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 When a pentavalent impurity is added to an intrinsic semiconductor, N-Type 
semiconductor is obtained. Eg for pentavalent impurity are Arsenic, Antimony, Bismuth and 
Phosphorous so on. The arsenic or antimony is donor impurities because it donates an electron to 
Ge or Si crystal. However the number of free electrons provided by donor impurity far exceeds 
the number of holes are minority carriers thus it is known as N type semiconductor. Here the 
electrons are majority carrier and holes are minority carriers. 
 
P – Type Semiconductor:  
 

When a small amount of trivalent impurity is added to a pure semiconductor, P type 
semiconductor is formed. Eg for the trivalent impurity are boron, gall ium, indium and so on. 
Addition of trivalent impurity provides a large number of holes in the semiconductor. Such holes 
can accept electrons hence the trivalent impurity also known as “acceptor impurity”. In this 
semiconductor, more holes are created due to the addition of impurity hence it is named as P type 
semiconductor.  
 

PN Junction: 
         The two types of materials namely p – type and n – type are chemicall y combined with a 
special fabrication technique to form a p-n junction. The p-n junction forms a popular 
semiconductor device called diode. The diode is the basic element of number of electronic 
circuits. Hence the knowledge of p-n junction & its behaviour is very important in understanding 
the operation of number of electronics, applications and devices. 
                                  
          P                  N 

 
 The N type semiconductor has high concentration of free electrons as majority carriers 
while p type semiconductor has high concentration of holes as majority carriers as shown in 
figure. At the junction there is a tendency for the free electrons to diffuse over to diffuse over to 
the P side and holes to the N side and vice versa. Diff usion is the process by which charge carrier 
move from high concentration area to low concentration area. When free electrons diffusing 
from N side into P side recombine with the holes and leaves negatively charged immobile ions 
near the junction of P side. Similarly holes diffusing from p side into n side recombine with 
electrons leaves positively charged immobile ions near the junction of n side. Af ter certain extent 
the immobile positive ions deposited across the n region prevents further charge carrier diffusion 
from p region into n regions, similarly the immobile negative ions deposited across the p region. 
These immobile ions form a region. It is known as depletion region. i.e., the region over which 
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all  the mobile or free charge carrier are depleted. The region is also known as space charge 
region or charge free region because there is no free charge carrier available for conduction. The 
existence of these immobile ions develops the potential difference across the junction, this 
potential acts as barrier for further conduction between the junction. Thus, this potential is named 
as Barrier potential or cut in voltage of semiconductor diode. The value of barrier potential is 
0.3v for Ge diodes & 0.7v for Si diodes. 
 

Pn junction as a diode: 
• The p-n junction is also called as semiconductor diode. 
• The left side material is a p-type semiconductor having –ve acceptor ions and +vely 

charged holes. 
•  The right side material is n-type semiconductor having +ve donor ions and free electrons  
•  Suppose the two pieces are suitably treated to form pn junction, then there is a tendency 

for the free electrons from n-type to diffuse over to the p-side and holes from p-type to 
the n-side. This process is called diffusion. 

• As the free electrons move across the junction from n-type to p-type, +ve donor ions are 
uncovered. Hence a +ve charge is buil t on the n-side of the junction. At the same time, 
the free electrons cross the junction and uncover the –ve acceptor ions by fil ling in the 
holes. Therefore a net –ve charge is established on p-side of the junction 

• When a sufficient number of donor and acceptor ions is uncovered further diffusion is 
prevented.  

• Thus a barrier is set up against further movement of charge carriers. This is called 
potential barrier or junction barrier Vo. The potential barrier is of the order of 0.1 to 
0.3V. 

Volt-amp characteristics: 
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• The supply voltage V is a regulated power supply, the diode is forward biased in the 
circuit shown. The resistor R is a current limiting resistor. The voltage across the diode is 
measured with the help of voltmeter and the current is recorded using an ammeter. 

• By varying the supply voltage different sets of voltage and currents are obtained. By 
plotting these values on a graph, the forward characteristics can be obtained. It can be 
noted from the graph the current remains zero till the diode voltage attains the barrier 
potential. 

• For silicon diode, the barrier potential is 0.7 V and for Germanium diode, it is 0.3 V. The 
barrier potential is also called as knee voltage or cut-in voltage.  

 
Temperature effect of p-n junction: 
 
• The current in a diode is given by the diode current equation 
• I = I0( e V/ηVT –1) 
• Where, I------ diode current 
•  I0------ reverse saturation current 
•  V------ diode voltage 
•   η------- Semiconductor constant =1 for Ge, 2 for Si. 
• VT------ Voltage equivalent of temperature= T/11,600 (Temperature T is in Kelvin) 
• Note----- If the temperature is given in 0C then it can be converted to Kelvin by the help 

of following relation, 0C+273 = K 
 

Current components in PN junction diode: 
 When a PN junction is forward biased a large forward current flows which is mainly due 
to majority charge carriers. The depletion region near the junction is very very small under 
forward biased condition. In forward biased condition holes get diffused into n side from p side 
while electrons get diffused into p side from n side. So on p side the current carried by electrons 
which is diffusion current due to minority carriers decreases exponentiall y with respect to 
distance measured from the junction. This current due to electrons, on p side which are minority 
carriers are denoted as Inp. Similarly holes from p side carry current which decreases 
exponentiall y with respect to distance measured from the junction. This current due to holes on n 
side which are minority carriers is denoted as Ipn. If distance is denoted by x then, 
 Inp(x) = Current due to electrons in p side as a function of x 
 Ipn(x) = Curent due to n side as a function of x 
 
At the junction ie., at x=0, electrons crossing from n side to p side constitute a current, Inp(0) in 
the same direction as holes crossing the junction from p side to n side constitute a current , 
Ipn(0). Hence the current at the junction is the total conventional current I flowing through the 
circuit. 
.·.   I = Ipn(0) + Inp(0)        ----(1) 
 
Now Ipn(x) decreases on n side as we move away from junction on n side. Similarly Inp(x) 
decreases on p side as we move away from junction on p side. 
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 But as entire circuit is a series circuit the total current must be maintained at I, 
independent of x. This indicates that on p side one more current component exists which is due to 
holes on p side which are the majority carriers. It is denoted by Ipp(x) and the addition of the two 
currents on p side is total current I. 
  Ipp(x) = Current due to holes in p side. 
 Similarly on n side there exists one more current component which is due to electrons on 
n side which are the majority carriers. It is denoted as INN(x) and the addition of the two 
currents on n side is total current I. 
  Inn(x) = Current due to electrons in n side. 
On p side,  I = Ipp(x) + Inp(x)   ---(2) 
On n side,  I = Inn(x) + Ipn(x)                               ---(3) 
 
 These current components are plotted as a function of distance in the fig. below. 
 The current Ipp decreases towards the junction, at the junction enter the n side and 
become Ipn which further decreases exponentiall y. Similarly the current Inn decreases towards 
the junction at the junction enter p side and become Inp which also further decreases 
exponentiall y. 
  
Junction Capacitance: 
  Junction capacitance can be classified into two types namely, 

1. Transition capacitance 
2. Diff usion Capacitance 

 

Transition Capacitance:  
 Consider a reverse biased PN junction diode as shown in the fig. As seen earlier, when a 
diode is reverse biased reverse current flows due to the minority carriers. Majority charged 
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particles ie, electrons in n-region 
and holes in p-region move away from the junction. This increases the width of the 
depletion region. The width of the depletion region increases as reverse bias voltage 
increases. As the charged particles move away from the junction there exists a change in charge 
with respect to the applied reverse voltage. So change in charge dQ with respect to the 
change in voltage dV is nothing but a capacitive effect. Such a capacitance which comes into 
the picture under reverse biased condition is called Transition Capacitance, space 
capacitance, barrier capacitance or depletion layer capacitance and denoted as Ct. The magnitude 
of Ct is given by the equation, Ct = dQ/dV. This capacitance is very important as it is not 
constant but depends on the magnitude of the reverse voltage.  
 
Diffusion capacitance: 
  During forward biased condition an another capacitance comes into existence called 
diffusion capacitance or storage capacitance denoted as Cd.  
 In forward biased condition the width of the depletion region decreases and holes from p 
side get diffused in n side while electrons from n-side move into the p-side. As the applied 
voltage increases concentration of injected charged particles increases. This rate of change of the 
injected charge with applied voltage is defined as a capacitance called Diffusion Capacitance.  
 ie,         Cd = dQ/dV                                ----- (1) 
The diffusion capacitance can be determined by the expression, 
  Cd = τI/ηVt 
Where τ = Mean life time for holes. 
 So diffusion capacitance is proportional to the current. For forward biased condition the 
value of diffusion capacitance is of the order of nano farads to micro farads while transition 
capacitance is of the order of pico farads. So Cd is much larger than Ct. 
However in forward biased condition, Cd appears in parallel with the forward resistance which is 
very very small . Hence the time constant which is function of product of the forward resistance 
and Cd is also small  for ordinary signals. 
   Hence for normal signals Cd has no practical significance but for fast signals Cd must be 
considered. 
 
Diode Switching Times: 
  To understand the various switching times, consider simple diode and an input 
waveform as shown in the figure. The following events will  take place due to the nature of the 
applied voltage. 
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                                                 Simple diode circuit          

  
 
Event 1: Till  time t1 the forward voltage applied is Vf  and diode is forward biased. The value of 
R is large enough such that drop across forward biased diode is very small compared to drop 
across R. The forward current is then, If ≈Vf/R, neglecting forward resistance of diode. 
 
Event 2: At t1 current just reverses and remains at that reversed value –Ir till  the minority carrier 
concentration reduces to zero. This current is given by – Ir = - Vr/R. This continues to flow till  
time t2. 
 
Event 3: From t2 onwards the diode voltage starts to reverse and the diode current starts 
decreasing as shown in the fig 1.43© At t= t3; the diode state completely gets reversed and 
attains steady state in reverse biased condition. 
 
The total time required by the diode which is the sum of the sum of storage time and transition 
time to recover from the change of stage is called reverse recovery time of the diode and denoted 
as trr. This is an important consideration in high speed switching applications. For quick 
switching from ON to OFF state the reverse recovery time should be as small as practicable. 
                               Trr = Ts + Tt                            ---- (1) 
The reverse recovery time depends on the RC time constant where C is a transition capacitance 
of a diode. The total switching time Trr puts the limit on the maximum operating frequency of 
the diode. Hence Trr is an important datasheet specification. To minimize the effect of the 
reverse current the time period of the operating frequency must be at least ten times Trr  
.·. T = 10 trr 
.·.Fmax = 1/T = 1/ 10 Trr                                                                   ----- (1) 
where Fmax is the maximum operating frequency. 
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Zener Diode: 
The zener diode is a silicon pn junction semiconductor device is generall y operated in its reverse 

breakdown region. The zener diodes are fabricated with precise breakdown voltages by 
controlling the doping level during manufacturing. The zener diodes have breakdown voltage 
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range from 3V to 200V. 

 
V-I Characteristics of Zener Diode: 
 In the forward biased condition, the normal rectifier diode and the zener diode operate in 
similar fashion. But the zener diode is designed to be operated in the reverse biased condition. In 
reverse biased condition, the diode carries reverse saturation current till the reverse voltage 
applied is less than the reverse breakdown voltage. When the reverse voltage exceeds reverse 
breakdown voltage, the current through it changes drasticall y but the voltage across it remains 
almost constant. Such breakdown region is a normal operating region for a zener diode. When 
the reverse voltage applied to a zener diode is increased, initiall y the current of the diode, 
denoted by Io. At certain reverse voltage current through zener diode increases rapidly and the 
change is very sharp. Such a sharp change in the reverse characteristics is called Knee or Zener 
Knee of the curve. The current corresponding to a knee point is called zener knee current and it 

Anode (A) 
(a) Symbol 

Cathode (K) 
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is a minimum current zener must carry to operate in reverse breakdown region. It is denoted as 
Izk or Izmin. The maximum current a zener diode can carry safely is called zener maximum 
current and is denoted as Izm or Izmax. 

