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BIASING OF BJT AND FET
Introduction
Bipolar Junction Transistor (BJT) consist of C G
+ 3terminals-E,B,C
« 2 Junctions — JE (BE) and JC (CB)
» 3 region(Stages) of operation
_ NPN 'E PNP 'E
Refer figure 1, 2 and 3

Figure 1. BJT (3 terminals)
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Figure 2. BJT (2 junctions) Figure 3. BJT (3region of operations)

The main application of transistor is amplification as shown in figure 4. The signal from the
transducers like microphone, thermocouple etc, are very weak. The process of raising the level
of signal strength (Amplitude increases) is called Amplification as shown in the below figure.
There is No change in the wave shape and frequency.

Input signal Amplified output signal

D. C. SUPPLY
Y

+V
+mvT ——O— [ T
y \ L
—_— ¢ INPUT o
0 t |, SIGNAL AMPLIFIER l -’t
% 7, 0
-mv e v

AP | R

INPUT ] OuUTPUT




Figure 4. Amplifier

Essential components of Oscillator are: Amplifier and a positive feedback loop (figure 5)
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Figure 5. Oscillator

Different configuration of transistor (Refer table 1)

e Common Emitter (CE)
e Common Base (CB)
e Common Collector (CC)
Table 1: Different configuration of transistor

CUMIMARY,

COMMON EMITTER COMMON COLLECTOR COMMON BASE
INPUT.  VBE BIE INPUT: VBC & 1B (NPUT VEBRIE
outpur VCERIC OUTPUT.  VECAIE ouTpuT. VCBRIC

L
Comparison

input Base Emitter Base

output Collector Collector Emitter
common Emitter Base Collector

V gain large large none

I gain large none large
o e first stage  high frequency buffer

amplifier amplifier

Figure 6. Configuration of transistor
CE configuration is commonly used because (Refer figure 6 and table 2)
1. It offers high voltage, current and power gain

2. Its input and output impedance are best suited for many applications.



Table 2. Region of operation of BJT(CE) and its Applications

Emitter Base Junction | Collector Base Region of Application
Junction Operation

Reverese Biased Reverese Biased Open Switch

Forward Biased Reverese Biased Active Amplifiers and

O=cillators

Forward Biased Forward Biased Saturation Closed Switch
Region

Reverese Biased Forward Biased Inverse Mode Digital Circuits

What is Biasing?

Biasing is defined as applying external DC voltage to a device to operate it in the desired
region of operation. Types of Biasing,

* Forward Bias
* Reverse Bias

A transistor is based in order to make the emitter base junction forward biased and collector
base junction reverse biased, so that it maintains in active region, to work as an amplifier shown
in figure 7. The process of forcing the transistor into the active region is called biasing.

Input signal DC Supply Amplified output signal
+mv i
; Bipolar Junction . 0 \ >
0 Pt Transistor ) l ¢
-mv v

Figure 7. Transistor Biasing

The basic function of transistor is amplification. The process of raising the strength of weak
signal without any change in its general shape or frequency is referred as faithful amplification.



« For faithful amplification it is essential that:
-Emitter-Base junction is forward biased
-Collector Base junction is reversed biased
-Proper zero signal collector current
Biasing Definition:

The proper flow of zero signal output current and the maintenance of proper output voltage
during the passage of signal is called transistor biasing.

Need for DC biasing

* To amplify a signal, two conditions have to be met.
1. The input voltage should exceed cut-in voltage for the transistor to be ON.

2. The BJT should be in the active region, to be operated as an amplifier for the entire AC
signal.

For, normal operation of the transistor amplifier circuit, the transistor must be biased so that
it operates in the active region (linear) of the characteristics.

The DC sources supplies the power to the transistor circuit, to get the output signal power
greater than the input signal power.

Q-Point (Static Operation Point)

When a transistor does not have an ac input, it will have specific dc values of Ic and Vce. These
values correspond to a specific point on the dc load line. This point is called the Q-point. The
letter Q corresponds to the word (Latent) quiescent, meaning at rest. A quiescent amplifier is
one that has no ac signal applied and therefore has constant dc values of Ic and Vce. It is also
called as quiescent point or simply Q-point as shown in figure 8.

* When a line is drawn joining the saturation and cut off points, such a line can be called
as Load line.

» This line, when drawn over the output characteristic curve, makes contact at a point
called as Operating point.

* There can be many such intersecting points, but the Q-point is selected in such a way
that irrespective of AC signal swing, the transistor remains in the active region.



Quiescent Point
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Figure 8. Q- point

* Q-point is the operating point of the transistor (ICQ, VCEQ) at which it is biased. i.e.
it operates in active region of input output characteristics.

Importance of O-point in transistor

Input signal will be of the order millivolts or less.
If we directly input these signals to the amplifier they will not get amplified.

Only in active region of operation transistor acts as amplifier.

A w0 N

So we can establish appropriate DC voltages and currents through BJT by external
sources so that BJT operates in active region and superimpose the AC signals to be
amplified.

The input signal applied is completely amplified and reproduced without any losses. This can
be understood as Faithful Amplification. The operating point is so chosen such that it lies in
the active region and it helps in the reproduction of complete signal without any loss. When the
Q-point is centered, Ic and Vce can both make the maximum possible transitions above and
below their initial dc values. With respect to

Figure.9. When the Q-point is above the center on the load line, the input signal may cause the
transistor to saturate. When this happens, a part of the output signal will be clipped off.

Figure.10. When the Q-point is below midpoint on the load line, the input signal may cause the
transistor to cutoff. This can also cause a portion of the output signal to be clipped.

Figure.11. BJT should not be operated in the break over region. It causes damage to the BJT.
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Figure 11. Breakover region

Factors that affect the operating point

« The main factor that affect the operating point is the temperature. The operating point
shifts due to change in temperature.

As temperature increases, the values of ICE, B, VBE gets affected.

ICBO gets doubled (for every 10° rise)
» VBE decreases by 2.5mv (for every 1° rise)

» So the main problem which affects the operating point is temperature. Hence
operating point should be made independent of the temperature so as to achieve
stability. To achieve this, biasing circuits are introduced.

AC and DC Analysis of BJT

In a transistor amplifier, both dc and ac conditions prevail. The dc sources set up dc
currents and voltages whereas the ac source (i.e. signal) produces fluctuations in the
transistor currents and voltages. Therefore, a simple way to analyze the action of a transistor
is to split the analysis into two parts viz. a dc analysis and an a.c. analysis. In the dc analysis,
we consider all the dc sources at the same time and work out the dc currents and voltages in



the circuit. On the other hand, for ac analysis, we consider all the ac sources at the same time
and work out the ac currents and voltages. By adding the dc and ac currents and voltages,
we get the total currents and voltages in the circuit.

Load Line analysis

The output characteristics are determined experimentally and indicate the relation
between VCE and IC. However, the same information can be obtained in a much simpler
way by representing the mathematical relation between IC and VCE graphically. As
discussed before, the relationship between VCE and IC is linear so that it can be represented
by a straight line on the output characteristics. This is known as a load line. The points lying
on the load line give the possible values of VCE and IC in the output circuit. As in a transistor
circuit both dc and ac conditions exist, therefore, there are two types of load lines, namely:
dc load line and ac load line. The former determines the locus of IC and VCE in the zero
signal conditions and the latter shows these values when the signal is applied.

There are different methods in AC and DC analysis as shown in figure 12.

BJT
Analysis

|

DC AC
analysis analysis
: Calculate gains of the
Calculatethe DC Q-point amplifier
solvinginputand Graphical
outputloops Method

Figure 12. Methods of BJT analysis

DC analysis:

» Find dc equivalent circuit by replacing all capacitors by open circuits and inductors by
short circuits.

* Find Q-point from dc equivalent circuit by using appropriate large-signal transistor
model.

AC analysis:

* Find ac equivalent circuit by replacing all capacitors by short circuits, inductors by
open circuits, dc voltage sources by ground connections and dc current sources by
open circuits.

* Replace transistor by its small-signal model — Use small-signal ac equivalent to analyze
ac characteristics of amplifier.

DC Load Line (Static Load Line) (refer fig 13 and 14)




« Todraw DC load line of a transistor and we need to find the saturation current and
cutoff voltage.

« The saturation current is the maximum possible current through the transistor and
occurs at the point where the voltage across the collector is minimum.

* The cutoff voltage is the maximum possible voltage across the collector and occurs at
zero collector current.

Procedure

Step 1: Input DC operating point-Saturation & Cutoff point

Step 2

BB_ =0
Re

P1=(0,--- and P2= (---,0)
Vee=o0 lB = Veg /R
1 lg =0 Vae- Vgg

I

No Signal 7 — i

Vi:=Minimum V=0

Vi:=Maximum

aVee
Vn[. = Vnn max \"/*." VBB + V‘,. max

Figure 13.DC load line

Step 3: Output DC operating point
+Vee- IcRc - Ve =0

Saturation Point P1= (0,---) and Cutoff point P2= (---,0)
Vce=0 ; lc = Ve /Rc

Ic =0 ; Vce=Vc



Pl= (O, Vcc/Rc) and P2= (Vcc,O)
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|
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Figure 14. Operating point
AC Load Line (Dynamic Load Line)

Whereas the AC load line gives the peak-to-peak voltage (Vpp ), or the maximum
possible output swing for a given amplifier. This maximum Vp, is referred to as the
compliance of the amplifier. The AC load line is a straight line with a slope equal to the
AC impedance , it will vary with frequency, the slope of the AC load line depends on the
frequency of the applied signal. The ratio of AC voltage to current in the device is defined by
this line. The AC -Q point should be constant for both negative and positive half cycles of
input signal.

