 carry 11 carry 11 camry 11 carry
1021 1011 1011 2:0'% B
+ 1001 + 1001 + 1001 <1001
o o0 100 10100

Hence, we find from the above examples that the only two possible combinations
with a carry are :

(a) 1 + 1 = sum of O with a carry of 1. It is binary 10 i.e. 10, which equals decimal
2.

(b) 1 + 1 + carry of 1 = a sum of 1 with a carry of 1. It equals binary 11 i.e. 11, or

decimal 3.

5.2 Binary Subtraction

It is also performed in a manner similar to that used in decimal subtraction.
Because binary system has only two digits, binary subtraction requires more
borrowing operations than decimal subtraction. The four rules for binary
subtraction are as under:

1.0-0=0, 221-0=1, 3.1-1=0, 4.0—1=1 with a borrow of 1 from the
next column of the minuend or 10 — 1 =1

The last result represents « « — ¢« — « which makes sense.



While using Rule 4, it should be borne in mind that borrow reduces the remaining
minuend by 1.

It means that a borrow will cause a 1 in the next column to the left in the minuend
to become 0. If the next column also happens to contain 0, it is changed to a 1 and
the succeeding Os in the minuend are changed to 1s until a 1 is found which is then

changed to a 0.

5.3 Binary Multiplication

The procedure for this multiplication is the same as for decimal multiplication
though it is comparatively much easier. The four simple rules are as under:
1.0x0=0,2.0%x1=0,3.1x0=0,4.1x1=1.

The rules of binary multiplication could be summarized in the form of a table as
shown.

01
000
101

As in the decimal system, the procedure is
1. copy the multiplicand when multiplier digit is 1 but not when it is 0
2. shift as in decimal multiplication

3. add the resulting binary numbers according to the rules of binary addition.

5.4 Binary Division
It is similar to the division in the decimal system. As in that system, here also

division by 0 is meaningless. Rules are:

1. 0=1=0 or %={]. 2, 1=-1=1 or %=1.



6. Octal Number System

(i) Radix or Base

It has a base of 8 which means that it has eight distinct counting digits: 0, 1, 2, 3, 4,
5, 6, and 7. These digits 0 through 7, have exactly the same physical meaning as in
decimal system. For counting beyond 7, 2-digit combinations are formed taking
the second digit followed by the first, then the second followed by the second
and so on. Hence, after 7, the next octal number is 10 (second digit followed by
first), then 11 (second digit followed by second) and so on. Hence, different octal

numbers are :

0, L, 2, 3. 4, 5, 6. 7,
10, 11, 12, 13, 14, 15, 16, 17,
20, 21. 22, 23, 24, 25, 26, 27,
30, 31, 32

6.2 Binary to Octal Conversion

The simplest procedure is to use binary-triplet method. In this method, the given
binary number is arranged into groups of 3 bits starting from the octal point and
then each group is converted to its equivalent octal number. Of course, where
necessary, extra 0s can be added in front (i.e. left end) of the binary number to
complete groups of three. Suppose, we want to convert 101011, into its octal

equivalent. Converting the bits into groups of three, we have



101 011
Now, 101, 1s 5 octal and 011 15 3 octal.

101 011
Il
53 Lo 101011,= 53

Now, take 111110111, We will first split 1t into groups of three bits (space 1s left between the
groups for easy reading). Then. each group 1s given its octal number as shown below.

111 110 111
76 7 Lo 1110 111, =767,
Table No. 693
Bimary Oheval Bimary Oetal
il 0 1010 12
001 1 1011 13
] 2 11040 14
011 3 1101 15
100 4 1110 16
101 5 1111 17
110 6 1 CR0e00 20
111 7 10:0:01 21
1000 10 10010 22
1001 11 10011 23

7. Hexadecimal Number System

The characteristics of this system are as under:

1. it has a base of 16. Hence, it uses sixteen distinct counting digits 0 through 9 and
A through F as detailed below :

0,123,4,56,7,89 A B,C,D,EF



2. place value (or weight) for each digit is in ascending powers of 16 for integers
and descending powers of 16 for fractions.

The chief use of this system is in connection with byte-organised machines. It is
used for specifying addresses of different binary numbers stored in computer

memory.

7.1 Binary to Hexadecimal Conversion
The simple method is to split the given binary number into 4-bit groups
(supplying Os from our own side if necessary) and then give each group its ‘hex’

value as found from Table.