 
Varactor Diode: 
 Special type of diodes are manufactured which shows the transition capacitance property 
predominantly than normal diodes. Such diodes are called varactor diode or varicap, tuning 
diode. The property of variable capacitance with the reverse voltage, of varactor diode make 
them well  suited for the LC tuned circuits. The resonance frequency of a parallel LC tuned 
circuit is given by  
  Fr = 1/ 2π√LC 
 The value of C is adjusted using varactor reverse voltage in the circuit. And hence can be 
tuned at required resonant frequency. An important application based on this principle is the 
resonant band pass filter using a varactor diode. 
The various applications of varactor diode are, 

1. Tuned circuits 
2. FM Modulators 
3. Automatic frequency control devices 
4. Adjustable bandpass filters 
5. Parametric amplifiers 
6. Television receivers 
 

 
Tunnel Diode: 

The diodes in which the concentration of impurity atoms is greatly increased up to 1 part 
in 10³ to get completely changed characteristics are called Tunnel diodes. For barriers as thin as 

Zener 
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those in normal diodes indicates that there is a large probability that an electron will  penetrate 
through the barrier. This quantum mechanical behaviour is referred to tunneling and hence these 
high impurity density pn junction devices are called Tunnel Diodes. Many carriers in tunnel 
diodes penetrate the barrier at velocities far more than that of conventional diodes at low forward 
bias voltages. Due to such effect it shows a negative resistance region in its VI characteristics. 
This negative resistance region is the most important feature of a tunnel diode. Environmental 
immunity ie, the peak point is not a sensitive function of temperature. A tunnel diode can be used 
along with a dc supply and few passive elements to obtain various application circuits. Tunneling 
takes place at the speed of light hence the switching time of order nanosecond are easily 
obtained. The only disadvantage of this diode is its low output voltage swing and it is a two 
terminal device. Hence there is no isolation between input and output. Hence transistor is used 
along with a tunnel diode for frequencies below 1 GHz. 
 

Schottky Barrier Diode: 
 There is a limitation on the frequency range for which a conventional diode can be used. 
The time taken by a diode to turn off from its forward biased state is called reverse recovery time. 
For frequencies upto 10 MHz it is very small but above 10 MHz it is large and puts a limit on the 
use of conventional diode in such high frequency applications. To solve this problem of fast 
switching Schottky diodes are used. It consists of a metal semiconductor junction and also called 
as Schottky Barrier diode hot carries diode & surface barrier diodes. 
 

Characteristics of Schottky Diode: 
 Due to the minority carrier free region Schottky diode cannot store the charge. Hence due 
to lack of charge storage it can switch off  very fast than a conventional diode. It can be easily 
switched off for the frequencies above 300MHz. The barrier at the junction for a Schottky diode is 
less than that of normal p-n junction diode in both forward and reverse bias region. The barrier 
potential and breakdown voltage in forward bias and reverse bias region respectively are also less 
than p-n junction diode. The barrier potential of Schottky diode is 0.25 V as compared to 0.7V for 
normal diode. 
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Bipolar Junction Transistor: 
 
              Having studied the junction diode, which is the most basic two-terminal semiconductor 
device, we now turn our attention to three-terminal semiconductor devices. Three-terminal 
devices are far more useful than two-terminal ones because they can be used in a multitude of 
applications. 
              There are two major types of three-terminal semiconductor devices: the bipolar 
junction transistor or BJT, which is the subject of this chapter, and the field-effect transistor 
or FET, which we shall  study in next chapter. The bipolar junction transistor consists of two PN 
junctions constructed in a special way and connected in series, back to back. Current is 
conducted by both electrons and holes, hence the name bipolar. 
The simplified structure of a BJT consists of three semiconductors regions: 
→ Emitter (E) 
→ Base (B) which always refers to the center region 
→ Collector (C) 
 
 
We should distinguish between two possible structures of a BJT:  A region of P type between two regions of N type (Figure IV-1) : 
             → such a transistor is called a NPN transistor. 

STUCOR A
PP

DOWNLOADED FROM STUCOR APP

DOWNLOADED FROM STUCOR APP



STUCOR                                   DEPARTMENT OF EEE 

15 
 

               
                                                          Figure IV-1  A region of N type between two regions of P type (Figure IV-2) :                                    

→ Such a transistor is called a PNP transistor 
 
 

 
 
The transistor consists of two PN junctions: 
• The Emitter-Base junction (E-B) 
• The Collector-Base junction (C-B) 
Depending on the bias condition (forward or reverse) of each of these junctions, different modes 
of operation of the BJT are obtained: 

The 
active mode is the one used if the transistor is to operate as an amplifier. Switching applications 
utili ze both the cutoff and the saturation modes. 
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NPN transistor 
  I – NPN transistor in the active mode 
         The physical operation of a NPN BJT in the active mode is shown in Figure IV-3. Two 
external voltage sources (batteries) are used to establish the required bias conditions for active-
mode operation: 
    • The base-emitter voltage VBE causes the p-type base to be higher in potential than the n-type 
emitter, thus forward-biasing the emitter-base junction. 
   • The collector-base voltage VCB causes the n-type collector to be higher in potential than the 
ptype base, thus reverse-biasing the collector-base junction 

 
II – Current flow 
           As indicated in Figure IV-3, the forward bias of the emitter-base junction will  cause two 
components of the current to flow across this junction: electrons injected from the emitter into 
the base, and holes injected from the base into the emitter. As it is highly desirable to have the 
first component (electrons) at a much higher level than the second component (holes) the device 
is designed to have a high density of electrons in the emitter and a low density of holes in the 
base. The sum of the two currents gives a current that is dominated by the electron component. It 
is called the emitter current iE (direction is out of the emitter lead). 

As base is a p-region, electrons injected from the emitter into the base will  be minority 
carriers in the base. Because the base is usuall y very thin, the excess minority carriers (electron) 
concentration npo in the base will  have an almost straight-line profile (Figure IV-4) : 

                                                             --------(1)           
Most of these diffusion electrons will reach the boundary of the collector-base 

Depletion  region. Because the collector is more positive than the base (by vCB volts) these 
successful electrons will  be swept across the CB junction depletion region into the collector. 
They will thus get “collected” to constitute the collector current iC. 
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Figure IV-4 

 
III – Collector current 
By convention, the direction of the collector current will  be opposite to that of electron flow. 
Thus ic will  flow into the collector terminal and can be expressed as: 

where 
Is is the saturation current. 
 
IV – Base current 

The current base is composed of two components. The fi rst, iB1, is due to the holes 
injected from the base region into the emitter region. The second component, iB2, is due to holes 
that have to be supplied by the external circuit in order to replace the holes lost from the base 
through the recombination process. Combining the two components, we obtain the total base 
current which is proportional to evBE / VT . 

We can show that this current can be expressed as a fraction of the collector current as 
follows: 
                    iC = β iB                                                                                                                   ----- (3) 
where β is a constant for the particular transistor. It is called the common-emitter current gain 
 
 
V – Emitter current 
Since the current that enters a transistor should leave it, the emitter current is equal to the sum of 
the collector current and the base current: 

                     iE = iC + iB =(1+ β)iB                                                                                       ------ (4) 
or 
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where 
α is a constant for the particular transistor. It is called the common-base current gain. Usuall y, 
β is large (50 to 500 for usual transistors), so α is close to unity. 
 
VI – Equivalent circuit models 

The first-order model of transistor operation described above can be represented by the 
equivalent circuit shown in Figure IV-5-a. The EB junction is replaced by a diode: in fact, it is a 
nonlinear current source (collector current) controlled by a voltage (vBE). It can be replaced by a 
current-controlled current-source (Figure IV-5-b). Note that in this model the transistor is used as 
a two-port network with the input port between E and B and the output port between C and B. 
Base is the common terminal and then the current gain between the input current (iE) and the 
output current (iC) is α. Thus we can understand why α is called the common-base current gain. 

Two other equivalent circuit models may be used to represent the large-signal operation 
of BJT. The model of Figure IV-5-c is a voltage-controlled current source. Here diode DE is 
replaced by diode DB which conducts the base current and thus the current scale factor is not { 
IS/α } (diode DE) but { IS/β }. By simply expressing the collector current as { βIB } we obtain the 
current-controlled current-source model shown in Figure IV-5-d. 
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In this last model, if  the transistor is used as a two-port network with the input port between base 
and emitter and the output port between collector and emitter, the emitter is the common 
terminal. Thus, we can understand why β is called the common-emitter gain. 
 

PNP transistor 
The PNP transistor operates in a manner similar to that of the NPN device. Unlike the NPN 

transistor, current in the PNP device is mainly conducted by holes injected from the emitter into 
the base as a result of the forward-bias voltage VEB. Here, the voltage VEB causes the p-type emitter 
to be higher in potential than the n-type base, thus forward-biasing the base-emitter junction. The 
collector base junction is reverse-biased by the voltage VBC (Figure IV-6). 

 
Since their behavior is similar, the PNP transistor models can be derived from the NPN transistor 
models. As an illustration, Figure IV-7 shows two PNP models 

STUCOR A
PP

DOWNLOADED FROM STUCOR APP

DOWNLOADED FROM STUCOR APP



STUCOR                                   DEPARTMENT OF EEE 

20 
 

 
 

Since the current in the PNP model is mainly conducted by holes injected from the emitter into 
the base as a result of the forward-bias voltage VEB, ALL equations and current-voltage 
relationships of the PNP transistor will  be identical to those of the NPN transistor except that the 
voltage vBE has to 
be replaced by the voltage vEB. 
 
Symbols and conventions 
   I – Symbols for transistors 
A very descriptive and convenient circuit symbol exits for the BJT. In Figure IV-8, we noticed 
that the PNP has only one configuration since the second one is deduced from the first by a 
simple rotation. 
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  II – Bias voltages 
Figure IV-9 shows NPN and PNP transistors biased to operate in the active mode. Note that 
currents flow from top to bottom and that voltages are higher at the top and lower at the bottom. 
Thus, an NPN transistor whose EB junction is forward-biased will  operate in the active mode as 
long as the collector is higher in potential than the base. Similarly, an PNP transistor will  
operate in the active region if the potential of the collector is lower than that of the base. 

 
Transistor characteristics: 

Like for diodes, it is sometimes useful to describe the transistor i-v characteristics 
graphicall y. Since we have two ports, we have to consider both input and output currents and 
voltages.  
 I –iC - vBE characteristic 
     According to equation (2), we see that the iC-vBE is an exponential characteristic that is 
identical to the diode i-v relationship. 
II – iE - vBE and iB - vBE characteristics 

The iE - vBE and iB - vBE characteristics are also exponential but with different scale 
currents. Moreover, for vBE smaller than about 0.5V, the current is negligibly small. Also, over 
most of the normal range vBE lies in the range 0.6 to 0.8V. In performing rapid first-order dc 
calculations we normall y will  assume that VBE = 0.7V, which is similar to the approach used in 
the analysis of diode circuits. 
III – Early Effect 

 Figure IV-10 shows the iC versus vCB characteristics of an NPN transistor for various 
values of the emitter current iE. Only active-mode operation is shown, since only the portion of 
the characteristics for vCB > 0 is drawn. 
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When operated in the active region, practical BJTs show some dependence of the 
collector current on the collector voltage, with the result that their iC-vCB characteristics are not 
perfectly horizontal straight lines. In Figure IV-11, the transistor is connected in the common 
emitter configuration, and its VBE can be set to any desired value by adjusting the dc source 
connected between base and emitter. At each value of VBE, the corresponding iC - vCE 

characteristic curve can be obtained point-by-point by varying the dc source connected between 
collector and emitter.  

The result is the family of iC – vCE characteristic curves shown in Figure IV-11. 
We observe that the characteristic curves, though still  straight lines, have finite slope. In fact, 
when extrapolated, the characteristic lines meet at a point on the negative vCE axis at { vCE = -VA}.  
This voltage VA, a positive number, is a parameter for the particular BJT, with typical values in 
the range of 50 to 100V. It is called the Early voltage. At a given value of vBE, increasing vCE 

increases the reversebias voltage on the collector-base junction and thus increases the width W of 
the depletion region of this junction. This in turn results in a decrease in the effective base width 
W. Recall ing that IS is inversely proportional to W, we see that IS will  increase and iC increases 
proportionall y. 
         → This is the Early effect. 
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                                                                    Figure IV-11 
The linear dependence of iC on vCE can be accounted for by assuming that 

The 
nonzero slope of the iC-vCE lines indicates that the output resistance of the transistor looking 
into the collector is not infinite: 

where 
IC is the current level corresponding to the constant value of vBE near the boundary of the active 
region. 
 