Voltage Dwider Bias

AC equivalent circuit
lc

Vin R; Rz


https://en.wikipedia.org/wiki/Electrical_impedance

Figure 15.AC load line analysis

AC equivalent circuit Step 2: Apply KVL
Vet+i.. 1. =0 —=——=—(1)~
We Know
/
=V ego| +
=\leo /+
Total DC AC
VCE —VCEQ + (lc —ICQ).I'( - O """" (2)
VCE _VCEQ + (IC —ICQ).T( = 0 N E e o (2)
Step 3: ]
c
Saturation point
Vg =0 AC Load Line
IC =ICQ +VCEQ/r(' I :l((‘)+\-(H)/rt
Sat.
&
Cut off point Q
IC =0 Cut off
Vee
Vee = Vigg +1co 7 Vee= Verg + Iequre

When AC and DC Load lines are represented in a graph, it can be understood that they are not
identical. Both of these lines intersect at the Q-point or quiescent point. The endpoints of AC
load line are saturation and cut off points.



AC loadline

lB =15mA
Ig = 10mA

IB =7mA
lB =5mA

B DC loadline
e —

Vce

Figure 16. AC load line
Stabilization

The process of making the operating point independent of temperature changes or variations in
transistor parameters is known as Stabilization.

* Once the stabilization is achieved, the values of IC and VCE become independent of
temperature variations or replacement of transistor. A good biasing circuit helps in
the stabilization of operating point.

Need for Stabilization

— Stabilization of the operating point has to be achieved due to the following
reasons.

— Temperature dependence of Ic
— Individual variations
— Thermal runaway

Thermal runaway

The expression for collector current Ic is

Ie = BlIp + Iopo

=BIg+ (B+ 1)Icpo

The flow of collector current and also the collector leakage current causes heat dissipation, If
the operating point is not stabilized, there occurs a cumulative effect which increases this heat



dissipation. The self-destruction of such an unstabilized transistor is known as Thermal
Runaway.

Stability factor

Stability factor used to understand the variation of collector current with the temperature
dependent parameters such as saturation current Ico, Base emitter voltage Vee and f.

«  Stable system — low stability factor
*  High stability factor- high sensitive to variations.

dlc

g
dlco

The stability factor is a measure of bias stability of a transistor circuit. It will be interesting to

know that a higher value of stability factor indicates poor stability, whereas a lower value

indicates good stability.

However, there are
two other factors, which affect the stability of the d.c. biasing circuit, namely variation in the base
current (Ig) and the current gain (B) with temperature. The stabilities, due to these two quantities,

are measured by the stability factors S’ and §" respectively.

The stability factor S" may be defined as the rate of change of collector current (Ic) with respect
to the base current (lg) keeping the common-emitter current gain (B) and reverse saturation
current (Icg) as constant. Mathematically, the stability factor,

S=E;

‘Lhe stability 1actor may also be expressea aliernanvely by using the relationsnip between base
current (/g), collector current (/) and reverse saturation current (/o). We know that the value of
collector current in a transistor is given by the relation,

Ie=B-lg+(1+B)Ico
Differentiating the above expression with respect to /I,
_d@-fy) d(+P)lco
dle dlc
dl, dl,
' = B x =2+ (1 + B) == ... (Assuming P as constant)
dle dle

=B B 1 Y
—Bxdlc+(l+B)s ( . S--ZIC—O)

e LERS ;
s l-B+(%§J v (1)

The above expression is a general expression, which is very useful for determining the stability
factor (S) of any biasing circuit. It can be done first by finding the relationship between the base
current and collector current and then using the above equation to determine the value of stability
factor.

1




Therefore it is more convenient

to define the stability factor S’ as the rate of change of collector current with respect to the
base-to-emitter voltage i.e., g dlc
~ dVpe

Similarly, the stability factor, S " _may be defined as the rate of change of collector current (Ic)
with respect to current gain (B) keeping the base current (Ig) and reverse saturation current (Ico)
as constant. Mathematically, the stability factor,

dlc -
S —
dp

Stability factor is variation of collector current with respect to Ico, Veeand f become S, S’ , S’
respectively. It is defined as the degree of change in operating point due to variation in temperature.

e |

i) e o) o so.Ale|
dlcol, AT
BE, P constiny \ (()j\ .
BE,P constant
5 : 3~ |
1] (418 2 C
) vy ,j'\i;}f'i OF. 15/ d e '£_|
> “lco. B consty AV |
CO. P constant Bt "Cn_ B eonstant
”'} §* = (iIAL‘ or §* A l({

dfs ‘
'I(:O. \ﬂl constant AP‘ 'VIL’l) \‘m’ constant

Methods of Transistor Biasing

Transistor biasing is the controlled amount of voltage and current that must be given to a
transistor for it to produce the desired amplification or switching effect. Practical circuits
used to fix the Q point. Following are the commonly used methods for biasing the transistors.

» Fixed-bias circuit (OR) Base Bias Circuit
» Collector to Base bias circuit & Modified Collector to Base bias circuit
» Voltage-divider bias (OR) Self Bias Circuit
» Emitter stabilized bias circuit
Fixed Bias Circuit

The transistors base current, Is remains constant for given values of Vcc, and therefore the
transistors operating point must also remain fixed. These two resistors biasing network is used
to establish the initial operating region of the transistor using a fixed current bias. This type of
transistor biasing arrangement is also beta dependent biasing as the steady-state condition of
operation is a function of the transistor’s beta f value. As Temperature increases, collector
current increases and base current decreases. When Ic increases - cannot achieve the good
stabilization. Therefore, this type is called fixed bias type of circuit as shown in figure 17.
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Figure 17. Fixed bias circuit
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* This is common emitter (CE)
configuration

» 1ststep: Locate capacitors and
replace them with an open
circuit

:Tg'nv:; * 2" step: Locate 2 main loops
which;

» BE loop (input loop)
» CE loop(output loop)

Figure 18. Fixed bias circuit Analysis



15t step: Locate capacitors and replace them with an open
circuit

0 Vex

l +V(-(~

2"d step: Locate 2 main loops.

BE Loop CE Loop
+ V('('

BE Loop Analysis

m From KVL;
Ve +1,R, +V 5 =0
-] =Vn:‘ —V s @
B R,




CE Loop Analysis

m From KVL;

+V
3 Ve +1 R +Vep =0
c| Ve =Vee —I R,
Re m Aswe known;

N, | @ I.=pl, ®
| m Substituting(a) with (&)

V.. —V,.
v ]c-=ﬁnc-( HRB Bh)

Note that R, does not affect the value of Ic

Stability factor S- Fixed Bias

ole

dlco
Ve, [} constant

5 =

(I+pB)
1-p &lb
dle

For the fixed Bias Circuit Ib = Voo / Rb

5= S s=1+p |



Stability factor S’- Fixed Bias

Ic =B Ib + Iceo e

5T &b

=B Ib+(p+ 1) Icho J Ieo, (b constant

Voo - Vhe

=Py F(B*Dlcbo

=]3‘v'cc ) ﬁVbE+{ﬁ+1}I¢bo

Rb Rb
&b B
“ovbe ° T mp ©°
Sl=.B/Rb

Stability factor S’’- Fixed Bias

Ic = pIb +Iceo g = ole
= BIb + (B+1)Icbo op Ico, Vbe constant
ﬁVCC—Vbe*'(B 1) Ieb
=pf —- + 1) Iebo
Rb
_PVee BVbe i 1y1cho
Rb Rb
ole _ Vee ) Vbe + Tebo
oB Rb Rb
=Ib + Icho
= Ib (approx)
=Ic/p
$7=1Ic/B |

Merits:

« Itissimple to shift the operating point anywhere in the active region by merely
changing the base resistor (RB).

« A very small number of components are required.
Demerits:

« The collector current IC does not remain constant with variation in temperature or
power supply voltage. Therefore, the operating point is unstable.

*  When the transistor is replaced with another one, considerable change in the value of p
can be expected. Due to this change the operating point will shift.



» For small-signal transistors (e.g., not power transistors) with relatively high values of
(i.e., between 100 and 200), this configuration will be prone to thermal runaway
(Uncontrolled feedback).

» Toensure absolute stability of the amplifier, a stability factor of less than 25 is preferred,
and so small-signal transistors have large stability factors.

Collector to base bias circuit (OR) Collector — Feedback Bias (OR)DC Bias with Voltage
Feedback

« To improve the stability of the bias circuit is to add feedback path from collector to
base.

* Q pointis slightly depends on transistor gain beta
* Itis called DC bias with voltage feedback.
« Itis an improvement over the fixed bias

+ Biasing resistor is connected between collector and base of the transistor to provide a
feedback path.

* Thus Ig flows through Rgand (Ic + Ig )flows through R

Circuit Analysis

As temperature increases, Ic Increases, results drop across the collector resistance VRc
increases, so Vce decreases and drop across Re  decreases.

Figure 19. Collector to base bias circuit Analysis
Apply KVL in base circuit,
I=(Vc - Vae)/Rs
Ic= (Vee - Vae)/(Rc + Ry/Bnc)



Figure 20. Collector to base bias circuit

Apply KVL at the output side

Ve - IcRe- Ve - IERE =0

Vce = Vee- IcRe - IERE  (Approximately [le = Ic]
Vce =Ve— lc( Re+ Re)

le=(Vee— Vce) / ( Re + Re)

R appears directly across input (base) and output (collector).Output is feedback to the input
and increase in collector current decreases the base current. Negative feedback exists in the
circuit ,so this circuit is called Voltage feedback bias circuit. Collector to bias circuit is having
lesser stability factor than for fixed bias circuit.