Table No. 693
Bimary Hex Bimary Hex Bimary Hex
(000 I oll0 § 1100 C
(01 1 0l 1 11 D
(010 ] 1000 3 1110 E
(1l ] 1001 4 11 F
(100 - 1010 A 1000 1
(101 j 1011 B 10001 1l
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Definition of a Logic Gate

A logic gate is an electronic circuit which makes logic decisions. It has one output
and one or more inputs. The output signal appears only for certain combinations of
input signals. Logic gates are the basic building blocks from which most of the
digital systems are built up. They implement the hardware logic function based on
the logical algebra developed by George Boole which is called Boolean algebra in
his honour. A unique characteristic of the Boolean algebra is that variables used

in it can assume only one of the two values i.e. either 0 or 1. Hence, every
variable is eithera O or a 1.

These gates are available today in the form of various IC families. The most
popular families are: transistor-transistor logic (TTL), emitter-coupled logic (ECL),
metal-oxide-semiconductor (MOS) and complementary metal-oxide-semiconductor
(CMOS).

The OR Gate

The electronic symbol for a two-input OR gate is shown in Fig. 1 (a) and its

equivalent switching circuit in Fig.1 (b). The two inputs have been marked as A
and B and the output as X. It is worth reminding the reader that as per Boolean
algebra, the three variables A, B and X can have only one of the two values i.e.
either O or 1.



Logic Operation

The OR gate has an output of 1 when either A or B or both are 1.

A/‘n
A=

e ) CL’B,&}
A+B=C T c

(a) ®) Lamp

In other words, it is an any-or-all gate because an output occurs when any or all
the inputs are present. As seen from Fig. 1 (b), the lamp will light up (logic 1)
when either switch A or B or both are closed.

Obviously, the output would be 0 if and only if both its inputs are 0. In terms of
the switching conditions, it means that lamp would be OFF (logic 0) only when
both switches A and B are OFF.

The OR gate represents the Boolean equation A + B = X. The meaning of this
equation is that X is true when either A is true or B is true or both are true.

Alternatively, it means that output X is 1 when either A or B or both are 1.

OR Gate Symbolizes L ogic Addition
According to Boolean algebra, OR gate performs logical addition. Its truth table

can be written as given below:

It must be clearly understood that ‘+’ sign in Boolean algebra does not stand for
the addition as understood in the ordinary or numerical algebra. In symbolic logic,
the ‘+’ sign indicates OR operation whose rules are given above. In logic algebra,
A+ B = X means that if A is true OR B is true, then X will be true. It does not mean

here that sum of A and B equals X.



The other symbols used for ‘+’ sign are U and V. Hence, the above equation could
also be written as AUB = X or AV B = X.

0+0=0
0+1=1
1+0=1
1+1 =1

The meaning of the last three logic additions is that output is 1 when either input A
or B or both are 1. The first addition implies that output is 0 only when both inputs
are 0. The meaning of the ‘+’ sign often becomes clear from the context as shown
below:

1+ 1=2— decimal addition

1+ 1=10— binary addition

1+1=1—OR addition

We can put the above OR laws in more general terms

A+1=1

A+0=A
A+A=A—not2 A
iYA+1=1

As we know, A can have two values: 0 or 1. When A is O, then we have 0 + 1 =1
as shown in Fig. 2 (a). When A =1, then the above expression becomes : 1 +1=1
as shown in Fig. 2 (b), Hence, we find that irrespective of the value of A.
A+l=1

(a) ()



(i) A+0=A
If A=0, then0 + 0 =0 i.e. output is 0 which is correct and is shown in Fig. 3 (a).
The output is what the value of A is. As shown in Fig. 3 (b), when A = 1, output is

1 because 1 + 0 = 1. Again, output is what the value of A is.

A=0—5 A=1—5
T D
0 0—7
A+0=A
@ (®)

((ii)A+A=A
With A set to 0, the output is 0 because 0 + 0 = 0 as shown in Fig. 4 (a).
With A set to 1, the output is 1 because 1 + 1= 1 as shown in Fig. 4 (b). Obviously,

the output in both cases is A.
= A=l] :
A | .:') 0 “_\; > 1
L 7 _.