Analysis of transistor circuits at dc 

For the dc analysis of transistor circuits, we use the simple constant voltage junction 
model {i.e., VBE = 0.7V }. This approximation can be refined using transistor measurements or 
simulations. To emphasize this analysis, we will  solve some examples. 
Example I 

 
In this first example (Figure IV-12), we wish to determine the dc voltages. Glancing at the 
circuit, we note that the base is connected to +4V and the emitter is grounded through a 
resistance RE. It therefore is safe to conclude that the base-emitter junction is forward-biased 
(active mode) and then 
VE = 4 −VBE = 4 − 0.7 = 3.3V                                                                               -----(9) 
Thus, 

I E =(VE − 0)/ RE = 1mA                                                                                      ------(10) 
Assuming β = 100, we obtain 
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Note: 
Verify if the relation (4) between iB, iC and iE is satisfied. 
We can now determine the collector voltage: 
VC = 10 − IC RC = 10 − 0.99* 4.7 = 5.3V                                                                    (12) 
Since the collector-base junction is reverse-biased (5.3V > 4V), the assumption that the transistor 
is in the active mode is verified. 
 
Example II 
Here, we used the same circuit except that the base is biased at +6V. We have: 
VE = 6 −VBE = 6 − 0.7 = 5.3V                                                                                     (13) 
Thus, 

I E =(VE − 0)/ RE = 1.6mA                                                                                         (14) 
and 
VC = 10 − IC RC = 10 − 7.52 = 2.48V                                                                         (15) 
Since the collector-base junction is forward biased (2.48V < 6V), the transistor is in the 
saturation mode. 
 
 
 
 
Example III 
In this example, the circuit remains identical except that the voltage is zero. Thus, the emitter-
base junction cannot conduct and the emitter current is zero. Since the current base is zero, the 
current collector has to be zero. Note that in this case, the collector-base junction cannot conduct. 
The transistor is in the cutoff mode of operation. 
 
Example IV 

 
In this example (Figure IV-13), we note the inclusion of two resistances RB1 and RB2 that are used 
for transistor bias (here, only one dc source is required). We assume that β = 100. The first step 
consists to use Thevenin’s theorem to simplif y the circuit (Figure IV-14). 
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Thevenin’s voltage is: 

 
and Thevenin’s resistance is equal to: 
RBB = RB1 // RB2 = 100 // 50 = 33.3kΩ              (17) 
Thus, the base loop equation gives 
VBB = I BRBB +VBE + RE I E         (18) 
Substituting for IB by 

Then 

 
The base voltage is given by 
VB = VBE + RE I E = 0.7 +1.29* 3 = 4.57V       (21) 
Assuming that the transistor is in the active mode, we have: 
IC =α IE = 0.99* 1.29 = 1.28mA        (22) 
Thus, the collector voltage is 
VC = 15 − IC RC = 15 −1.28* 5 = 8.6V       (23) 
It follows that the collector is higher in potential than the base, which means that the transistor is 
in the active mode, as had been assumed. 
 
 
AC ANALYSIS: The transistor as an amplifier 

 
Since the transistor is a current amplifier in the active region, we usuall y refer to the 

transistor in the ac analysis as an amplifier. The biasing problem is that of establishing a 
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constant dc current in the emitter 
(or the collector). This current should be predictable and 
insensitive to variations in temperature, value of β, …. 

 
To understand how the transistor operates as an amplifier, consider the conceptual circuit 

shown in Figure IV-15-a. Here the base-emitter junction is forward-biased by a dc 
voltage VBE (battery). The reverse bias of the collector-base junction is established by connecting 
the collector to another power supply of voltage VCC through a resistor RC. 
 
I – DC conditions 
In dc, the circuit reduces to that in Figure IV-15-b. The relationships for the dc currents and 
voltages give 

 
 

 
If a signal vbe is applied, the total instantaneous base-emitter voltage becomes 
vBE = VBE + vbe          (27) 
Correspondingly, the collector current becomes (using equation (25)): 

 
With the small-signal approximation, we can write: 
VBE << VT                                    (29) 
 
Then, 
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Thus the collector current is composed of the dc bias value IC and a signal component 

 
We then introduce a new parameter, the transconductance gm that is equal to: 

 
A graphical interpretation for gm is given in Figure IV-16, where it is shown that gm is equal to 
the slope of the iC-vBE characteristic curve at iC = IC (i.e., at the bias point Q): 

 
 

 
III – AC analysis – Input resistance at the base 
To determine the resistance seen by the source vbe, we first evaluate the total base current: 

 
We can then deduce a relationship between the ac quantities 

 
This ratio, equivalent to a resistance, is the small-signal input resistance between base and 
emitter, looking into the base 
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IV – AC analysis – Input resistance at the emitter 
The total emitter current iE can be determined from 
 

 

 
This ratio, equivalent to a resistance, is the small-signal input resistance between base and 
emitter, looking into the emitter 

 
We can then deduce a relationship between the two input resistances 

 
V – Voltage gain 
To establish the voltage gain, we have to determine the collector voltage 

vC = VCC − RCiC = VCC − RC(IC + ic)=(VCC − RC IC)− icRC = VC − icRC                     (42) 
Hence, the voltage signal is given by 
vc = −icRC = −gm RC vbe             (43) 
Thus the voltage gain of the amplifier is 

 
Ttransistor as a switch-cutoff and saturation: 
To help introduce cutoff and saturation, we consider the simple circuit shown in Figure IV-42. 
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I – Cutoff region 
We will  analyze this circuit for different values of the voltage source vi. If vi is smaller than about 
0.5V, the EB junction will  conduct negligible current. In fact, the EB junction could be 
considered “reverse”-biased, and since the CB junction also is reverse-biased, the device will  be 
in the cutoff mode (Figure IV-43). It follows that 
iB = 0 iE = 0 iC = 0 vC = VCC (96) 

 
II – Active region 
To turn the transistor on, we have to increase vi above 0.5V (practicall y higher than 0.7V). Thus 
appreciable currents can flow. We are in the active region. 
III – Saturation region 
Saturation occurs when we attempt to force a current in the collector higher than the collector 
circuit can support while maintaining active-mode operation. This collector current is obtained 
by forcing a base current given by 
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will  fall  below that of the base vB (0.7V). We have then reached the saturation region. We can 
also define the saturation region as the region where the collector current value is too large to 
maintain the device in the active region 
 
 
Thermal Runaway: 
      The maximum average power Pd(max) which a transistor can dissipate depends upon the 
transistor construction and may lie in the range from a few mill iwatts to 200W. The power 
dissipated within a transistor is predominantly the power dissipated at its collector base junction. 
Thus maximum power is limited by the temperature is in the range 150 to 225 ̊ C and for Ge it is 
between 60 to 100 ˚C. The collector – base junction temperature may rise because of two 
reasons:  Due to rise in ambient temperature.  Due to self heating. 
The self heating can be explained as follows:  
  The increase in the collector current increases the power dissipated at the collector 
junction. This in turn further increases the temperature of the junction and hence increases the 
collector current. The process is cumulative and it is referred to as self heating. The excess heat 
produced at the collector base junction may even burn and destroy the transistor. This situation is 
called Thermal runaway of the transistor. 
 
Thermal Stability: 
 
 The changes in Vbe or Tco resulting in changes in Ic consequently changing the Q point. 
Consider a CE amplifier with self bias circuit operating over a active region only. The power 
generated at the collector junction with zero signals is 
  Pm = Ic. Vcb ≈ Ic. Vce 
We know Vcc = Vce + Ic ( Re + Rc) or Vce  = Vcc – Ic (Re+ Rc) 
Hence      Pm = Ic. Vcc - Ic²(Re + Rc)                               ----(1) 
The condition necessary for avoiding thermal runaway is (∂Pm/∂Ic)* (∂Ic/∂Tc)<(1/ө) 
But β and ∂Ic/∂Tc is positive. Hence ∂Pm/∂Ic must be negative. Thus differentiate the equation 
(1) and equated to zero to obtain the condition for thermal stability, 
 ∂Pm/∂Ic = Vcc – 2Ic(Re+Rc) = 0 
Hence            Ic = Vcc/2(Re+Rc) 
But Vce = Vcc – Ic(Re+Rc) = Vcc - Vcc/2(Re+Rc)* (Re+Rc) 
  Vce < Vcc/2 
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Thus thermal stability is unconditionally achieved if Vce < Vcc/2 
But in transformer coupled circuit Rc and Re are quite small and Vce = Vcc, 
Hence it is necessary to design transformer coupled amplifiers with stability factor as close to 1 
as possible to avoid thermal runaway. 
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UNIT II 
TRANSISTORS 

 
Junction Field effect transistor: 
 The conventional transistor BJT has two main disadvantages 

1. It has low input impedance because of forward biased emitter junction. 
2. There is considerable noise is present in the transistor. These draw backs have 

been overcome to great extent in the field effect transistors. 
The FET is a three terminal semiconductor device in which current is controlled by an electric 
field. The conduction or operation of FET depends only on the majority carriers. 
There are two types of FET   Junction Field Effect Transistor (JFET)  Metal Oxide Semiconductor FET (MOSFET) (or) Insulated gate field effect 

transistor(IGFET) 
The MOSFET is further subdivided into two types such as,  Depletion and Enhancement MOSFET (or) DE MOSFET  Enhancement – only (or) E – only - MOSFET 
 
Basic construction of JFET: 
 A FET consists of a P type or N type silicon bar containing two PN junctions at the sides. 
If the bar is N type then it is named as N channel FET and if the bar is P type, then it is named as 
P channel FET. The structure of N channel field – effect transistor and P channel FET is shown 
in figure. Actually the two P regions are internall y connected and single lead is taken out, which 
is called as gate junction. Ohmic contacts are made at the two ends of N type semiconductor bar. 
One lead is called as source terminal S and the other as drain terminal D. The source and drain 
may be interchanged. 
 When a potential difference is established between source and drain, a current flow from 
one end to the other end in N type material which forms a sort of channel, and the current flow 
due to majority carriers. Similarly a P channel JFET may be fabricated by taking a P type 
semiconductor bar and diffusing N type junctions. In this case current flow due to majority 
carriers only. 

 
The JFET has the following notations 
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1. Source: The source S is a terminal through which the majority carriers enter the bar. 
2. Drain: The drain D is a terminal through which the majority carriers leave the bar. 
3. Gate: These are two internall y connected heavil y doped impurity regions which form two 

PN junctions. 
4. Channel: The space between gate through which majority carriers pass. 
                            
                       N Channel FET 

 

 
                              P Channel FET 

 
Operation of JFET: 

(i) When Vgg applied and Vdd = 0  The PN junction is always reverse biased in JFET operation. The reverse bias is 
applied by a battery voltage Vgg connected between the gate and the source 
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terminal ie, the positive terminal of the battery voltage is connected to the 
source(S) and the negative terminal to the gate(G).  When a PN junction is reverse biased the electrons and the holes diffuse across 
the junction and leave behind the positive ions on N side and negative ions on P 
side. The region containing these immobile ions is known as depletion region.  When no Vdd is applied the depletion region is a symmetrical and the 
conductivity becomes zero, since there are no mobile carriers in the junction. As 
the reverse bias voltage across the junction is increased thickness of the depletion 
region also increases. 

(ii) When Vdd is applied and Vgg is = 0  When no voltage is applied to gate ie Vgg = 0 and Vdd is applied between source 
and drain. The electron will  flow from source to drain through the channel, 
constituting drain current Id.  The drain current Id produces a voltage drop across rd which reverse biases the 
gate to source junction thus the depletion region formed ( even if  Vgg = 0) which 
is not symmetrical.  It penetrates deeper on to channel near drain and less to the source because Vrd 
>>Vrs. So reverse bias is higher near drain than compared to source. 

(iii) When Vdd and Vgg is applied  When voltage is applied between the drain and source with a battery Vdd, the 
electrons flow from source to drain through the narrow channel existing between 
the depletion region. This constitutes the drain current (Id), its conventional 
direction is indicated from drain to source.  The value of drain current is maximum, when no external voltage is applied 
between the gate and source is designated by symbol Idss.   When the gate to source voltage (Vgs) is increased further a stage is reached at 
which two depletion regions touch each other. It is called as Pinch off region. 
This reduces the drain current to zero. 

 
Characteristics of JFET: 
 There are two important characteristics of a JFET. 
     a. Transfer Characteristics                                b. Drain or VI characteristics 
a) Transfer Characteristics: STUCOR A
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The curve shows the relationship between drain current and gate to source voltage for different 
values of drain source voltage is known as transfer characteristics. These transfer characteristics 
curves are obtained by using the circuit shown above. For the transfer characteristics Vds is 
maintained constant at a suitable value greater than the pinch off voltage Vp. The gate voltage 
Vgs is decreased from zero till Ip is reduced to zero. 