Stability factors — Collector to base bias

dlc
Vee = (Ib + Ie)Re + IbRb + Vbe S = Glco
Vbe, 3 constant
=IcRc + Ib(Rc + Rb) + Vbe
0=20IcRc + Ib(Re + Rb) + 0 after differentiation

or - dlcRc = 2Ib{Rc + Rb)
alb -Rec

dle Rc +Rb

(1+p) (I+p)
olb Re
cle L+p Rc+Rb

L-B



Stability factor S’

clc
Vee — IcRe - Vbe S = Vb
Ib= Ico, B constant
Rc+Rb
Ic Vee —IcRe - Vbe I B(Vee — Vbe)
B Rc +Rb Rb+(B+1)Re
Ic IcRe Ve - Vbe alc
5 ! T Reimo S = avbe
p Rc+Rb Rc +Rb avbe
o |Re+ R0+ BRe Vee - Vbe -p
c = =
B(Rc+Rb) Rc+Rb Rb+(B+1)Re
Stability factor S”’
g — &lc
o B Ico, ¥be constant

Vee = (Ib + Ic)Rec + IbRb + Vbe
Vee —Vbe = (Ib + Ic)Re + IbRb
=T1b [(1 + P)Rc +Rb]

Vee — Vbe
(1 +pB)YRc+Rb

B( Vee — Vbe)

(1+pB)Rec +Rb

dle  [(1+B)Re+Rb](Vee —Vbe) - B(Vee —Vbe) Re
B [(1+p) R+ Rb]?
(Vee —Vbe)[(1 + B)Re +Rb] - BRe
[(1 + B)Re + Rb]?
(Vee —Vbe)(Re +Rb)
[(1 +B) Rc + Rb]

Vee — Vbe Rc +Rb
(1+B)Re+Rb X(l +p)Re+Rb

Ib(Re + Rb)
(1+B)Rc+Rb

Ic(Rc + Rb)
S” — S
B[(L + B) Re + Rb]



Fixed bias with emitter resistor

* An emitter resistor, Rg is
added to improve stability

» 1ststep: Locate capacitors and
replace them with an open
circuit

¢ Vee

L Bl

» 2"dstep: Locate 2 main loops
which;
» BE loop

Resistor, RE added » CE loop

Figure 21. Fixed bias with emitter resistor

Step 1: Locate capacitors and replace them with an open circuit

o Vee

}e
R('
Ry
Le,
}ie



Step 2: Locate 2 main loops

o Vee
td
Re

C

@® L,
R

BE loop Analysis

®

CE loop Analysis

o Veor

@

BE Loop CE Loop
@ ° V(-‘- 0 V(l'
ple
Re

m From kvl;
Ve g Ry +V pp +IgRp =0
Recall; 1 =(B+Dl,
Substitute for Ie

Ve F1gRy +V pe +(B+DI R, =0

V(“(‘ —K: BE

"R, +(B+DR,

1,

B From KVL;

_V{.‘C +I{?RC +Vr.‘?£ +I£‘RE =0
W Assume;
I, =1,
m Therefore;

VCE = Vee _[C(RC +RE)

|=Vee-Vee / (ReHRE)



Improved Bias Stability

The addition of the emitter resistor to the dc bias of the BJT provides improved stability, that
IS, the dc bias currents and voltages remain closer to where they were set by the circuit when
outside condition, such as temperature, and transistor beta, changes.

Without Re With Re

[ = Viee =V b i /- Ve =V a5 V;
Ry “ R, +(B+DR,

If the Ic is independent of beta and VBE, the Q point is not affected appreciably by variation in these
parameters.

Fixed bias with emitter resistor
Advantage of using Rg:
i)Temperature increases and Ic increases
[Ie= BIg+(1+ 1B)1cno]
ii) IeEREg increase and Ip decreases & I decrease
Ic = B(Vee-VBE)/[Re+(3+1) RE]
B+1= 13, therefore Ic = 3(Vc-VBe)/[Re+BRE]
BRE > > Rp, therefore Ic = B3(V-VBe)/[BRE]
Ic = (Vee-VBE) / RE independent of 3



Voltage divider bias circuit

The name voltage divider is denived from the
fact that resistors R, an R; form a potential
divider across the Fc supply. The voltage drop
across resistor R, forward biases the
base-emitter junction of a transistor. The
emitter resistor (Rg) providers the d.c. stability.

Now let us analyse the base-emitter loop of
the voltage divider bias circuit. A basic
assumption is that the resistance loqking into
the base is much larger than that of the resistor

+ VCC

Ry. 1f this is so, then the curreat through resistor ., vewacg ivide bias cireull.  (6) Voltage divider.

R, flows almost completely into resistor R; and
the two resistors may be considered effectively

in series as shown in Fig. (D). The voltage at the junction of the resistor (i.e., point A), which
is also the voltage at the base of the transistor, is then determined simple by the voltage divider
network of R; and R, and the supply voltage. If the current through resistors R, and R is of the
order of milliamperes and that through the base is of the order of the microamperes, then the base

current component ¢an be neglected.

» Voltage-divider bias is the most widely used type of bias circuit. Only one power

supply is needed and voltage-divider bias is more stable (independent) than other bias

types.

* R1and R2 are used to provide potential divider

» If the Ic current increases due to change in temperature or change in B, The Ig also
increases and voltage drop across Re increases, reducing Vee, thereby Ig and I¢ also

reduces- Hence negative feedback exists in emitter base circuit.

» A voltage divider in which the base current is small compared to the current in R2 is
said to be a stiff voltage divider because the base voltage is relatively independent of

the different transistor and temperature effects.

* Provides good Q-point stability with a single polarity supply voltage

* This is the biasing circuit wherein, ICQ and VCEQ are almost independent of beta.

» The level of IBQ will change with beta so as to maintain the values of ICQ and VCEQ

almost same, thus maintaining the stability of Q point.
«  Two methods of analyzing a voltage divider bias circuit are:
*  Approximate method: direct method, saves time and energy.
» Exact method: can be applied to any voltage divider circuit (we use this method)

<+ Step 1: Locate capacitors and replace them with an open circuit



+
#+ Step 3: Locate 2 main loops:

Step 2: Simplified circuit using Thevenin Theorem

>

*,

*

BE loop
CE loop

*,

o
4

*

2" step: : Simplified circuit using Thevenin Theorem

".I.l.

@

L1
IIII b Fr i r H
| Thevenin Theorem; I, om Thevenin Theuﬁerl .
| ’ . RJ.I..':RV"-"IR-.:;
o Ves " R +R,
I | .- .
| -1 Vi =——— V¥V
\ | R+ R,
Il HlH §*’ “
-
Simplified Circuit
Locate 2 main loops.
BE Loop CE Loop
Ve
Re
-
In 2 }Jr:
= . s
| + +
\J TR
/ -
TV TN
" 'tl' {F}
v Ry




BE Loop Analysis

B From KVL;

. c Vo g Ry Ve + 1R, =0
*_L_- - Recall; =B+,
Vi Vee ) .
- o\ - Substitute for le
D) i
™ Ry Vo Ry AV g +(B+DI R, =0
. ] = Vi =V se

S 3
RRI"H +(ﬁ+l)Rr

Where Ry =Rg
lg= (Vrn—Vee ) /Re + (B +1) Re

CE Loop Analysis

B From KVL;

Ve
" Ve 1R +Vep +1.R, =0
}re B Assume;
. = (0 I, =1,
= g m Therefore;
i fe Ve =Vee =I(R-+R,)
.

¥

I.= (Vec = Vee) / (Re+Rg)



Stability factor of voltage Divider Bias

e
K I'_'I Kz
Kelovd Rry A

Vi @0 _|

Figure 22. Stability factor
Stability factor (S):

) ol
Vb = IbRb +Vbe + IeRe 5 = Jleo

Vbe, p constant

=IbRb +Vbe + (Ib + Ic)Re ‘ where Rb = Rb1 11 Rb2 ‘

Differentiating,

0=2IbRb + 0 + dIbRe + dlcRe

1.e. OIb(Rb + Re) = - dlcRe

olb Re I+p) (I+P)
dlc  Rb+Re 5= 1o alb 71+ Re
clc P Re+Rb

« In the above equation, if Rb << Re, then S
becomes 1

Rb =Rbl 1l Rb2
*« Hence either Rbl or Rb2 must be << Re

* Since Vb << Vcc, Rb2 1s kept small wrt Rb1

Stability factor S’:



Vb =1IbRb +Vbe + IeRe olc

=IbRb + Vbe + (Ib + Ic)Re > oVbe Ico, p constant
=Ib(Rb + Re) + Vbe + IcRe
=Ic/pB (Rb+Re) + Vbe + IcRe
Or, BVb=1Ic(Rb+Re)+ p Vbe + B IcRe
=Ic[Rb HB + 1)Re] +p Vbe
0 = &Ic[Rb +(B + 1)Re] + péVbe Differentiating,
Or, BodVbe =-0lc [Rb +(pB + 1)Re]
S o elc _ -B
dVbe Rb+ (B + 1) Re
Stability factor S’:
Vb = IbRb +Vbe + IeRe gn = e
— Tb(Rb + Re) + Vbe + IcRe OB | 1co, Vbe constant
=Ic /B (Rb+Re) + Vbe + IcRe

Or, BVb=Ic(Rb +Re) + p Vbe + p IcRe

Or, B(Vb-Vbe)=Ic(Rb+Re)+ P IcRe

Differentiating,
OB(Vb — Vbe) = dlc(Rb +Re) + 8BIcRe + 8lc PRe

Op(Vb — Vbe — IcRe) = GIc[Rb + Re+ [3Re]

cle B Vb —Vbe - IcRe
op Rb + Re(1+ B)

. k| —
L8



g dle Vb —Vbe - IcRe

op Rb + Re(1+ B)

Vb —Vbe - IeRe

Rb + Re(1+ B)

Ib Rb

Asle=1Ic

Rb + Re(1+ B)

b
1 HRe/Rb)(1+ B)

Hence Rb/ Re must be small to make S”” smaller

Merits:

* Operating point is almost independent of § variation.