(@) (b)

The AND Gate

The electronic (or logic) symbol for a 2-input AND gate is shown in Fig. 5 (a) and

its equivalent switching circuit in Fig. 5 (b). It is worth reminding the readers once

again that the three variables A, B, C can have a value of either 0 or 1.



Logic Operation

1. The AND gate gives an output only when all its inputs are present.

2. The AND gate has a 1 output when both A and B are 1. Hence, this gate is an
all-or-nothing gate whose output occurs only when all its inputs are present.

3. In True/False terminology, the output of an AND gate will be true only if all its
inputs are true. Its output would be false if any of its inputs is false. The AND

gate works on the Boolean algebra A xB=XorA.B=Xor AB=X

T A
A:l_\" . | A BT
B J |— cgm

AB-C
() M)

It is a logical multiplication and is different from the arithmetic multiplication.

Often the sign “x’ is replaced by a dot which itself is generally omitted as shown

above. The logical meaning of the above equation is that Table

1. output X is 1 only when both A and B are 1. A B X

2. output X is true only when both A and B are true. 0 0 0
Lo o
1 1 1

AND Gate Symbolizes Logic Multiplication

According to Boolean algebra, the AND gate performs logical multiplication on its

inputs as given below:

0.0=0
01=0
1.0=0
1.1=1

In general, we can put the laws of Boolean multiplication in the following form:
A.1=A, A0=0,AA=A—notA°

The above indentities can be verified by giving values of 0 and 1 to A.



1. A.1 = AWhen A=0then 0.1 =0—Fig. 6 (a) When A =1then 1.1 =1 Fig. 6(b)
It is seen that in each case, output has the same value as that of A.
e

Al=1
la} 1]

2.A.0=0
When A =0then 0.0 =0 —Fig. 7 (&) When A=1then 1.0 =0 — Fig. 7 (b). It is
seen that output is always 0 whatever the value of A.

A= ™, A=l
0 =0
] - i] A

AD=D ]
{a) 15

3.AA=A
When A =0, then 0.0 =0 — Fig 8(a) When A=1,then 1.1 =1 — Fig. 8 (b). It is

seen that output always takes on the value of A.

™, A=1 ™y
A=D _— j—
A=l e s
Al =A
{a) i)

The NOT Gate

It is so called because its output is NOT the same as its input. It is also called an

inverter because it inverts the input signal. It has one input and one output as
shown in Fig. 9 (a). All it does is to invert (or complement) the input as seen from
its truth table of Fig. 9 (b). The schematic symbol for inversion is a small circle as
shown in Fig. 9 (a). The logical symbol for inversion or negation or
complementation is a bar over the function to indicate the opposite state.
Sometimes, a prime is also used as A’. For example, A means not-A. Similarly,

(A + B) means the complement of (A+ B).



The NOT Operation

It is a complementation operation and its symbol is an overbar. It can be defined

as under: As stated earlier, 0 means taking the negation or complement of O which

is 1. 0= 1. 1=0. It should also be noted that complement of a value can be taken

repeatedly. For example, 1=0=10or0=1= 0. As seen double complementation

gives the original value as shown in Fig. 10.

o

TN
L~ L.f*

The NOR Gate

In fact, it is a NOT-OR gate. It can be made out of an OR gate by connecting an

inverter in its output as shown in Fig. 11 (a). The output equation is given by
X = A+ B. ANOR function is just the reverse of the OR function.

A= \A+B
peX=A+B
|1—."_x'>

The NAND Gate
It is, in fact, a NOT-AND gate. It can be obtained by connecting a NOT gate in the

output of an AND gate as shown in Fig. 12. Its output is given by the Boolean

equation. This gate gives an output of 1 if its both inputs are not 1. In other words,
it gives an output 1 if either A or B or both are 0. The truth table for a 2-input
NAND gate is given in Fig. 12. It is just the opposite of the truth for AND gate. It is

so because NAND gate performs reverse function of an AND gate.



A y A Y = X
H— J— X-1B il

B ‘ i ‘
(a) (B

N -
[l =T =
[ S S

The XNOR Gate
It is known as a not-XOR gate i.e. XOR gate. Its logic symbol and truth table are

shown in Fig. 13. Its logic function and truth table are just the reverse of those for
XOR gate. This gate has an output 1 if its both inputs are either 0 or 1. In other
words, for getting an output, its both inputs should be at the same logic level of
either 0 or 1. Obviously, it produces no output if its two inputs are at the opposite

logic level.
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