 Ids = Idss (1 – Vgs / Vp)²               ----- (1) 
Where Ids is the saturation drain current Idss is the value of Ids when Vgs = 0 and Vp is pinch 
off voltage. 
Diff erentiating Eq (1) with respect to Vgs we obtain 
                  Gm = δIds/ δVgs  = Idss * 2(1- Vgs/ Vp)(-1/Vp)      ----(2) 
We know that gm = δIds/ δVgs , Vds is constant 
 
Therefore gm = -2 Idss / Vp ( 1- Vgs / Vp ) 
  Now from eqn (1) (1- Vgs/ Vp ) = √((Ids / Idss)       ----(3) 
Sub this value in Eqn (2) we get 
                  Gm = 2√((Ids / Idss)/ Vp 
Suppose gm = gmo , When Vgs = 0 then from Eq (2). 
       Therefore gm = gmo (1- Vgs / Vp) 
 
 
 

 
When Vds is constant 

Gate to source voltage   -Vgs        
   

  (
D
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Drain characteristics 

 
 

The curves represent relationship between the drain current to source voltage Vds for 
different values of Vgs.   

1. Vgs & Vds both = 0: 
 When Vgs = 0 the channel is entirely open. But Vds = 0 so there is no attractive 

force the majority carriers and hence drain current does not flow. 
2. Self pinch off at no bias (Vgs = 0): 
 At Vgs = 0 in response to a small applied voltage Vds the current Id increases 

linearly with Vds. As Vds increases the voltage drop along the channel also increases. This 
increases the reverse bias on gate source junction and causes the depletion regions to penetrate 
into the channel reducing channel width. The rate of increase in Id with respect to Vds is now 
reduced. This is shown by the curved shape in the characteristics. The voltage Vds at which the 
current Id reaches to its constant saturation level Pinch off voltage Vp. 

3. Vgs with negative bias: 
When an external bias of say -1 V is applied between the gate and the  

 source the gate channel junctions are further reverse biased reduceing the effective width of the 
channel available for the conduction. Because of this drain current will  reduce and pinch off 
voltage is reached at a lower drain current than when Vgs = 0 
 4. Breakdown region: 
  It can be observed that the values of Vds for breakdown are reduced as the 
negative gate bias is increased. This is because the total reverse breakdown voltage is the 
addition of the reverse voltage due to self pinch off and the externall y applied voltage Vgs. 
 5. Ohmic and saturation regions: 
  It is seen that the drain characteristics of JFET is divided into two regions: Ohmic 
region and saturation region. In the ohmic region the drain current Id varies with Vds and the 
JFET is said to behave as voltage variable resistance. In saturation region the drain current Id 

Vgs = 0V 

Vgs = -1V 

Vgs = -2V 

Vgs = -3V 

Breakdown region   
(Breakdown due to 
avalanche effect) 

Vds 

Id 
(ma) 

Saturation 
Region 

Ohmic 
region 
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remains fairly constant and does not 
vary with Vds. To use FET as an amplifier it is operated in saturation region. 

 6. Cut- off: 
  Vgs is made sufficiently negative Id is reduced to 0. This is caused by the 
widening of the depletion region to a point where it completely closes the channel. The value of 
Vgs at the cutoff point is designated as Vgs(off ). 
 
JFET Parameters: 
  The important parameters of JFET are as follows:  Transconductance (gm)  Input resistance and capacitance  Drain to source resistance (rd)  Amplificaton factor(µ) 
Transconductance: 
 The transconductance gm is the change in the drain current for given change in gate to 
source voltage with the drain to source voltage constant. As slope of the transfer characteristics 
varies gm also varies. Gm has a greater value near the top of the curve than it does near the 
bottom. The transconductance gm is defined as  
 Gm = ∆Id / ∆Vgs(Vds constant) 
The transconductance gm is also called mutual conductance.  
Input resistance and capacitance: 
 A JFET operates with its gate source junction reverse biased. Therefore the input 
resistance at the gate is very high. The input resistance can be determined using the following 
equation, where the vertical l ines indicate an absolute value. 
 Rin = |Vgs/Igss| 
 The input capacitance Ciss is a result of the JFET operating with a reverse biased PN 
junction. A reverse biased PN junction acts as a capacitor whose capacitance depends on the 
amount of reverse voltage. 
Drain to source resistance: 
 The drain resistance rd is the ac resistance between drain and source terminals when the 
JFET is operating in the ac resistance between drain and source terminals when the JFET is 
operating in the saturation region. It is the reciprocal of the slope of the drain characteristics in 
the saturation region. It is given by  
 Rd = ∆Vds / ∆Id(Vgs constant) 
Amplification factor: 
 The amplification factor, denoted by μ is defined as, 
  Amplification factor μ = ∆Vds/∆Vgs (Id constant) 
   μ = rd x gm 
Since the parameter μ is the ratio of two similar quantities it is unitless. 
 
JFET biasing: 
  A FET may have a combination of self bias and fixed bias to provide stability of the 
quiescent drain current against device and temperature variations. 
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Self bias: 

 The self bias circuit foe an N channel FET is shown. When the drain voltage Vdd is 
applied a drain current Id flows even in the absence of Vg. The voltage drop across resistor Rs 
produced by the drain current is given by Vs = IdRs. This voltage drop reduces the gate to source 
reverse voltage required for FET operation. The resistor Rs the feedback resistor prevents any 
variation in FET drain current. 
  The drain voltage,       Vd = Vdd – Idrd. 
The drain to source voltage, 
 Vds = Vd – Vs = (Vdd – IdRd) – IdRs 
    =VDD – Id(Rd + Rs) 
The gate to source voltage, 
 Vgs = Vgg – Vs = 0 – IdRs = -IdRs 

 
When drain current increases the voltage drop across Rs increases. The increased voltage drop 
increases the reverse gate to source voltage which decreases the effective width of the channel 
and hence reduces the drain current. Now the reduced drain current decreases the gate to source 
voltage which of channel thereby increasing the effective width of channel thereby increasing the 
value of drain current.     
Voltage divider bias: 
 Resistors R1 and R2 connected on the gate side form a voltage divider. The gate voltage,  

Vgg = (R2/ (R1 + R2)) Vdd 
 And     Rg = R1R2/(R1+R2) 
The bias line satisfies the equation Vgs = Vgg – IdRs 
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The drain to ground voltage Vd =Vdd – IdRd. If the gate voltage Vgg is very large as compared 
to gate to source voltage Vgs, the drain current is approximately constant. In a JFET the Vgs can 
vary several volts from one JFET to another. 
 
Q Point: 
 The point at which the dc load line intersects with the drain characteristics for a given 
Vds is known as operating point (Q). This is also called as Q Point or Quiescent point. Once the 
Q is known the quiescent voltage Vds and quiescent current Id can be determined.  
 
Stability over temperature: 
 The extent to which the collector current Ic is stabilized with varying Ico is measured by 
a stability factor. It is defined as the rate of change of collector current Ic with respect to the 
collector base leakage current Ico keeping both the current Ib and the current gain β constant. 
  S = 1+ β 
        ------ 
                             1- β(dIb/dIc) 
From this equation it is clear that this factor S should be as small as possible to have better 
thermal stability. 
   
MOSFET: 
 There are two basic forms of MOSFET: (i) Enhancement MOSFET and (ii) Depletion 
MOSFET 
Principle: 
 By applying a transverse electric field across an insulator deposited on the 
semiconducting material the thickness and hence the resistance of a conducting channel of a 
semiconducting material can be controlled 
Depletion MOSFET: 
 Two highly doped n regions are diffused into a lightly doped p type substrate. These two 
highly doped n regions represent source and drain. There is no direct electrical connection 
between the gate terminal and the channel of a MOSFET increasing the input impedance of the 
device. On the application of drain to source voltage Vds and keeping gate to source voltage to 
zero by directly connecting gate terminal to the source terminal free electrons from the n-channel 
are attracted towards positive potential of drain terminal. This establishes current through the 
channel to be denoted as Idss at Vgs = 0v. 
Transfer characteristics: 
 Due to recombination n-channel is depleted of some of its electrons thus decreasing the 
channel conductivity. The greater the negative voltage applied at the gate the greater the 
depletion of n-channel electrons. The level of drain current will  reduce with increasing negative 
bias for Vgs as shown in the transfer characteristics of depletion type MOSFET. 
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Drain Characteristics: 
 Figure shows the drain characteristics for an n channel depletion type MOSFET. It is 
similar to that of JFET. The only difference is that it has positive part of Vgs. 
 

 
Enhancement MOSFET(E-MOSFET): 
 Like depletion MOSFET two highly doped n regions are diffused into a lightly doped p 
type substrate. The source and drain are taken out through metall ic contacts to n doped regions. 
But the channel between two n regions is absent in the enhancement type MOSFET. 

 
Enhancement mode 
 
IDSS 
 
 
 
 
IDSS/2 
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Depletion mode 

Vgs Vp 

      
       Id 

Ohmic          Saturation region 
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Drain characteristics: 
Drain characteristics for an ideal representative N-channel enhancement-mode MOSFET 
 
 
 

 
Transfer Characteristics: 
 This characteristic is quite different from characteristics that we obtained for JFET and 
depletion type MOSFET. For an n-channel enhancement type MOSFET it is totall y in the 
positive Vgs region and as we know Id does not flow until Vgs = Vt. 
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MOSFET Biasing: 
Biasing of enhancement MOSFET: 
 Here the gate bias voltage is Vgs = (R1/R1+Rf)Vds. The circuit offers the dc stabilization 
through the feedback resistor Rf. However the input resistance is reduced because of Mil ler 
effect.  

 
Biasing of depletion MOSFET: 
 Both the self technique and voltage divider bias circuit given for JFET can be used to 
establish an operating point for the depletion mode MOSFET. 
 
 
 
 
 
 

Vgs(V) 

Id(m
A) 
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Drain feedback bias: 

 
 
 For DC analysis we can replace coupling capacitors by open circuits and we also replace 
the register Rg by short circuit with feedback bias for dc analysis. As drain and gate terminals are 
shorted  

Vd = Vg & Vds = Vgs           
Applying KVL we get  
Vdd – IdRd –Vds = 0 

     Hence         Vds = Vdd – IdRd 
 Or        Vgs = Vdd – IdRd 
 
Voltage divider bias: 
 
 This is similar to voltage divider bias provided for JFET and depletion type MOSFET. 
The only difference is biasing resistors R1 & R2 are designed to provide positive gate to source 
voltage.  
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Characteristics & Application of UJT,SCR,DIAC,TRIAC: 
 
UJT: 
 UJT is a three terminal semiconductor switching device. As it has one PN junction and 
three leads it is commonly called as Unijunction transistor. It consists of a lightly doped N type 
silicon bar with a heavil y doped P type material alloyed to its one side closer to B2 for producing 
single PN junction.  

 
Characteristics: 
 The figure shows the input characteristics of UJT. A unique characteristics of UJT is 
when it is triggered the emitter current increases regeneratively until it is limited by emitter 
power supply. Due to this negative resistance property a UJT can be employed in a variety of 
applications viz, saw tooth wave generator, Pulse generator, switching, timing and phase control 
circuits.  

      
 

 
 
    N 

Base 1 (B1) 
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B2 
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Emitter 
E 
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Applications: 
UJT Relaxation Oscillator:  The pulse required to drive a circuit can be obtained from a single stage oscil lator using a 

device like UJT is called UJT Relaxation Oscil lator.  R1 and R2 are biasing resistors CT and RT are the capacitance and resistance decide the 
oscil lating rate.  When the capacitor voltage VC exceeds VP the UJT fires VP= ηVBB+VD.  The capacitor discharges through R1, this produces pulse.  When capacitor voltage falls below VV the  UJT gets turned OFF 
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  It is a four layer three terminal device in which the end P layer acts as anode the end N 
layer acts as cathode and P layer nearer to cathode acts as gate. As leakage current in silicon is 
very small compared to germanium, SCRs are made of silicon and not germanium. 

 
 
 
Characteristics Of SCR: 

 
If forward current falls below the level of the holding current then depletion region 
begins to develop around J2 and devices goes into the forward blocking region. When 
SCR is turned ON from OFF state the resulting forward current is called latching 
current Il. The latching current is higher than the holding current. 

Forward 
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Forward 
blocking 
region 

Forward 
ON state 

Reverse 
blocking 
region 

Reverse 
characteristics 
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Application: 
 The applications of SCR are   Single phase half wave rectifier  Single phase full wave rectifier  SCR crowbar circuit  Heater control circuit  A.C Power control using SCR 

DIAC: 
The diac is a two terminal device. It conducts in either direction hence it is also called 

bilateral trigger diode. It has a pair of four layer diodes. 