* Operating point stabilized against shift in temperature.

Demerits:

* As B-value is fixed for a given transistor, this relation can be satisfied either by keeping RE fairly

large, or making R1||R2 very low

Introduction- FET

Soerce
The Field-Effect - nrr
Transistor (FET) ﬁ
O e
]
. Metal Oxide
cion bl LSemimndud{:r FET J
|
l |
Depleton-mode Depletion-mode Enhancement-made

——

’_l_‘

M-channel | {P-channel|  [M-channel| |P-channel

N-channel | | P-channel

D D D D D D
s S s s S S

« FET 1= a "Unipolar"
device

that depends only on the

conduction

of electrons (N-channel) or

holes

{(P-channel}.

« FET - a three-terminal
voltage-

controlled device used m

amplification and switching

Application.

* FET is a voltage-controlled
device.

* FET high input resistance.
It

very semsifive to input voltage

signalz, and easily damaged

by static electricity.



Figure 23. Types of FET

Table 3. Comparison of BJT and FET

Sr. No. Parameter BJT JFET
1 Control element Current controlled device. lnpu, Voltage controlied device. Inputf
current [ controls output curreny voltage Vgs controls drain current|
Ic. 1o
2 Device type Current flows due to both, Current flows only due to majority
majority and minority carriers carriers and hence unipolar
and hence bipolar device. device.
3 Types npn and pnp n-channel and p-channel.
o SYmios c c D 0
i3 @ 8 é% G (% g 6%
E E S S
npn pnp n-channel p-channel

5 Configurations CE, CB, CC CS, CG, CD

6 Input resistance Less compare to JFET. High compare to BJT.

7 Size Bigger than JFET. Smaller in construction than BJT,
thus making them useful in
integrated - circuits (IC).

8 Sensitivity Higher sensitivity to changes in | Less sensitivity to changes in the

the applied signals. applied voltage.

9 Thermal stability Less More

10 Thermal runaway Exists in BJT, because of Does not exist in JFET, because

cummulative effect of increase in| drain resistance ry increases with
¢ with temperature, resulting temperature, which reduces b,
increase in temeperature in the | reducing the b and hence the
device. temperature of the device.

1" Relation between input | Linear Non-linear

and output
12 Ratio of o/p to ilp Alc _ Alp _
Alg A Vgs Gn

13 Thermal noise More in BJT as more charge Much lower in JFET as very few

carriers cross junctions. charge carriers cross the junction.

14 Gain bandwidth product| High Low

FET BIASING

* The Parameters of FET is temperature dependent .

* When temperature increases drain resistance also increases, thus reducing the drain

current.

* Unlike BJTs, thermal runaway does not occur with FETS .



Different biasing circuits of FET are
1) Fixed bias circuits
2) Self bias circuits

3) Voltage bias circuits

General Equations:

For all FETs:
|G ~0A I,=1

For JFETs and Depletion-Type MOSFETs:

Vs
Io=Ipss(1-—-)°

Vp

For Enhancement-Type MOSFETs:

2
lp= k(VGS -V; )

1) Fixed-Bias Configuration

» The configuration includes the ac levels Vi and Vo and the coupling capacitors.

» The resistor is present to ensure that Vi appears at the input to the FET amplifier for

the AC analysis.
Voo
RD
D It
1}
G
o—p——
G
)
RG
VGG
il
- -

Figure 24. Fixed bias circuit

For the DC analysis,

. Capacitors are open circuits
I, =0A Vs = I6Rg = (0A)R; =0V

oV,



and

The zero-volt drop across Rc permits replacing Rg by a short-circuit

Open circuits R,

32 b
q']'.HJ
o ur de analysis
Open circuits

7
for dc analysis

\ u— —_ o—u . t
F ooee—n o - Cj .. —g_.li s
1 VI

I, =104 vy S

Shorl circuils — o +
> ‘of

~ + |

:__ VEE |

—————— 4

—_— T

Figure 25. fixed bias analysis

Investigating the input loop
Ic=0A, therefore

Vre=IcRc=0V

Applying KVL for the input loop,

-Vee-Ves=0

Vee=-Ves

« It is called fixed-bias configuration due to Vg is a fixed power supply so Vs is fixed

* The resulting current,
vV,
Iy =l (1-~C5)?
D DSS( V )

P

Output loop KVL:

VDS :VDD - IDRD
V, =0V
VDS :VD _Vs
VD :vDS +Vs

Vs =0 VD = VDS



VGS :VG "Vs
Vi, =V +V,

V, =0

Ve =V
Investigating the graphical approach. Graphical approach will be used to examine the dc

analysis for FET because it is most popularly used rather than mathematical approach

Using below tables, we can draw the graph

I (mA)

II).\,\'

Dcvicc\

Network |

Q-point
(solution) 4

LY |

In,

0 lpss
0.3V; lpss/2 |
0.5 lpss/4 L >
Vo OmA T Ve

Figure 26. Q point
The fixed level of Vgs has been superimposed as a vertical line at

The point where the two curves intersect is the common solution to the configuration —
commonly referrers to as the quiescent or operating point.

The quiescent level of Ip determine by drawing a horizontal line from the Q-point to
the vertical Ip axis.

2) Self bias

Self-bias is the most common type of biasing method for JFETS.
JFET must be operated such that the gate-source junction is always reverse biased.

The self-bias configuration eliminates the need for two dc supplies. The controlling
Vs is now determined by the voltage across the resistor Rs

To keep the GS-junction reverse biased:
(a) Vs will be -ve for n-channel (b) Vs will be +ve for p-channel.

It can be achieved using self-bias arrangement as shown.



* The gate resistor, RG : not affect the bias
because it has essentially no volt drop across it.
* Therefore, the gate remains OV.
* RG only to force the gate to be 0V and isolate an
ac signal from ground in amplifier applications.
* Self-biased JFETS:

Ip = Is for all JFET circuits

+Vbp -Vbp
0

2+ 2+

(a) n channel (b) p channel

Figure 27. Self bias FET
KVL for Input Loop:
For n-channel JFET

Is through Rs produces a voltage drop, making the Source -ve with respect to ground.

Since, Is=1Ip and Ve = 0, Vs= IpRs. +Vbp

S0: Ves=Vs—-Vs =0-1IpRs

v" (n channel) Vgs = -IpRs

For D'Channel JFET (a) n channel (b) p channel




Is through Rs produces a —ve voltage at Source,
making the Gate +ve with respect to ground.
Since, Is = Ip, and Vg =0, -Vs=-IpRs
Ves=Ve—(—=Vs) =0-(-1IpRs)
v (p channel) Ves = IpRs

+Vpbp

KVL for Output Loop:
+VDD — IDRD — VDS — VS = O
Vs = IpRs
+Vpp — IpRp — IpRg = Vs
Fﬂs = Fﬂﬂ B fﬂ{Rﬂ "'Rs}

Graphical approach
— Draw the device transfer characteristic

(a) n channel

— Draw the network load line

+ Use VGS :_|DRS to draw straight line.

» First point, _ -
point, | =0, V =0
» Second point, any point from Ip =01to Ip = Ipss.

Choose |
|, =2 then
Vo = lpssRs
GS
2

The quiescent point obtained at the intersection of the straight line plot and the
device characteristic curve.



~

DSS

o

/
-0

Iy | |

V(;.s'Q

Voo Ipss Rg
g s

Figure 28. Q point
3) Voltage-Divider bias

* The arrangement is the same as BJT but the DC analysis is different

* In BJT, IB provide link to input and output circuit,

» The voltage at source, Vs of the JFET must be more
order to keep the GS-junction reverse bias.

Since Ip=ls.

? Vop
Vio ||
[l V, «
& ‘
+
A S
R =G
T I -

in FET VGS does the same

+ve than the voltage at gate,Vg in

R,

Figure 29. N channel JFET

The source Vppwas separated into two equivalent sources to permit a further

separation of the input and output regions of the network.

* lc=0A ,Kirchoff’s current law requires that Ir1= Ir2
appearing to the left of the figure can be used to find

and the series equivalent circuit
the level of V.



* Vg can be found using the voltage divider rule :

B R2>Vbp

Ve =
Ri+R2

Using Kirchoff’s Law on the input loop: Rearranging and using

ID =IS:
VoTVosVas=0
Vos=Vo—Ipks

Using Kirchoff’s Law on the Output loop:

‘/R\ + v[)q + VR,, - VD[) = 0 ‘fn
Vs = Vpp = Vl\\ G VRI‘ | +

Vos = Voo ~ IoRs + Ro) 2 C ¥ s

1. Plot the line: By plotting two points:
Ves=Vg, Ip=0 and Ves =0, Ip =Ve/Rs
2. Plot the transfer curve by plotting Ipss, Ve and calculated values of Ip.
3. Where the line intersects the transfer curve is the Q point for the circuit.