 
 
Characteristics: 
 The diac characteristics are exactly similar to the Shockley diode. But for one Shockley 
diode they are in 1st quadrant while other they are in 3rd quadrant due to opposite polarities of 
voltage and current.  
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Applications: 
 The diac is not the control device it is used as a triggering device. It is used in 

1. Triggering of triac 
2. Motor speed control 
3. Temperature control 
4. Light dimming circuits 

 
TRIAC: 
 Triac is a three terminal semiconductor switching device which can control alternating 
current in a load. Ita three terminals are MT1, MT2 and the gate (G). Triac is equivalent to two 
SCRs connected in parallel but in the reverse direction. So it will  act as a switch for both 
directions. 

Ih 

-Vbr® 

If  

Vf  

Ir 

Vr 
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Characteristics:  
 Like SCR a Triac also starts conducting only when the breakover voltage is reached. By 
applying proper signal at the gate the breakover voltage ie fir ing angle of the device can be 
changed thus phase control process can be achieved. 

 
 Applications: 
 Triac is used for il lumination control temperature control liquid level control motor speed 
control and as static switch to turn ac power ON and OFF. Nowadays the Diac-Triac pairs are 
increasingly being replaced by a single component unit known as Quadrac. 

Ih 

-Vbo 

If  

Vf  

Ir 

Vr   OFF  
   State 

ON 
state 

ON 
state 

N N 

N 

MT2 

G    MT1 

P 

N 

P 

MT1 

MT2 
 
 
 
 
G 
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UNIT III 

AMPLIFIERS 

COMMON-EMITTER AMPLIFIER 

The CE amplifier was analyzed in the Transistors chapter. The voltage gain was found by 

the transresistance approach: a ratio of output (load) resistance and transresistance, the resistance 

across which the input voltage develops the common (emitter) current. Not all  of the emitter 

current gets to the collector. Some is lost to the base, and the a factor accounts for this in the 

voltage-gain equation: 

 

Because a »  1, the voltage gain is a ratio of resistances. The input voltage vi is applied across rM, 

producing iE = vi/rM. Then iC ( = a× iE) gets through to the collector and develops a voltage of 

vo = - iC× RL at the output. By solving these equations for Av, the above gain equation results. 

The input resistance of the CE is vi/i i = vi/iB or 

 

The resistance of the input loop is the base resistance in series with the resistance in the 

emitter-side of the circuit, referred to the base by the b transform. (See Transistors for details.)At 

the output node, the BJT transistor model shows a current source (infinite resistance) in parallel 

with load resistance RL. The output resistance is therefore RL. 

The CE amplifier has relatively high input resistance due to the b-transform effect at the base. It 

is better as a voltage-input port. Its output resistance is relatively low if the load resistor is not 

made too large. 
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The current gain of the CE is io/i i = iC/iB = b. Its input-loop transresistance used to calculate gain 

is rM, but the overall  amplifier transresistance is Rm
 = vo/i i  = Av× rin

 and its transconductance is 

the inverse of the transresistance, or Gm
 = 1/Rm. 

COMMON-BASE AMPLIFIER 

The CB amplifier input source is in the emitter loop so that emitter current flows through it. This 

current is b + 1 times larger than the base current. Consequently, the CB input resistance is 

relatively low and would make a better current-input than voltage-input port. Its input resistance 

is 

 

or typicall y about RE. Its output resistance is the same as the CE, or RL. The CB voltage gain is 

 

Unlike the CE, it is non-inverting (no negative sign). The CB current gain is a, or slightly less 

than one. 

Compared to the CE, the CB input resistance is lower by (b + 1) and is therefore better as a 

current-input port than the CE. According to the ideal-port table, the CB most closely approaches 

an ideal current amplifier, though its current gain is slightly less than one! 

COMMON-COLLECTOR AMPLIFIER 

The CC or emitter-follower has the same input resistance as the CE but its output resistance is 
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or typicall y about re, a relatively small resistance of around a few ohms. With high input 

resistance and low output resistance, the CC appears to approach the ideal voltage amplifier. 

Unfortunately, its voltage gain is only 

 

or typicall y somewhat less than one. The port resistances approach the ideal but the voltage gain 

is not high enough to be useful. The current gain, however, is b + 1. 

None of the three single-transistor configurations is ideal as any of the four amplifier types. 

Amplifiers can better approach the ideal by combining configurations into multi-transistor 

amplifiers. 

Cascade Amplifier 

Amplifiers are cascaded when the output of the first is the input to the second. The combined 

gain is 

 

where vi2 = vo1. The total gain is the product of the cascaded amplifier stages. 

The complication in calculating the gain of cascaded stages is the non-ideal coupling between 

stages due to loading. Two cascaded CE stages are shown below. 
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Because the input resistance of the second stage forms a voltage divider with the output 

resistance of the first stage, the total gain is not the product of the individual (separated) 

stages.The total voltage gain can be calculated in either of two ways. First way: the gain of the 

first stage is calculated including the loading of ri2. Then the second-stage gain is calculated from 

the output of the first stage. Because the loading (output divider) was accounted for in the first-

stage gain, the second-stage gain input quantity is the Q2 base voltage, vB2 = vo1. 

Second way: the first-stage gain is found by disconnecting the input of the second stage, 

thereby eliminating output loading. Then the Thevenin-equivalent output of the first stage is 

connected to the input of the second stage and its gain is calculated, including the input divider 

formed by the first-stage output resistance and second-stage input resistance. In this case, the 

first-stage gain output quantity is the Thevenin-equivalent voltage, not the actual collector 

voltage of the stage-connected amplifier. The second way includes interstage loading as an input 

divider in the gain of the second stage while the first way includes it as an output divider in the 

gain of the first stage. 

By cascading a CE stage followed by an emitter-follower (CC) stage, a good voltage 

amplifier results. The CE input resistance is high and CC output resistance is low. The CC 

contributes no increase in voltage gain but provides a near voltage-source (low resistance) output 

so that the gain is nearly independent of load resistance. The high input resistance of the CE 

stage makes the input voltage nearly independent of input-source resistance. Multiple CE stages 

can be cascaded and CC stages inserted between them to reduce attenuation due to inter-stage 

loading. 

Darlington Amplifier 

A CC stage followed by another CC stage has an input resistance of about (b + 1)2 times 

the emitter resistance of the second stage. More precisely, using the b transform, it is 

 

STUCOR A
PP

DOWNLOADED FROM STUCOR APP

DOWNLOADED FROM STUCOR APP



STUCOR                                   DEPARTMENT OF EEE 

54 
 

If RE1 is removed, the second term is about b2 times RE2. Furthermore, if the collectors are 
connected together, the result is a Darlington stage, as shown below. 

 

This stage can be viewed as a "Darlington transistor" because it has three terminals and an 

equivalent b of about b2. Darlington BJTs can be used in any of the three BJT configurations. 

Differential Amplifier 

A differential or emitter-coupled BJT pair is formed, as shown below, by a CC/CE stage 

driving a CB stage. The first stage is a CE to the first output, vo- and is a CC to the second stage. 

 

A differential-input amplifier has an input port for which the negative (- ) terminal is not 

necessaril y connected to the common node (usuall y ground). A differential amplifier (or diff -

amp) amplifies the difference between its input terminals: 
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Amplifiers with differential outputs have two output terminals, neither of which is 

necessaril y common with an input terminal or ground. The output is 

xo = xo+ -  xo- 

The 2-transistor diff-amp has differential inputs and outputs. The voltage gain is found by 

calculating the gain from each input to each output (4 gains). The differential gain is the ratio of 

the difference of the outputs over the difference of the inputs. If the gain magnitude (absolute 

value, neglecting sign) to the output is different for the two inputs, the amplifier is not 

differential. 

The above amplifier gain can be calculated using the transresistance method. The current-

source resistor REE forms a divider between stages. Ideall y, REE is a current source. The diff -amp 

circuit is also symmetrical i f corresponding components have equal values: 

RL1 = RL2 = RL 

RE1 = RE2 = RE 

RB1  = RB2 = RB 

and 

REE >> RE 

then the voltage gain is 

 

For non-negligible REE, a divider is formed between stages consisting of the source-transistor RE 

and REE. Apply Thevenin’s theorem for a Thevenin equivalent source driving RE of the other 

stage. 
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Complementary Stages 

Not only can npn BJTs or n-channel FETs be used in stages, so can their complementary 

devices, pnp BJTs and p-channel FETs. Having both polarities of transistors allows for more 

kinds of amplifiers and makes biasing easier. 

For example, a complementary cascade amplifier is shown below. The second (CE) stage 

uses a pnp BJT. In a representation similar to the power-supply voltage sources, the input voltage 

source is implicit by the vi label at the input node. Also, the + terminal of vo is labeled by "vo" 

and is understood to be taken with respect to ground (as the - terminal). 

 

Its gain equation is the same as the all -npn cascade. The advantage of the complementary 

cascade amplifier is that the CB-stage collector supply (ground) must be at a lower voltage than 

that of the base, allowing a ground-referenced output. For the all -npn cascade, +VCC adds to the 

output voltage developed across RL instead. 

` A complementary cascode (CE followed by CB) is shown below, with a JFET input stage 

for high input resistance. Except for the FET (with rs instead of re) and the addition of RL1, the 

gain and port resistance formulas are the same as the all -npn cascode. The Q2 base-biasing 

divider resistors form the equivalent RB. 
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Many other amplifiers of two or more transistor stages can perform better than the three one-

transistor configurations. The ones described here are among the most common and should be 

recognizable as "components" of larger circuits. 

SMALL SIGNAL MODEL OF A BJT 

 

•Just as we did with a p-n diode, we can break the BJT up into 

a large signal analysis and a small signal analysis and 

“linearize” the non-linear behavior of the Ebers-Moll model. 

•Small signal Models are only useful for Forward active mode 

and thus, are derived under this condition. (Saturation and cutoff are 

used for switches which involve very large voltage/current swings from the on to off states.) 

•Small signal models are used to determine amplifier 

characteristics (Example: “Gain” = Increase in the magnitude 

of a signal at the output of a circuit relative to it’s magnitude at 

the input of the circuit). 
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SMALL-SIGNAL MODELS 

h-parameter model
 

 
Generalized h-parameter model of an NPN BJT. 

Replace x with e, b or c for CE, CB and CC topologies respectively. 

Another model commonly used to analyze BJT circuits is the "h-parameter" model, closely 

related to the hybrid-pi model and the y-parameter two-port, but using input current and output 

voltage as independent variables, rather than input and output voltages. This two-port network is 

particularly suited to BJTs as it lends itself easily to the analysis of circuit behaviour, and may be 

used to develop further accurate models. As shown, the term "x" in the model represents a 

different BJT lead depending on the topology used. For common-emitter mode the various 

symbols take on the specific  values as: 

 x = 'e' because it is a common-emitter topology  

 Terminal 1 = Base  

 Terminal 2 = Collector  

 Terminal 3 = Emitter  

 i i = Base current (ib)  

 io = Collector current (ic)  

 V in = Base-to-emitter voltage (VBE)  

 Vo = Collector-to-emitter voltage (VCE)  

and the h-parameters are given by: 

 hix = hie – The input impedance of the transistor (corresponding to the emitter resistance 

re).  

 hrx = hre – Represents the dependence of the transistor's IB–VBE curve on the value of VCE. 

It is usually very small and is often neglected (assumed to be zero).  
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 hfx = hfe – The current-gain of the transistor. This parameter is often specified as hFE or 

the DC current-gain (βDC) in datasheets.  

 hox = hoe – The output impedance of transistor. This term is usuall y specified as an 

admittance and has to be inverted to convert it to an impedance.  

 

 

 

 

 

As shown, the h-parameters have lower-case subscripts and hence signify AC conditions 

or analyses. For DC conditions they are specif ied in upper-case. For the CE topology, an 

approximate h-parameter model is commonly used which further simplifies the circuit analysis. 

For this the hoe and hre parameters are neglected (that is, they are set to infini ty and zero, 

respectively). It should also be noted that the h-parameter model as shown is suited to low-

frequency, small-signal analysis. For high-frequency analyses the inter-electrode capacitances 

that are important at high frequencies must be added. 
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The Common Emitter 
Amplifier Circuit 

 

The single stage common emitter amplifier circuit shown above uses what is commonly 

called "Voltage Divider Biasing". This type of biasing arrangement uses two resistors as a 

potential divider network and is commonly used in the design of bipolar transistor amplifier 

circuits. This method of biasing the transistor greatly reduces the effects of varying Beta, ( β ) by 

holding the Base bias at a constant steady voltage level allowing for best stability. The quiescent 

Base voltage (Vb) is determined by the potential divider network formed by the two resistors, 

R1, R2 and the power supply voltage Vcc as shown with the current flowing through both 

resistors. Then the total resistance RT will  be equal to R1 + R2 giving the current as i = Vcc/RT. 

The voltage level generated at the junction of resistors R1 and R2 holds the Base voltage (Vb) 

constant at a value below the supply voltage. Then the potential divider network used in the 

common emitter amplifier circuit divides the input signal in proportion to the resistance. This 

bias reference voltage can be easily calculated using the simple voltage divider formula below: 
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The same supply voltage, (Vcc) also determines the maximum Collector current, Ic when 

the transistor is switched full y "ON" (saturation), Vce = 0. The Base current Ib for the transistor 

is found from the Collector current, Ic and the DC current gain Beta, β of the transistor. 

 

Beta is sometimes referred to as hFE which is the transistors forward current gain in the 

common emitter configuration. Beta has no units as it is a fixed ratio of the two currents, Ic and 

Ib so a small change in the Base current will  cause a large change in the Collector current. One 

final point about Beta. Transistors of the same type and part number will  have large variations in 

their Beta value for example, the BC107 NPN Bipolar transistor has a DC current gain Beta 

value of between 110 and 450 (data sheet value) this is because Beta is a characteristic of their 

construction and not their operation. 

As the Base/Emitter junction is forward-biased, the Emitter voltage, Ve will  be one 

junction voltage drop different to the Base voltage. If the voltage across the Emitter resistor is 

known then the Emitter current, Ie can be easily calculated using Ohm's Law. The Collector 

current, Ic can be approximated, since it is almost the same value as the Emitter current. 

A common emitter amplifier circuit has a load resistance, RL of 1.2kΩs and a supply 

voltage of 12v. Calculate the maximum Collector current (Ic) flowing through the load resistor 

when the transistor is switched full y "ON" (saturation), assume Vce = 0. Also find the value of 

the Emitter resistor, RE with a voltage drop of 1v across it. Calculate the values of all  the other 

circuit resistors assuming an NPN sili con transistor. 
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This then establishes point "A" on the Collector current vertical axis of the characteristics 

curves and occurs when Vce = 0. When the transistor is switched full y "OFF", their is no voltage 

drop across either resistor RE or RL as no current is flowing through them. Then the voltage drop 

across the transistor, Vce is equal to the supply voltage, Vcc. This then establishes point "B" on 

the horizontal axis of the characteristics curves. Generall y, the quiescent Q-point of the amplifier 

is with zero input signal applied to the Base, so the Collector sits half -way along the load line 

between zero volts and the supply voltage, (Vcc/2). Therefore, the Collector current at the Q-

point of the amplifier wil l be given as: 

 

This static DC load line produces a straight line equation whose slope is given as: -1/(RL 

+ RE) and that it crosses the vertical Ic axis at a point equal to Vcc/(RL + RE). The actual position 

of the Q-point on the DC load line is determined by the mean value of Ib. 

As the Collector current, Ic of the transistor is also equal to the DC gain of the transistor 

(Beta), times the Base current (β x Ib), if we assume a Beta (β) value for the transistor of say 

100, (one hundred is a reasonable average value for low power signal transistors) the Base 

current Ib flowing into the transistor wil l be given as: 

 

Instead of using a separate Base bias supply, it is usual to provide the Base Bias Voltage 

from the main supply rail (Vcc) through a dropping resistor, R1. Resistors, R1 and R2 can now 

be chosen to give a suitable quiescent Base current of 45.8μA or 46μA rounded off. The current 
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flowing through the potential 
divider circuit has to be large compared to the actual Base current, 

Ib, so that the voltage divider network is not loaded by the Base current flow. A general rule of 

thumb is a value of at least 10 times Ib flowing through the resistor R2. Transistor Base/Emitter 

voltage, Vbe is fixed at 0.7V (silicon transistor) then this gives the value of R2 as: 

 

If the current flowing through resistor R2 is 10 times the value of the Base current, then the 

current flowing through resistor R1 in the divider network must be 11 times the value of the Base 

current. The voltage across resistor R1 is equal to Vcc - 1.7v (VRE + 0.7 for silicon transistor) 

which is equal to 10.3V, therefore R1 can be calculated as: 

 

The value of the Emitter resistor, RE can be easily calculated using Ohm's Law. The 

current flowing through RE is a combination of the Base current, Ib and the Collector current Ic 

and is given as: 

 

Resistor, RE is connected between the Emitter and ground and we said previously that it has a 

voltage of 1 volt across it. Then the value of RE is given as: 
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So, for our example above, the preferred values of the resistors chosen to give a tolerance of 5% 

(E24) are: 

 

Then, our original Common Emitter Amplifier circuit above can be rewritten to include the 

values of the components that we have just calculated above. 

Completed Common Emitter Circuit 

 

Coupling Capacitors 

In Common Emitter Amplifier circuits, capacitors C1 and C2 are used as Coupling 

Capacitors to separate the AC signals from the DC biasing voltage. This ensures that the bias 

condition set up for the circuit to operate correctly is not effected by any additional amplifier 

stages, as the capacitors will  only pass AC signals and block any DC component. The output AC 

signal is then superimposed on the biasing of the following stages. Also a bypass capacitor, CE is 

included in the Emitter leg circuit. This capacitor is an open circuit component for DC bias 
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meaning that the biasing currents 
and voltages are not affected by the addition of the capacitor 

maintaining a good Q-point stability. However, this bypass capacitor short circuits the Emitter 

resistor at high frequency signals and only RL plus a very small internal resistance acts as the 

transistors load increasing the voltage gain to its maximum. Generall y, the value of the bypass 

capacitor, CE is chosen to provide a reactance of at most, 1/10th the value of RE at the lowest 

operating signal frequency. 

 

Output Characteristics Curves 

Ok, so far so good. We can now construct a series of curves that show the Collector 

current, Ic against the Collector/Emitter voltage, Vce with different values of Base current, Ib for 

our simple common emitter amplifier circuit. These curves are known as the "Output 

Characteristic Curves" and are used to show how the transistor will  operate over its dynamic 

range. A static or DC load line is drawn onto the curves for the load resistor RL of 1.2kΩ to 
show all  the transistors possible operating points. When the transistor is switched "OFF", Vce 

equals the supply voltage Vcc and this is point B on the line. Likewise when the transistor is full y 

"ON" and saturated the Collector current is determined by the load resistor, RL and this is point A 

on the line. We calculated before from the DC gain of the transistor that the Base current 

required for the mean position of the transistor was 45.8μA and this is marked as point Q on the 
load line which represents the Quiescent point or Q-point of the amplifier. We could quite 

easily make life easy for ourselves and round off this value to 50μA exactly, without any effect 
to the operating point. STUCOR A
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Output Characteristics 
Curves 

 

Point Q on the load line gives us the Base current Q-point of Ib = 45.8μA or 46μA. We need to 

find the maximum and minimum peak swings of Base current that will  result in a proportional 

change to the Collector current, Ic without any distortion to the output signal. As the load line 

cuts through the different Base current values on the DC characteristics curves we can find the 

peak swings of Base current that are equall y spaced along the load line. These values are marked 

as points N and M on the line, giving a minimum and a maximum Base current of 20μA and 

80μA respectively. These points, N and M can be anywhere along the load line that we choose as 
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long as they are equall y spaced from Q. This then gives us a theoretical maximum input signal to 

the Base terminal of 30μA peak- to-peak without producing any 

distortion to the output signal. Any input signal giving a Base current 

greater than this value will  drive the transistor to go  

 

 

beyond point N and into its Cut-off region or beyond point M and into its Saturation region 

thereby resulting in distortion to the output signal in the form of "clipping". 

Using points N and M as an example, the instantaneous values of Collector current and 

corresponding values of Collector-emitter voltage can be projected from the load line. It can be 

seen that the Collector-emitter voltage is in anti-phase (-180o) with the collector current. As the 

Base current Ib changes in a positive direction from 50μA to 80μA, the Collector-emitter 

voltage, which is also the output voltage decreases from its steady state value of 5.8v to 2.0v. 

Then a single stage Common Emitter Amplifier is also an "Inverting Amplifier" as an increase 

in Base voltage causes a decrease in Vout and a decrease in Base voltage produces an increase in 

Vout. 

Voltage Gain 

The Voltage Gain of the common emitter amplifi er is equal to the ratio of the change in 

the input voltage to the change in the amplifiers output voltage. Then ΔVL is Vout and ΔVB is 

Vin. But voltage gain is also equal to the ratio of the signal resistance in the Collector to the 

signal resistance in the Emitter and is given as: 
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We mentioned earlier that as the signal frequency increases the bypass capacitor, CE starts to 

short out the Emitter resistor. Then at high frequencies RE
 = 0, making the gain infini te. 

However, bipolar transistors have a small internal resistance built into their Emitter region called 

Re. The transistors semiconductor material offers an internal resistance to the flow of current 

through it and is generall y represented by a small resistor symbol shown inside the main 

transistor symbol. Transistor data sheets tell us that for a small signal bipolar transistors this 

internal resistance is the product of 25mV ÷ Ie (25mV being the internal volt drop across the 

Base/Emitter junction depletion layer), then for our common Emitter amplifier circuit above this 

resistance value wil l be equal to: 

 

This internal Emitter leg resistance will  be in series with the external Emitter resistor, RE, 

then the equation for the transistors actual gain will  be modified to include this internal 

resistance and is given as: 

 

At low frequency signals the total resistance in the Emitter leg is equal to RE + Re. At 

high frequency, the bypass capacitor shorts out the Emitter resistor leaving only the internal 

resistance Re in the Emitter leg resulting in a high gain. Then for our common emitter amplifier 

circuit above, the gain of the circuit at both low and high signal frequencies is given as: 

At Low Frequencies 
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At High Frequencies 

 

One final point, the voltage gain is dependent only on the values of the Collector resistor, 

RL and the Emitter resistance, (RE + Re) it is not affected by the current gain Beta, β (hFE) of the 

transistor. 

POWER AMPLIFIER CLASSES 

Angle of flow or conduction angle 

Power amplifier circuits (output stages) are classified as A, B, AB and C for analog 

designs, and class D and E for switching designs based upon the conduction angle or angle of 

flow, Θ, of the input signal through the (or each) output amplifying device, that is, the portion of 

the input signal cycle during which the amplif ying device conducts. The image of the conduction 

angle is derived from amplifying a sinusoidal signal. (If the device is always on, Θ = 360°.) The 

angle of flow is closely related to the amplifi er power eff iciency. The various classes are 

introduced below, followed by more detailed discussion under individual headings later on. 

Class A  
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100% of the input signal is used (conduction angle Θ = 360° or 2π); i.e., the active 

element remains conducting[5] (works in its "linear" range) all  of the time. Where 

eff iciency is not a consideration, most small signal linear amplifiers are designed as Class 

A. Class A amplifiers are typically more linear and less complex than other types, but are 

very ineff icient. This type of amplifier is most commonly used in small -signal stages or 

for low-power applications (such as driving headphones). Subclass A2 is sometimes used 

to refer to vacuum tube Class A stages where the grid is allowed to be driven slightly 

positive on signal peaks, resulting in slightly more power than normal Class A (A1; 

where the grid is always negative[6]), but incurring more distortion.  

Class B  

 

50% of the input signal is used (Θ = 180° or π; i.e., the active element works in its linear 

range half of the time and is more or less turned off for the other half) . In most Class B, 

there are two output devices (or sets of output devices), each of which conducts 

alternately (push–pull) for exactly 180° (or half cycle) of the input signal; selective RF 

amplifiers can also be implemented using a single active element. 

These amplifiers are subject to crossover distortion if the transition from one active 

element to the other is not perfect, as when two complementary transistors (i.e., one PNP, 

one NPN) are connected as two emitter followers with their base and emitter terminals in 

common, requiring the base voltage to slew across the region where both devices are 

turned off.[7] 
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Class AB 

Here the two active elements conduct more than half of the time as a means to 

reduce the cross-over distortions of Class B amplifiers. In the example of the 

complementary emitter followers a bias network allows for more or less quiescent current 

thus providing an operating point somewhere between Class A and Class B. Sometimes a 

figure is added (e.g., AB1 or AB2) for vacuum tube stages where the grid voltage is 

always negative with respect to the cathode (Class AB1) or may be slightly positive 

(hence drawing grid current, adding more distortion, but giving slightly higher output 

power) on signal peaks (Class AB2); another interpretation being higher figures implying 

a higher quiescent current and therefore more of the properties of Class A.  