Once the quiescent values of Ipg and Vesg are determined, the remaining network analysis
can be found.



Ves=0V,Ip=VglRs

(-point

Figure 30. Q point Analysis

Advantage
provide the most stable Q-point value of Ip.

Disadvantage
circuit complexity makes it undesirable for most applications.
MOSFET BIASING

Design of a MOSFET amplifier circuit is the establishment of an appropriate dc operating
point for the transistor.

* An appropriate dc operating point or bias point is characterized by a stable and predictable
dc drain current Ip and by a dc drain-to-source voltage Vps that ensures operation in the
saturation region for all expected input-signal levels.

* The similarities in appearance between the transfer curves of JFETs and depletion-
type N-MOSFETSs permit a similar analysis of each in the dc domain.

V
lo= |DSS(1—£)2
» For JFETs and Depletion-Type MOSFETS: Ve

* For Enhancement-Type MOSFETSs: The drain current is zero for levels of gate-to-
source voltage, VGS less than the threshold level VGS(Th). For levels of VGS greater
than VGS(Th), the drain current is defined by

ID :k(VGS _VT)2

D-Type MOSFET Biasing Circuits
Zero-bias
+Self-Bias

*Voltage-Divider Bias



E-Type MOSFET Biasing Circuits
*Voltage-Divider Bias

+ Feedback Bias

D-MOSFET biasing techniques

ZERO BIAS —is a popular biasing technique that can be used only with depletion-type
MOSFETSs.

* This form of bias is called zero bias because the potential difference between the gate-
source region is zero.

Since there is no current in the gate circuit, no voltage is developed across RG, and Vgs=O
Therefore Ip=IDSS, and

VVDs=VDD-IpRp.

+ 0o

— g
Al

Figure 31. Zero bias
D-MOSFET SELF BIAS

Self-bias is the most common type of biasing method for JFETSs. Notice there is no voltage
applied to the gate. The voltage to ground from here will always be VG = OV.

» However, the voltage from gate to source (VGS) will be negative for n channel and
positive for p channel keeping the junction reverse biased.

* This voltage can be determined by the formulas below. Ip = Is
* (nchannel) Vs = Ve — Vs = -IpRs

* (p channel) Vgs = IpRs



Vs +1ps Ry =10

Figure 32. Self bias

D-MOSFET voltage divider bias
Depletion-type MOSFET bias circuits are similar to JFETSs.

T Vop
5= lhss1Ves/ Vo)’
“3 Voltage-divider
[ 72204 = configuration results in:
: Vos — 5 Ves=VelpRs
"3 ) 3k Where
= Ve=RoxVpp/(RiR,)

Figure 33. Voltage divider bias



Figure 34. Q point analysis

E-MOSFET FEEDBACK BIASING

1
oo EJH
:

Figure 35. Feedback biasing

The resistor R brings a suitably large voltage to the gate to drive the MOSFETs “ON”. Since
Ic =0 mA and Vre=0V, we can draw the dc equivalent network.



=0V

Vo=V,

Vos=Vas
Vos=VooloRo
Ves=VooloRo
When 1,=0 A:
Vas=Voo

When V=0V
h=Voo/Rp

0 Vesem) Voo Vos

Figure 36. Q point analysis
E- MOSFETS VOLTAGE-DIVIDER BIASING

A second popular biasing arrangement for the enhancement-type MOSFETS. The fact that
IG = 0 mA results in the following equation for VGG as derived from the

Again plot the line and the transfer curve to find the Q-point.

Using the following equations: v R:Voop
G=——"T—
Ri+RKz2
Input loop C Ve =V.—I, R,
Output lcop P Vs =V =I5 (Ry+Ry)
Tl’hu
Rp
D
ft‘_—_fh(lf\ ) I
G
+ Vs —9¢S
Rs
=

Figure 37. Voltage Divider biasing



Voltage-divider
configuration resulis in:

Vas=Vs-IpRs
Where Vo=R,xV;o/ (R, +Ro
Vios=VppIp(Rs+Rp)

ri
k= D eon)
(VGS(on} —Vr )2

Figure 38. Q point analysis
1. Plot the line using Vg = Vi = (RoVpp)/(Ry + Ry), I = 0 and |y = Vo/Rg
2. Find k

3. Plot the transfer curve using Vggr,, Ip = 0 and Vgg oy, Ip(on); all given in
the specification sheet.

4. Where the line and the transfer curve intersect is the Q-Point.

5. Using the value of |5 at the Q-point, solve for the other variables in the
bias circuit.

TWO-PORT NETWORKS

Linear
network

B D

Figure 39. Two port Network



A two-port model is a description of a network that relates voltages and currents at two pairs
of terminals. The network contains NO independent sources. Study the basic types of two-port
models

DS

» Admittance parameters
Impedance parameters
Hybrid parameters
Transmission parameters

X/ X/ X/
R X X X g
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Unit 2 EQUIVALENT MODEL OF BJT AMPLIFIERS 9 Hrs

Hybrid model- Analysis of CE, CC and CB amplifiers using Hybrid equivalent circuits to obtain
gain, input impedance and output impedance- Approximate Model- Analysis of CE, CC and CB
amplifiers using Approximate model equivalent circuits to obtain gain, input impedance and
output impedance -Small Signal Amplifiers — Analysis of CE, CC and CB amplifiers using small
signal equivalent circuits to obtain gain, input impedance and output impedance.

Hybrid model

Every linear circuit having input and output can be analyzed as two port networks. In these
networks there are four parameters called hybrid or h-parameters.  Since
these parameters have mixed dimension, sothey arecalled hybrid parameters.
This equivalent circuit, called Hybrid equivalent circuit or simply h-model, can replace a
Thevenin or a Norton equivalent circuit, which both are shown to be two special cases of
an h-model. The h-model contains both voltage and current sources and is shown to be very
flexible and dynamic.

Benefits of h-parameters.
e h-parameters are Real Numbers up to radio frequency.
e They are easy to measure.
e They can be determined from transistor static characteristic curves.
e They are convenient to use in circuit analysis and design.
e Easily convertible from one configuration to other.
e Readily supplied by manufacturers.

Hybrid parameters or h-parameters are used to determine amplifier characteristic
parameters such as voltage gain, input and output resistance etc., h-parameters are easy to
measure and the procedure followed to obtain is quite simple and easy to understand

They are real numbers at audio frequencies. They can be easily obtained from the static
characteristics of transistor itself. Hybrid model is an equivalent model used in small signal
analysis ie. low frequency applications. h stands for hybrid consisting mixed parameters.

Two Port Network:

A pair of terminals through which a current may enter or leave a network is known as port.
Every linear circuit is having input and output and can be analyzed as two-port networks.
In these networks, there are four parameters called hybrid or h-parameters. Out of these
four parameters one is measured in ohms, another is measured in mhos and other two are
measured dimensionless. Since these parameters are of mixed dimension, these are

called as hybrid parameters



For example, transistors are often regarded as two-ports, characterized by their h-
parameters which are listed by the manufacturer. The equivalent circuit of a transistor can
be drawn using simple approximation by retaining its essential features. These equivalent
circuits will aid in analyzing transistor circuits easily and rapidly. A transistor can be
treated as a two-port network. The terminal behavior of any two-port network can be
specified by the terminal voltages V1 & V2 at parts 1 & 2 respectively and current il and i2,
entering parts 1 & 2, respectively, as shown in figure.

R Il I
Port 1 l ! | : * Pot 2
. ort 2
j 2 t
on A ransistor v o]
Input port + * Output
o 90

Fig 2.1 Two Port Network

ll h” '2

—’ ‘—
= N | I =
V, " _ ¢ hy, V,

hHV? l lﬁ?ﬂa .

Fig 2.2 Hybrid Model of a Two Port Network

If the input current il and output Voltage V2 are takes as independent variables, the input
voltage V1 and output current i2 can be written as

Vi=hiili+h12V2

I2=h2111+h22V2

The four h parameters are h1l, h12, h21 and h22 are defined as follows.

h1l =[V1/il] with V2 =0 = Input Impedance with output part short circuited

h22 =[i2 / V2] with i1 = 0 = Output admittance with input part open circuited.

h12 = [V1/V2] with il = 0 = reverse voltage transfer ratio with input part open circuited.
h21 =[i2 / i1] with V2 = 0 = Forward current gain with output part short circuited.

The dimensions of h — parameters are as follows: h11 - Q, h22 — mhos h12, h21 — dimension
less. as the dimensions are not alike, (i.e) they are hybrid in nature, and these parameters
are called as hybrid parameters.



Table 2.1 h parameter Nomenclature of a transistor

S.No. i parameter Notation in CB Notation in CE Notation in CC
1. h,, h,, h,, h;.
2. Iy, h,,, h,, h_
3. Iy, hy, hy, hy
4. hy, h, h,. h,
Hybrid Analysis of CE

In common emitter transistor configuration, the input signal is applied between the base
and emitter terminals of the transistor and output appears between the collector and
emitter terminals. The input voltage (Vbe) and the output current (ic) are given by the
following equations:

— W5 —<

Q%

Vbe = hie.lb + hre.Vce
le = hfe.lb + hoe.Vce

+ 4 P

+0

V, Transistor V,
—
1I

Fig 2.3 General Amplifier Circuit

Fig 2.4 Hybrid Model of Amplifier

i2 2
b2 i
* Y
2 n
> B B
_5



'::_ m w-' | I + ':ﬁ
+
R 7\, V m h,
Fig 2.5 Hybrid Model of a Two Port Network
- B hie C
i + 22 \MA = fs
€ T b iy
CE
Ve h¢e > <+> h Vee
Vbe l _ h CE
i E fe
E E i _”. ”5
E E

Fig 2.6 Hybrid Model of a Common Emitter BJT

Transistor Circuit Performance in h Parameters
Input Impedance:
The general expression for Input Impedance is

by h,
Z, = by - 2 My
hyy +—
I
Using standard h parameter, its value for CE Wi”;be;
I 1
Z, = h - "_fl
by +—
"t

Current Gain: The general expression for current gain is

i = hy,
! 1+ bhyy 1y

Using standard h parameter, its value for CE will be

.
A = —Fr
’ L+ h, r

Voltage Gain: The general expression for voltage gain is

5



—hy,

zm[h,,Jrl}
nt

Using standard h parameter, its value for CE will be
—h
fe

A =

Xm [ "Jm' - L ]
i
Output Impedance:
The general expression for Output Impedance is
i I
Z =

"ot h, h
how =22y My

- hy,
Using standard h parameter, its value for CE will be
l
z =

et he h

[
h_ - 4

E te e C+ L AAA —:
le i[:
N LA

V
V. Ve Cb
eb b U\Eh hrh <> <+> h{}bucb
l - Pepic
B. Y, »
Common base transistor B Hybrid equivalent ckt for CB E“

Fig 2.7 Hybrid Model of a Common Base BJT

The Common Collector Amplifier is another type of bipolar junction transistor, (BJT)
configuration where the input signal is applied to the base terminal and the output signal
taken from the emitter terminal. Thus, the collector terminal is common to both the input
and output circuits. This type of configuration is called Common Collector, (CC) because
the collector terminal is effectively “grounded” or “earthed” through the power supply. In
many ways the common collector configuration (CC) is the reverse of the common emitter
(CE) configuration as the connected load resistor is changed from the collector terminal for
RC to the emitter terminal for RE.



B b ie E-
il |
Vbe Vec
C C

Common Collector Transistor

L

h

e —
Ic

fic

L

A > <‘i> hoe

'

Fig 2.8 Hybrid Model of a Common Collector BJT

Table 2.2 h parameters for transistor configuration

Common Common Common Definiti
Base Emitter Collector efinitions
A" A" A"}
= ib h. = E h = E Input Impedance with
i, i le ic Output Short Circuit
e b b
v v Vv
h. = eb h = be h = bc | Reverse Voltage Ratio
rb re rc Input Open Circuit
Vcb Vce ec P P
i i I )
_C _Cc _ & |Forward Current Gain
hey == | he=— | hy,=— toa
fe j fo Output Short Circuit
e b b
i [ i _
h. = 1l h = C h = Q Output Admittance
ob oe oc Input Open Circuit
Vcb Vce Vec P B

. . - 0
C Hybrid equivalent for CC transistor C



Approximate Model of Transistors

() Inputimpedance
. h,h
Input impedance, £, = &, — —ﬁl
b, +—
L

In actual practice, the second term in this expression 1s very small as compared to the first term.

£, =h, -.. approximate formula
(if) Current gain
ok
: — —t
Current gain, A, T+ h_ 1,

In actual practice, h_, r, is very small as compared to 1.

A; = hy, ... approximate formula
(i) Voltage gain
—h
Voltage gain, 4, = —#1
Z {hﬂ + —]
i
- 'ﬁ_r’u:' !'j._

Zoh, o +1)

Now approximate formula for Z, is b Also h__ r, 1s very small as compared to 1.

h. r
A = - -? ... approximate formula

1

(fv) Output impedance

Output impedance of transistor, £ = T

The second term in the denominator is very small as compared to &__.
_ 1

Lo = . ... approximate formula
The output impedance of transistor amplifier

= Z .llr;  where®r,=R.|| R,

If the amplifier is unloaded (ie. &, = o) r, =&

B o
> |
Iy,
he, + e dy @ Vi,
E o s 1 o E

Fig 2.9 Approximate Model of Common Emitter



E I oC
hy, + hpl, @ 1,

o R

f#o

Fig 2.10 Approximate Model of Common Base

Input Impedance

h.h
Ly = Iy = kl
h,+—
"t
By neglecting the reverse voltage gain we have
Zr'n = hu.'
Current Gain
h
‘{ ..................n’..:.‘.:..............
i l+h,r
4; = hfc
Single Stage Common Emitter Amplifiers:
Woc
L
= Re =
a f; c Tout
I}
Rs Zin =1
— A |— —L RL =
¥z . L
= - = 1

Fig 2.11 Single Stage CE



For the purpose of analysis, we replace the transistor by its h-parameter model.
This results in the equivalent circuit, we assume sinusoidal input. Hence in the
equivalent circuit, we have used rms value of voltages and currents namely [,
Vi, I and V..

T RL
VS Ib h.Ve GD hel, 1. Ve

E 1o

Fig 2.12 Equivalent Model

Current Gain or Current Amplification:
Current gain is defined as the ratio of the load current I; to the input current I,. Thus,

o L
Current Gain I Iy

Also V. =1 x Ry = —1. x Ry
Combining Equations, we get,

I, = hpdy — hoe % I, x Rpor(1+ b, x Ry = hy, x I
A L. .lrtfr.

. = e —
Hence current gain I 1+ hee x Rp

Input Impedance Ri:
This is the impedance between the input terminals B and E looking into the amplifier as

WKT Vo = hie x I+ B, % V,

10



But Vo = —1. x Ry = ARy,

Substituting the value of V.
IE... = .lrl‘,:'f' X +-|rtrr._4;IbRL

W
o Ry = = = hj. + h AL Ry
Hence input impedance Iy
—h — .F:,fr.fr,rr.F
"rl'wr- + 2‘h’..
v 1
L ==
Where Ry

Voltage Gain or Voltage Amplification:
It is the ratio of the output voltage V. to the input voltage Vy. Thus,

L Ve LR AR
Voltage Gain =~ V& Iy R; R;

Output impedance Yo

Output Admittance Yo:
It is the ratio of the output current I¢ to the output voltage V¢ with Vs = 0. Hence

L

Ve with Vs=0

On substituting the value of I¢

Yy = hye x f—_‘!f + e

But Wlth Vs = 0, (Rs + hie) |b+ hre Vc =0
Ib h,,.,.

Orﬁ_ _hz’r- + R:s

Vo h hi. x hre
Combining Equations, we get, ¢ hi + R,

The expression of Al, Ri, AV, Ro are therefore, the same as for CE amplifier except that h-
parameter for CB configuration are used. Thus, we get:

_*4._{ — —i f— ——I&Ib
Current gain I 1+ hoy % RL

11



R; = I_r= fess, — M
Input resistance I, " ha + Y
1

Yo
Where Ry

A — 1; . ;*Lr X er‘
Voltage Gain T R;
V. — L. —h .'ri",'!', x .'II;,.!',

Output admittance = V. y Ty + g

Ays == Ay X o
Overall voltage gain Vi R; + R,

A4 - If. — A R.,_

Overall current gain - "L 'R+ R,

Ap =5 — Ay x A = Ay x —=
Power Gain ! F ' ! 2 I,

Small Signal Analysis of Common Emitter

* While Analyzing Small Signal amplifiers we need to draw an equivalent circuit of BJT
and that circuit is called Small signal model of BJT

» In Small Signal Analysis we can do AC and DC analysis separately

« Small-signal analysis assumes that the transistor is correctly biased and concentrates
on the linear behavior for small signals

* In Active Region the transistor will be showing linear behavior

« Small-signal modeling is a common analysis technique in electronics engineering
which is used to approximate the behavior of electronic circuits containing nonlinear
devices with linear equations

Small-signal analysis assumes that the transistor is correctly biased and concentrates on the
linear behavior for small signals, ignoring the messy non-linear. The DC sources are zeroed,
the signal sources are activated, and linear circuit analysis is used to solve for the small-
signal voltages and currents. Small ac signal refers to the input signal (Ve) whose magnitude
is much small than thermal voltage (VT) i.e. Ve <<V T 3 the transistor operates in the linear
region for the whole cycle of input (called as a linear amplifier) the transistor is never driven
into saturation or cut-off region on the other hand, if the input signal is too large. The
fluctuations along the load line will drive the transistor into either saturation or cut off. This
clips the peaks of the input and the amplifier is no longer linear. The hybrid model is suitable
for small signals at mid band and describes the action of the transistor. Two equations can
be derived from the diagram, one for input voltage Ve and one for the output ic:

Voe = hie ib + hre Vee
ic = hte Ib + Noe Ve

If iv is held constant (ib=0) then hre and hee can be solved:

Nre = Vbe / Vee | 16 =10
hoe = ic/Vcelib:O

12



Also, if vce is held constant (vce=0) then hie and hs can be solved:

Rie = Vbe / ip | Vee = 0
hte = ic/ b | Vee = 0

Fig 2.13 Common Emitter

The circuit diagram of a common-emitter (CE) amplifier is shown in Fig 2.13. The
capacitor CB is used to couple the input signal to the input port of the amplifier, and CC is
used to couple the amplifier output to the load resistor RL. We are interested in the bias
currents and voltages, mid-band gain, and input and output resistances of the amplifier.