Class C  

Less than 50% of the input signal is used (conduction angle Θ < 180°). The advantage is 

potentially high efficiency, but a disadvantage is high distortion 
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Push Pull Amplifier: 

A push–pull output is a type of electronic circuit that can drive either a positive or a 

negative current into a load. Push–pull outputs are present in TTL and CMOS digital logic 

circuits and in some types of amplifiers, and are usuall y realized as a complementary pair of 

transistors, one dissipating or sinking current from the load to ground or a negative power 

supply, and the other supplying or sourcing current to the load from a positive power supply. 

A special configuration of push-pull, though in fact an exception, are the outputs of TTL 

and related families. The upper transistor is functioning as an active pull-up, in linear mode, 

while the lower transistor works digitall y. For this reason they aren't capable of supplying as 

much current as they can sink (typicall y 20 times less). Because of the way these circuits are 

drawn schematicall y, with two transistors stacked verticall y, normall y with a protection diode in 

between, they are called "totem pole" outputs. 

Vacuum tubes (valves) are not available in complementary types (as are pnp/npn 

transistors) so that the tube push-pull amplifier has a pair of identical output tubes or groups of 

tubes with the control grids driven in antiphase; these tubes drive current through the two halves 

of the primary winding of a center-tapped output transformer in such a way that the signal 

currents add, while the distortion signals due to the non-linear characteristic curves of the tubes 

subtract. These amplifiers were first designed long before the development of solid-state 

STUCOR A
PP

DOWNLOADED FROM STUCOR APP

DOWNLOADED FROM STUCOR APP



STUCOR                                   DEPARTMENT OF EEE 

73 
 

electronic devices; they are still  in 
use by both audiophiles and musicians who consider them to 

sound better. 

Common Collector : 

 

In electronics, a common-collector amplifier (also known as an emitter follower or BJT 

voltage follower) is one of three basic single-stage bipolar junction transistor (BJT) amplifier 

topologies, typically used as a voltage buffer. In this circuit the base terminal of the transistor 

serves as the input, the emitter the output, and the collector is common to both (for example, it 

may be tied to ground reference or a power supply rail ), hence its name. The analogous field-

effect transistor circuit is the common-drain amplifier 

 Definition Expression 
Approximate 

expression 
Conditions 

Current 

gain  
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Voltage 

gain   
  

Input 

resistanc

e 
 

   

Output 

resistanc

e 

Where is the Thévenin equivalent source resistance. 

 Common-base: 

In electronics, a common-base (also known as grounded-base) amplifier is one of three 

basic single-stage bipolar junction transistor (BJT) amplifier topologies, typicall y used as a 

current buffer or voltage amplifier. In this circuit the emitter terminal of the transistor serves as 

the input, the collector the output, and the base is common to both (for example, it  may be tied to 

ground reference or a power supply rail ), hence its name. The analogous field-effect transistor 

circuit is the common-gate amplifier. 

 

STUCOR A
PP

DOWNLOADED FROM STUCOR APP

DOWNLOADED FROM STUCOR APP



STUCOR                                   DEPARTMENT OF EEE 

75 
 

 

UNIT V 

FEEDBACK AMPLIFIERS AND OSCILLATORS 

ADVANTAGES OF NEGATIVE FEEDBACK AMPLIFIERS: 

A negative feedback amplifier is an amplifier a fraction of the output of which is 

combined with the input so that feedback occurs, in this case opposing the original signal, giving 

negative feedback. A negative feedback amplifier (or more commonly simply a feedback 

amplifier) uses negative feedback to improve performance (gain stability, linearity, frequency 

response, step response) and to reduce sensitivi ty to parameter variations due to manufacturing 

or environment. A single feedback loop with unilateral blocks is shown in Figure 1. Negative 

feedback is used in this way in many amplifiers and control systems.[1] 

 

The current feedback operational amplifier or CFA is a type of electronic amplifier 

whose inverting input is sensitive to current, rather than to voltage as in a conventional voltage-

feedback operational amplifier (VFA). The CFA was invented by David Nelson at Comlinear 

Corporation, and first sold in 1982 as a hybrid amplifier, the CLC103. The first patent covering a 

CFA is U.S. Patent 4,502,020, David Nelson and Kenneth Saller (filed in 1983). The first 

integrated circuit CFAs were introduced in 1987 by both Comlinear and Elantec (designer Bil l 

Gross). They are usuall y produced with the same pin arrangements as VFAs, allowing the two 
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types to be interchanged without rewiring when the circuit design allows. In simple 

configurations, such as linear amplifiers, a CFA can be used in place of a VFA with no circuit 

modifications, but in other cases, such as integrators, a different circuit design is required. The 

classic four-resistor differential amplifier configuration also works with a CFA, but the common-

mode rejection ratio is poorer than that from a VFA. 

 

CONDITION FOR OSCILLATION: 

The Barkhausen stability criterion is a mathematical condition to determine when an 

electronic circuit will  oscil late. It was put forth in 1921 by German physicist Heinrich Georg 

Barkhausen (1881-1956). It is widely used in the design of electronic oscil lators, and also in the 

design of general negative feedback circuits such as op amps, to prevent them from 

oscil lating.Barkhausen's criterion applies to circuits with a feedback loop. Therefore it cannot be 
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applied to one port negative resistance active elements like tunnel diode 

oscil lators.  

It states that if is the gain of the amplifying element in the circuit and is the transfer 

function of the feedback path, so is the loop gain around the feedback loop of the circuit, the 

circuit will  sustain steady-state oscil lations only at frequencies for which: 

1. The loop gain is equal to unity in absolute magnitude, that is,  

2. There must be a positive feedback i.e., the phase shift around the loop is zero or an 

integer multiple of 2π:  

Barkhausen's criterion is a necessary condition for oscil lation, not sufficient. This means there 

are some circuits which satisfy the criterion but do not oscil late. These can be distinguished with 

the Nyquist stability criterion, which is both necessary and sufficient. 
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POSITIVE FEEDBACK: 

 

Positive feedback is rarely useful in amplifiers; it is useful only in very exceptional 

circumstances, one of which is to control the input impedance of the amplif ier, and even then the 

amplifier is at serious risk of li kely destructive instability.Feedback is said to be positive if any 

increase in the output signal results in a feedback signal which on being compounded with a 

derivative of the source signal causes further increase in the magnitude of the output signal. 

Hence it is also called regenerative feedback. Positive feedback is in the same phase as the input 

signal, therefore the 'internal gain' of the amplifier (A i) increases. 

If the circuit elements are practicall y linear, the 'internal gain', A i , of the feedback loop is 

given by A i = (output voltage/input voltage) = A/ (1 − Aβ). Here A is the gain of the feed-

forward active part of the amplifier without feedback, and β is the gain of the feedback element. 

The 'loop gain' is Aβ. Final or amplifi er gain refers to the relation between source signal and load 

quantity; as well  as depending on the 'internal gain' of the feedback loop, the final amplifier gain 

depends also on the presence of leakage or parasitic pathways, at the input, at the output, and as 

feed-forward in parallel with the feedback loop, and it depends also on the load, which may be 

reactive. 
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An advantage here is the Swing-up control of an inverted pendulum on a cart. 

Disadvantages are: 

 Gain can tend to be unstable  

 Higher distortion  

 Bandwidth decreases  

 Stability is diff icult or impossible to guarantee  

 feedback is used extensively in oscil lators and in regenerative radio receivers and Q 

multipliers.Positive feedback is used in almost all flip -flops to force the voltage into one of two 

stable voltages to represent 1 and 0 values, and this is a critical feature of digital electronics. 

Additionall y, the schmitt trigger circuit uses positive feedback to generate hysteresis and thus 

provide noise immunity on digital input. 

Audio feedback or acoustic feedback is a common example of positive feedback. It is the 

familiar squeal that results when sound from loudspeakers enters a closely-placed microphone 

and gets amplified, and as a result the sound gets louder and louder. To avoid this condition, the 

microphone must be prevented from "hearing" its own loudspeaker 

WEIN BRIDGE OSCILLATOR 

A Wien bridge oscillator is a type of electronic oscil lator that generates sine waves. It 

can generate a large range of frequencies. The circuit is based on an electrical network originall y 

developed by Max Wien in 1891. The bridge comprises four resistors and two capacitors. It can 

also be viewed as a positive feedback system combined with a bandpass fil ter. Wien did not have 

a means of developing electronic gain so a workable oscil lator could not be realized. STUCOR A
PP
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The modern circuit is derived from Wil liam Hewlett's 1939 Stanford University master's 

degree thesis. Hewlett, along with David Packard co-founded Hewlett-Packard. Their fi rst 

product was the HP 200A, a precision sine wave oscil lator based on the Wien bridge. The 200A 

was one of the first instruments to produce such low distortion. 

HARTLEY OSCILLATOR  

A Hartley oscillator is a type of electronic oscillator that generates sine waves. It can 

generate a large range of frequencies. The circuit is based on an electrical network originally 

developed by Max Wien in 1891. The bridge comprises four resistors and two capacitors. It can 

also be viewed as a positive feedback system combined with a bandpass fil ter. Wien did not have 

a means of developing electronic gain so a workable oscil lator could not be realized. 
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The modern circuit is derived from Wil liam Hewlett's 1939 Stanford University master's degree 

thesis. Hewlett, along with David Packard co-founded Hewlett-Packard. Their first product was 

the HP 200A, a precision sine wave oscil lator based on the Wien bridge. The 200A was one of the 

first instruments to produce such low distortion. 

The frequency of oscil lation is given by: 

 

HARTLEY OSCILLATOR 

The Hartley oscillator is an electronic oscil lator using two coils in series, parallel to a 

single capacitor, forming the LC circuit that determines the frequency. 

Hartley oscil lator is essentiall y any configuration that uses two series-connected coils and a 

single capacitor (see Colpitts oscil lator for the equivalent oscil lator using two capacitors and one 

coil). Although there is no requirement for there to be mutual coupling between the two coil 

segments, the circuit is usuall y implemented this way. 

 

It is made up of the following: 

 Two inductors in series, which need not be mutual  
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 One tuning capacitor  

Advantages of the Hartley oscil lator include: 

 The frequency may be varied using a variable capacitor  

 The output amplitude remains constant over the frequency range  

 Either a tapped coil or two fixed inductors are needed  

Disadvantages include: 

 Harmonic-rich content if taken from the amplifier and not directly from the LC circuit.  

Note that, if the inductance of the two partial coils L1 and L2 is given (e.g. in a simulator), the 

total effective inductance that determines the frequency of the oscil lation is (coupling factor k): 

 

COLPITTS OSCILLATOR 

A Colpitts oscillator, named after its inventor Edwin H. Colpitts,[1] is one of a number of 

designs for electronic oscil lator circuits using the combination of an inductance (L) with a 

capacitor (C) for frequency determination, thus also called LC oscil lator. The distinguishing 

feature of the Colpitts circuit is that the feedback signal is taken from a voltage divider made by 

two capacitors in series. One of the key features of this type of oscil lator is its simplicity (needs 

only a single inductor) and robustness. The left picture shows the schematic as used in the first 

publication, and the right shows the schematic from the patent application. 

The frequency is generally determined by the inductor and the two capacitors at the bottom of 

the drawing. 
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A Colpitts oscil lator is the electrical dual of a Hartley oscil lator. Fig. 1 shows the 

basic Colpitts circuit, where two capacitors and one inductor determine the frequency of 

oscil lation. The feedback needed for oscil lation is taken from a voltage divider made by the 

two capacitors, where in the Hartley oscil lator the feedback is taken from a voltage divider 

made by two inductors (or a tapped single inductor). 

As with any oscil lator, the amplif ication of the active component should be marginally 

larger than the attenuation of the capacitive voltage divider, to obtain stable operation. Thus, 

using the Colpitts oscil lator for a variable frequency oscil lator VFO is best done by using a 

variable inductance for tuning, instead of tuning one of the two capacitors. If tuning by a variable 

capacitor is needed, it should be a third one connected in parallel to the inductor (or in series as 

in the Clapp oscil lator 

PHASE-SHIFT OSCILLATOR 

A phase-shift oscillator is a simple sine wave electronic oscil lator. It contains an 

inverting amplifier, and a feedback filter which 'shifts' the phase of the amplifier output by 180 

degrees at the oscil lation frequency.The filter produces a phase shift that increases with 
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frequency. It must have a 
maximum phase shift of considerably greater than 180° at high 

frequencies, so that the phase shift at the desired oscil lation frequency is 180°. 