—_—

I ma
o j A _ o
+ h; | *; +
R, + |
+] — Ve M\ * hy Iy /ho <— QR
V, f\’ -
\ S |

Fig 2.14 Equivalent Model
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Current Gain, A; = I,/I;

V,
I, = hgly + 1 = hly + —— = hyl; + h,V,
1/h,

Substituting V, = —1I,R gives

I, = hel; = h,Ryd,
Rewriting the equation above, we have

I, + h,Ril, = hyl;

and I(1 + h,R) = ’lf’;
Iy by
ot i

Input Impedance, Z; = V;/I;
V,' - hll,’ + h,V,,

Vu - _IuRL
Vi = hil; — h,R,
a e
L l'
1, = A,

Vi = hi; — h,RiA;l;

% P
Z = e hy = h.Rp A, g 1 + h,R;
Z‘ R e—= h[
1 1 + h,R;

14



Voltage Gain, A, = V,/V;
V, — I,'h,' + ll,-V,,

' omos (1 + htrRl.)l«)/h[
and 1, = —-V,/R;

=1+ h,Rph;
S h,‘RL

Vo + 1V,

V, ~hyRy,
Vi b+ (hh, = heh)Ry,

Output Impedance, Z, = V,/I,
V. =0

hf‘,n
R, + h;

!

I,, - h,", + h,,V

heh,V,

= - + AV,
R, + h

Vo I

Z' = =
* I,  h, = [heh,/(hi + R))

h-parameter model
/ of the transistor

15



Fig 2.15 Small Signal Common Emitter

A _ . kfe (RC ”RL )

1<

A1 - hfeRBRC
" (RC +RL )(RB +hie)

Zi=RDb||hie
Zo=Rc||RL

Small Signal Common Base:

The CB ac equivalent circuit is drawn, as always, by replacing the supply voltage and
capacitors with short circuits. This gives the circuit in Fig. 6-36(a), which shows that the
transistor base terminal (grounded via capacitor C1) is common to both input and output.
Hence the name common base. The CB h-parameter circuit is now drawn by substituting
the transistor h-parameter model into the ac equivalent circuit, giving the circuit in Fig. 6-
36(b). Once again, the current directions and voltage polarities indicated in the h-parameter
circuit are those produced by a positive-going signal voltage. Note that the feedback voltage
generator (hrb vo) is not included in the CB h-parameter circuit. This is because the
feedback voltage effect is so small that it can be neglected when deriving practical
approximate equations for the circuit performance. This corresponds with the CE h-
parameter circuit, but not with the CC h-parameter circuit, where the feedback voltage is
very important.

Fig 2.16 Common Collector

16



transistor h-parameter

equivalent circuit I
L

p—

- : < ,

R,
rséu Z,L‘D Z@%#f <):!Z <:32 Us
Uy

Fig 2.17 Common Collector Equwalent Circuit

L equivalent circutt . I L
C 1
r Rs 2.,,, e Re A
O, Z > ? Zyc> <2, <2 Tvo ?Rl
R S ;

Fig 2.18 Simplified Equivalent Model

ZE‘ - FlﬂJ
Z, = ZJIRy
Z, =
oy
zﬂ ” R¢
ALY
hy
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Fig 2.19 Common Collector Circuit

I I, equivalent circuit

—p w—p B

E _ o
. Rl Rz hll: RL
b Zic> § ZyT> C % <DZ¢ <9z, U §
C

Us h..v

c
Fig 2.20 Equivalent Circuit

= hy+ hy(RJIR)
Z, ~RiZ, = RJIRJIZ,
_ he* (RIRr)
) he
Z, = Z)R;
(RgllRy)

*" hy* (RJIR)
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Table 2.3 BJT Characteristics

Characteristic

Input Dynamic
Resistance

Output Dynamic
Resistance

Current Gain

Voltage gain

Power gain

Leakage current

Relationship
between I/p and o/p

Common base
(CB)

Very Low (less
than 100 ohm)

Very High

Less than 1

Greater than CC
but less than CE

Medium

Very small

In phase

Common emitter,
(CE)

Low (less than
1K)

High

High

Highest

Highest

Very large

Out of
phase(180°)

19

Common collector,
(CC)

Very High(750K)

Low

Very High

Lowest (less than 1)

Medium

Very large

In phase



Application For High freq. For Audio freq. For impedance
applications Applications Matching
Applications
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UNIT 3 EQUIVALENT MODEL OF FET AND MOSFET AMPLIFIERS 9 Hrs

Small Signal equivalent circuit of FET and MOSFET - Analysis of CS, CD and CG JFET
amplifiers using small signal equivalent circuits- Analysis of CS, CD and CG MOSFET
amplifiers using small signal equivalent circuits

Small Signal FET Models

The small-signal FET *model (valid both for JFET and MOSFET) is used to relate sma]l
changes in FET current and voltages about the quiescent operating point. The model is different
at low and high-frequencies. Therefore we shall study the small-signal models separately as the
low-frequency FET model and high-frequency model. In both these models, the FET will be
considered in common source configuration.



Small Signal Low-Frequency FET Model

FET SMALL SIGNAL ANALYSIS

Field-effect transistor amplifiers provide an excellent voltage gain with the added
feature of high input impedance. They are also considered low-power consumption
configurations with good frequency range and minimal size and weight. Both JFET and
depletion MOSFET devices can be used to design amplifiers having similar voltage gains.
The depletion MOSFET circuit, however, has much higher input impedance than a similar
JFET configuration.

While a BJT device controls a large output (collector) current by means of a
relatively small input (base) current, the FET device controls an output (drain) current by
means of a small input (gate-voltage) voltage. In general, therefore, the BJT is a current-
controlled device and the FET is a voltage-controlled lgievice. In both cases, however, note
that the output current is the controlled variable. Because of the high input characteristic
of FETS, the ac equivalent model is somewhat simpler than that employed for BJTs. While
the BJT had an amplification factor (beta), the FET has a transconductance factor, gm.

FET can be used as a linear amplifier or as a digital device in logic circuits. In fact,
the enhancement MOSFET is quite popular in digital circuitry, especially in CMOS
circuits that require very low power consumption. FET devices are also widely used in
high-frequency applications and in buffering (interfacing) applications.

While the common-source configuration is the most popular, providing an inverted,
amplified signal, one also finds common-drain (source-follower) circuits providing unity
gain with no inversion and common-gate circuits providing gain with no inversion. As with
BJT amplifiers, the important circuit features described in this cﬁapter include voltage
gain, input impedance, and output impedance. Due to the very high input impedance, the
input current is generally assumed to be 0 A and the current gain is an undefined quantity.
While the voltage gain of an FET amplifier is generally less than that obtained using a BJT
amplifier, the FET amplifier provides much higher input impedance than that of a BJT

configuration. Output impedance values are comparable for both BJT and FET circuit



Lg

-
G O— O D
+
Ugs gmvgs
SO oS

Fig. 3.1 Small signal model of FET

COMMON SOURCE AMPLIFIER

A common-source JFET amplifier is one in which the ac input signal is applied to the
gate and the ac output signal is taken from the drain. The source terminal is common to
both the input and output signal. A common-source amplifier either has no source resistor
or has a bypassed source resistor, so the source is connected to ac ground. A self-biased
common-source n-channel JFET amplifier with an ac source capacitive coupled to the gate
is shown in Figure below. The resistor, RG, serves two purposes: It keeps the gate at
approximately 0 V dc (because IGSS is extremely small), and its large value (usually
several megohms) prevents loading of the ac signal source. A bias voltage is produced by

the drop across RS. The bypass capacitor, C2, keeps the source of the JFET at ac ground.

+Voo

Fig.3.2 Self biased Common source Amplifier

The input signal voltage causes the gate-to-source voltage to swing above and below
its Q-point value (VGSQ), causing a corresponding swing in drain current. As the drain
current increases, the voltage drop across RD also increases, causing the drain voltage to

decrease. The drain current swings above and below its Q-point value in phase with the



gate-to-source voltage. The drain-to-source voltage swings above and below its Q-point
value (VDSQ) and is 180° out of phase with the gate-to-source voltage, as illustrated in
Figure above. A Graphical Picture The operation just described for an n-channel JFET is
illustrated graphically on both the transfer characteristic curve and the drain
characteristic curve in Figure below. Part (a) shows how a sinusoidal variation, Vgs,
produces a corresponding sinusoidal variation in Id. As Vgs swings from its Q-point value
to a more negative value, Id decreases from its Q- point value. As Vgs swings to a less
negative value, Id increases. The signal at the gate drives the drain current above and
below the Q-point on the load line, as indicated by the arrows. Lines projected from the
peaks of the gate voltage across to the ID axis and down to the VDS axis indicate the peak-
to-peak variations of the drain current and drain-to-source voltage, as shown. Because the
transfer characteristic curve is nonlinear, the output will have some distortion. This can be

minimized if the signal swings over a limited portion of the load line.

| .
A b
|

-Vas Vis

+
"(;5.&1:

v T,
-1 --r—--l*--ﬁ‘a

1

1

1

|

!

{

1

{

{

GSQ

DSQ

Fig 3.3 Transfer Characteristic curve and Drain curve for Common source JFET
Amplifier
AC Equivalent Circuit to analyze the signal operation of the amplifier in Figure
below ,an ac equivalent circuit is as follows. Replace the capacitors by effective shorts,
based on the simplifying assumption that at the signal frequency. Replace the dc source by
a ground, based on the assumption that the voltage source has a zero internal resistance.

The VDD terminal is at a zero-volt ac potential and therefore acts as an ac ground.



The ac equivalent circuit is shown in Figure below. Notice that the VDD end of Rd
and the source terminal are both effectively at ac ground. Recall that in ac analysis, the ac

ground and the actual circuit ground are treated as the same point.