` The most common way of achieving this kind of filter is using three identical cascaded 

resistor-capacitor filters, which together produce a phase shift of zero at low frequencies, and 270 

degrees at high frequencies. At the oscil lation frequency each filter produces a phase shift of 60 

degrees and the whole filt er circuit produces a phase shift of 180 degrees. 

 

 

CRYSTAL OSCILLATOR 

A crystal oscillator is an electronic circuit that uses the mechanical resonance of a 

vibrating crystal of piezoelectric material to create an electrical signal with a very precise 

frequency. This frequency is commonly used to keep track of time (as in quartz wristwatches), to 

provide a stable clock signal for digital integrated circuits, and to stabilize frequencies for radio 

transmitters and receivers. The most common type of piezoelectric resonator used is the quartz 

crystal, so oscillator circuits designed around them were called "crystal oscil lators". 
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Quartz crystals are manufactured for frequencies from a few tens of kilohertz to tens of 

megahertz. More than two billion (2×109) crystals are manufactured annuall y. Most are small 

devices for consumer devices such as wristwatches, clocks, radios, computers, and cellphones. 

Quartz crystals are also found inside test and measurement equipment, such as counters, signal 

generators, and oscil loscopes. 
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UNIT V 

FEEDBACK AMPLIFIERS AND OSCILLATORS 

ADVANTAGES OF NEGATIVE FEEDBACK AMPLIFIERS: 

A negative feedback amplifier is an amplifier a fraction of the output of which is 

combined with the input so that feedback occurs, in this case opposing the original signal, giving 

negative feedback. A negative feedback amplifier (or more commonly simply a feedback 

amplifier) uses negative feedback to improve performance (gain stability, linearity, frequency 

response, step response) and to reduce sensitivi ty to parameter variations due to manufacturing 

or environment. A single feedback loop with unilateral blocks is shown in Figure 1. Negative 

feedback is used in this way in many amplifiers and control systems.[1] 

 

The current feedback operational amplifier or CFA is a type of electronic amplifier 

whose inverting input is sensitive to current, rather than to voltage as in a conventional voltage-

feedback operational amplifier (VFA). The CFA was invented by David Nelson at Comlinear 

Corporation, and first sold in 1982 as a hybrid amplifier, the CLC103. The first patent covering a 

CFA is U.S. Patent 4,502,020, David Nelson and Kenneth Saller (filed in 1983). The first 

integrated circuit CFAs were introduced in 1987 by both Comlinear and Elantec (designer Bil l 

Gross). They are usuall y produced with the same pin arrangements as VFAs, allowing the two 

types to be interchanged without rewiring when the circuit design allows. In simple 
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configurations, such as linear 
amplifiers, a CFA can be used in place of a VFA with no circuit 

modifications, but in other cases, such as integrators, a different circuit design is required. The 

classic four-resistor differential amplifier configuration also works with a CFA, but the common-

mode rejection ratio is poorer than that from a VFA. 

 

CONDITION FOR OSCILLATION: 

The Barkhausen stability criterion is a mathematical condition to determine when an 

electronic circuit will  oscil late. It was put forth in 1921 by German physicist Heinrich Georg 

Barkhausen (1881-1956). It is widely used in the design of electronic oscil lators, and also in the 

design of general negative feedback circuits such as op amps, to prevent them from 

oscil lating.Barkhausen's criterion applies to circuits with a feedback loop. Therefore it cannot be 
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applied to one port negative resistance active elements like tunnel diode 

oscil lators.  

It states that if is the gain of the amplifying element in the circuit and is the transfer 

function of the feedback path, so is the loop gain around the feedback loop of the circuit, the 

circuit will  sustain steady-state oscil lations only at frequencies for which: 

3. The loop gain is equal to unity in absolute magnitude, that is,  

4. There must be a positive feedback i.e., the phase shift around the loop is zero or an 

integer multiple of 2π:  

Barkhausen's criterion is a necessary condition for oscil lation, not sufficient. This means there 

are some circuits which satisfy the criterion but do not oscil late. These can be distinguished with 

the Nyquist stability criterion, which is both necessary and sufficient. 
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POSITIVE FEEDBACK: 

 

Positive feedback is rarely useful in amplifiers; it is useful only in very exceptional 

circumstances, one of which is to control the input impedance of the amplif ier, and even then the 

amplifier is at serious risk of li kely destructive instability.Feedback is said to be positive if  any 

increase in the output signal results in a feedback signal which on being compounded with a 

derivative of the source signal causes further increase in the magnitude of the output signal. 

Hence it is also called regenerative feedback. Positive feedback is in the same phase as the input 

signal, therefore the 'internal gain' of the amplifier (A i) increases. 

If the circuit elements are practicall y linear, the 'internal gain', A i , of the feedback loop is 

given by A i = (output voltage/input voltage) = A/ (1 − Aβ). Here A is the gain of the feed-

forward active part of the amplifier without feedback, and β is the gain of the feedback element. 

The 'loop gain' is Aβ. Final or amplifi er gain refers to the relation between source signal and load 

quantity; as well  as depending on the 'internal gain' of the feedback loop, the final amplifier gain 

depends also on the presence of leakage or parasitic pathways, at the input, at the output, and as 

feed-forward in parallel with the feedback loop, and it depends also on the load, which may be 

reactive. 
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An advantage here is the Swing-up control of an inverted pendulum on a cart. 

Disadvantages are: 

 Gain can tend to be unstable  

 Higher distortion  

 Bandwidth decreases  

 Stability is diff icult or impossible to guarantee  

 feedback is used extensively in oscil lators and in regenerative radio receivers and Q 

multipliers.Positive feedback is used in almost all flip -flops to force the voltage into one of two 

stable voltages to represent 1 and 0 values, and this is a critical feature of digital electronics. 

Additionall y, the schmitt trigger circuit uses positive feedback to generate hysteresis and thus 

provide noise immunity on digital input. 

Audio feedback or acoustic feedback is a common example of positive feedback. It is the 

familiar squeal that results when sound from loudspeakers enters a closely-placed microphone 

and gets amplified, and as a result the sound gets louder and louder. To avoid this condition, the 

microphone must be prevented from "hearing" its own loudspeaker 

WEIN BRIDGE OSCILLATOR 

A Wien bridge oscillator is a type of electronic oscil lator that generates sine waves. It 

can generate a large range of frequencies. The circuit is based on an electrical network originall y 

developed by Max Wien in 1891. The bridge comprises four resistors and two capacitors. It can 

also be viewed as a positive feedback system combined with a bandpass fil ter. Wien did not have 

a means of developing electronic gain so a workable oscil lator could not be realized. STUCOR A
PP
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The modern circuit is derived from Wil liam Hewlett's 1939 Stanford University master's 

degree thesis. Hewlett, along with David Packard co-founded Hewlett-Packard. Their fi rst 

product was the HP 200A, a precision sine wave oscil lator based on the Wien bridge. The 200A 

was one of the first instruments to produce such low distortion. 

HARTLEY OSCILLATOR  

A Hartley oscillator is a type of electronic oscillator that generates sine waves. It can 

generate a large range of frequencies. The circuit is based on an electrical network originally 

developed by Max Wien in 1891. The bridge comprises four resistors and two capacitors. It can 

also be viewed as a positive feedback system combined with a bandpass fil ter. Wien did not have 

a means of developing electronic gain so a workable oscil lator could not be realized. 

 

STUCOR A
PP

DOWNLOADED FROM STUCOR APP

DOWNLOADED FROM STUCOR APP



STUCOR                                   DEPARTMENT OF EEE 

92 
 

The modern circuit is derived from Wil liam Hewlett's 1939 Stanford University master's degree 

thesis. Hewlett, along with David Packard co-founded Hewlett-Packard. Their first product was 

the HP 200A, a precision sine wave oscil lator based on the Wien bridge. The 200A was one of the 

first instruments to produce such low distortion. 

The frequency of oscil lation is given by: 

 

HARTLEY OSCILLATOR 

The Hartley oscillator is an electronic oscil lator using two coils in series, parallel to a 

single capacitor, forming the LC circuit that determines the frequency. 

Hartley oscil lator is essentiall y any configuration that uses two series-connected coils and a 

single capacitor (see Colpitts oscil lator for the equivalent oscil lator using two capacitors and one 

coil). Although there is no requirement for there to be mutual coupling between the two coil 

segments, the circuit is usuall y implemented this way. 

 

It is made up of the following: 

 Two inductors in series, which need not be mutual  
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 One tuning capacitor  

Advantages of the Hartley oscil lator include: 

 The frequency may be varied using a variable capacitor  

 The output amplitude remains constant over the frequency range  

 Either a tapped coil or two fixed inductors are needed  

Disadvantages include: 

 Harmonic-rich content if taken from the amplifier and not directly from the LC circuit.  

Note that, if the inductance of the two partial coils L1 and L2 is given (e.g. in a simulator), the 

total effective inductance that determines the frequency of the oscil lation is (coupling factor k): 

 

COLPITTS OSCILLATOR 

A Colpitts oscillator, named after its inventor Edwin H. Colpitts,[1] is one of a number of 

designs for electronic oscil lator circuits using the combination of an inductance (L) with a 

capacitor (C) for frequency determination, thus also called LC oscil lator. The distinguishing 

feature of the Colpitts circuit is that the feedback signal is taken from a voltage divider made by 

two capacitors in series. One of the key features of this type of oscil lator is its simplicity (needs 

only a single inductor) and robustness. The left picture shows the schematic as used in the first 

publication, and the right shows the schematic from the patent application. 

The frequency is generally determined by the inductor and the two capacitors at the bottom of 

the drawing. 
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A Colpitts oscil lator is the electrical dual of a Hartley oscil lator. Fig. 1 shows the 

basic Colpitts circuit, where two capacitors and one inductor determine the frequency of 

oscil lation. The feedback needed for oscil lation is taken from a voltage divider made by the 

two capacitors, where in the Hartley oscil lator the feedback is taken from a voltage divider 

made by two inductors (or a tapped single inductor). 

As with any oscil lator, the amplif ication of the active component should be marginally 

larger than the attenuation of the capacitive voltage divider, to obtain stable operation. Thus, 

using the Colpitts oscil lator for a variable frequency oscil lator VFO is best done by using a 

variable inductance for tuning, instead of tuning one of the two capacitors. If tuning by a variable 

capacitor is needed, it should be a third one connected in parallel to the inductor (or in series as 

in the Clapp oscil lator 

PHASE-SHIFT OSCILLATOR 

A phase-shift oscillator is a simple sine wave electronic oscil lator. It contains an 

inverting amplifier, and a feedback filter which 'shifts' the phase of the amplifier output by 180 

degrees at the oscil lation frequency.The filter produces a phase shift that increases with 

  

 

 

STUCOR A
PP

DOWNLOADED FROM STUCOR APP

DOWNLOADED FROM STUCOR APP



STUCOR                                   DEPARTMENT OF EEE 

95 
 

frequency. It must have a 
maximum phase shift of considerably greater than 180° at high 

frequencies, so that the phase shift at the desired oscil lation frequency is 180°. 

` The most common way of achieving this kind of filter is using three identical cascaded 

resistor-capacitor filters, which together produce a phase shift of zero at low frequencies, and 270 

degrees at high frequencies. At the oscil lation frequency each filter produces a phase shift of 60 

degrees and the whole filt er circuit produces a phase shift of 180 degrees. 

 

 

CRYSTAL OSCILLATOR 

A crystal oscillator is an electronic circuit that uses the mechanical resonance of a 

vibrating crystal of piezoelectric material to create an electrical signal with a very precise 

frequency. This frequency is commonly used to keep track of time (as in quartz wristwatches), to 

provide a stable clock signal for digital integrated circuits, and to stabilize frequencies for radio 

transmitters and receivers. The most common type of piezoelectric resonator used is the quartz 

crystal, so oscillator circuits designed around them were called "crystal oscil lators". 
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Quartz crystals are manufactured for frequencies from a few tens of kilohertz to tens of 

megahertz. More than two billion (2×109) crystals are manufactured annuall y. Most are small 

devices for consumer devices such as wristwatches, clocks, radios, computers, and cellphones. 

Quartz crystals are also found inside test and measurement equipment, such as counters, signal 

generators, and oscil loscopes. 
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