Fig 3.4 AC equivalent circuit for Common source amplifier

An ac voltage source is shown connected to the input in Figure above. Since the input
resistance to a JFET is extremely high, practically all of the input voltage from the signal
source appears at the gate with very little voltage dropped across the internal source
resistance. Vgs = Vin

Vgs = Vin

Voltage Gain: The expression for JFET voltage gain that was given in Equation below
applies to the common-source amplifier.

Ay = gmRa

Phase Inversion The output voltage (at the drain) is out of phase with the input
voltage (at the gate). The phase inversion can be designated by a negative voltage gain,
Recall that the common-emitter BJT amplifier also exhibited a phase inversion.

Input Resistance is derived as follows, because the input to a common-source
amplifier is at the gate, the input resistance is extremely high. Ideally, it approaches
infinity and can be neglected. As you know, the high input resistance is produced by the
reverse-biased PN junction in a JFET and by the insulated gate structure in a MOSFET.
The actual input resistance seen by the signal source is, the gate-to-ground resistor, RG, in
parallel with the FET’s input resistance, VGS IGSS. The reverse leakage current, IGSS, is
typically given on the datasheet for a specific value of VGS so that the input resistance of
the device can be calculated.

Vis
Rin = Rg II (7=

IL'.':'."I



Common drain JFET amplifier

A common-drain JFET amplifier is one in which the input signal is applied to the
gate and the output is taken from the source, making the drain common to both. Because it
IS common, there is no need for a drain resistor. A common-drain JFET amplifier is shown
in Figure below. A common-drain amplifier is also called a source-follower. Self-biasing is
used in this particular circuit. The input signal is applied to the gate through a coupling
capacitor, C1, and the output signal is coupled to the load resistor through C2.

+Vop

Fig. 3.5 Self biased Common Drain Amplifier

Voltage Gain as in all amplifiers, the voltage gain is Av Vout / Vin. For the source-
follower, Vout is IdRs and Vin is Vgs IdRs as shown in above Figure. Therefore, the gate-
to-source voltage gain is I1dRs (Vgs IdRs). Substituting Id gmVgs into the expression gives
the following result:

Om vgsRs
UVgs + OmVgs R-.

z""|'|_.r =

The vgs term cancel so,

g?’.‘l R.'f

A, = —ms
v 1+ g R,

Notice here that the gain is always slightly less than 1. If then a good approximation
is since the output voltage is at the source, it is in phase with the gate (input) voltage.

Input Resistance because the input signal is applied to the gate, the input resistance
seen by the input signal source is extremely high, just as in the common-source amplifier
configuration. The gate resistor, RG, in parallel with the input resistance looking in at the
gate is the total input resistance.

Rin = Rg IlRHu'f,ane]
where

Rm(gare} = Vs |lgss



Common Gate Amplifier

The common-gate FET amplifier configuration is comparable to the common-base BJT
amplifier. Like the CB, the common-gate (CG) amplifier has a low input resistance. This is

different from the CS and CD configurations, which have very high input resistances

Common-Gate Amplifier Operation A self-biased common-gate amplifier is shown in
figure. The gate is connected directly to ground. The input signal is applied at the source
terminal through C1. The output is coupled through C2 from the drain terminal.

+Vop

Fig 3.6 Common Gate Amplifier

Voltage Gain: The voltage gain from source to drain is developed as follows:

Where Rd = RD || RL. Notice that the gain expression is the same as for the
common-source JFET amplifier.

Input Resistance: As you have seen, both the common-source and common-drain
configurations have extremely high input resistances because the gate is the input terminal.
In contrast, the common-gate configuration where the source is the input terminal has a
low input resistance. This is shown as follows. First, the input current is equal to the drain
current

finz I:.'= I:.f: Om I";'.

Second, the input voltage equals Vgs.



Therefore, the input resistance at the source terminal is

R. = E: Vas
o Im .gml'irs
1
Rin = g_
m

Small signal analysis of MOSFET:

Common Source configuration of E- MOSFET with potential divider biasing:

VDD
R, Rp
Ve — Co
I |
I |
C1
Ve R, —— G
Rs

1L

Fig 3.7 Circuit Diagram of common source amplifier

7

C1

3.8 AC equivalent circuit



In common source configuration of E-MOSFET, the inputs is fed to the gate and
output is taken at the drain. The resistor R1 and R acts as biasing resistors. For AC analysis
the source is connected to ground and hence source terminal is connected to both input and
output.

The circuit diagram of voltage-divider bias for E-MOSFET is shown in the above

Figure 3.7. The AC equivalent model of the voltage—divider bias circuit of E-MOSFET can
be obtained by shorting the capacitors and grounding the biasing sources as shown in the
above figure. Replacing the devices by its small signal model, we get the figure shown

below.

3.9 Small signal equivalent circuit for common source amplifier

Input impedance:

Input impedance is the resistance looking back from the input terminal. From the
small signal signal model of voltage divider configuration of E-MOSFET shown in the
above figure 3.9, the input impedance can be calculated as

Z; = Ry ||R2
Output impedance:

Output impedance is the resistance looking back from the output terminal. From
the small signal; model of MOSFET, The output impedance is calculated as follows,

Z,= Rp||ry

When Vi = 0, gate-source voltage = 0, Therefore, is an open circuit. Hence the
output impedance is equal to drain resistance.



Therefore, the output impedance is given by,

Voltage gain:

Voltage gain is the ratio of output voltage to input voltage.

sz

=|=

Vo = Ip(Rp || rq) = Ip(Rp || ra)

Where, Ip = g, Vs

Therefore,

[+]

Ay ===—gmRp

Common Drain Amplifier:

The circuit diagram and the small signal diagram are as follows:

Ve

Fig.3.10 Circuit Diagram of Common Drain Amplifier
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Fig 3.11 Small signal model of common drain amplifier

Input Impedance is given by,
Zy = Rgsl1+ gm(Rs|| RL);

Therefore,
Zi = Rell Z,4

The output impedance is
Zo = Rs|l (1/gm)

Voltage Gain is,
A,=1

Common Gate Amplifier:

The circuit diagram and the small signal model are given below:



&)
I Ly T
V;
Rgs HmVygs
Rg qs T RD VI

Fig. 3.13 Small signal model of common gate amplifier



Input Impedance,

Zi = Re|| 1/gm

Output Impedance,

Zy = Rpl| 7y

Voltage Gain,

V,
Ay =32= Gm(Rp |7y |1 Ry)

JFET and MOSFET small signal model Amplifiers || Review

It provides an excellent voltage gain with high input impedance. Due to these characteristics, it is
often preferred over BJT.

Three basic FET configurations
Common source, common drain and common gate
1. MOSFET low frequency a.c Equivalent circuit

Figure shows the small signal low frequency a.c Equivalent circuit for n-channel JFET.

.
...............................

Fig. 3.13 Small signal model of JFET



Common Source Amplifier with Fixed Bias

Figure shows Common Source Amplifier with Fixed Bias. The coupling capacitor C1 and C2 which
are used to isolate the d.c biasing from the applied ac signal act as short circuits for ac analysis.

Fig. 3.14 Common Source Circuit of JFET

The following figure shows the low frequency equivalent model for Common Source Amplifier
With Fixed Bias. It is drawn by replacing

All capacitors and d.c supply voltages with short circuit

JFET with its low frequency a.c Equivalent circuit

Fig. 3.15 Small Signal Model of CS MOSFET Amplifier

Input Impedance Zi

Zi =RG
Output Impedance Zo

15



o oD

IV =0 <7 Rp *Eu

o as

Fig. 3.16 Equivalent circuit Model of MOSFET for output

It is the impedance measured looking from the output side with input voltage Vi equal to Zero.

As Vi=0,Vgs =0 and hence gmVgs =0 . And it allows current source to be replaced by an open
circuit.

Z, = RD "rd

If the resistance rd is sufficiently large compared to RD, then

Z, = Rp * 1y >> Rp

Voltage Gain A, :

Vas Ve
The voltage gain A, = i3

Looking at Fig. we can write
Vo = =Em ¥V (ra IRp)

As we know V| = V; we can write
Vo = =8BmV (lilRp)

A, = =—gm (ra lIRp )

<=

and if ry >> Rp.

Ay = —gm Rp

16



Table  summarizes performance of common source amplifier with fixed bias.
Parameter Exact With ry>>Rp
A R Rg
zZ, Ropllrs Rp
A, -8 (Rpllre) - 2= Rp

2. Common source amplifier with self bias(Bypassed Rs)

Figure shows Common Source Amplifier With self Bias. The coupling capacitor C1 and C2 which
are used to isolate the d.c biasing from the applied ac signal act as short circuits for ac analysis.
Bypass capacitor Cs also acts as a short circuits for low frequency analysis.

Fig. 3.17 Common Source amplifier model of MOSFET
The following figure 3.18 shows the low frequency equivalent model for Common Source Amplifier
with self Bias.

r’\ff,&; V,. ImVos 'c Ro"lzo
<1 7 &Y

Fig.3.18.Small signal model for Common Source MOSFET

17



i) Input impedance Z; : Z, = Rg

ii) Output impedance Z, : Z, = 14 ||IRp

if g >>Rp Z, = Rp

iii) Voltage gain A, : Ay = =8m (s |IRp)
If g >>Rp Ay = -gm Rp

The negative sign in the voltage gain indicates there is a 1800 phase shift between input and output
voltages.

Common source amplifier with self bias (unbypassed Rs)

i

C
v,o—)‘ °
\'/
s_] °
M SRe
Z Res o '

Fig.3.19. Common Source MOSFET amplifier

Now Rs will be the part of low frequency equivalent model as shown in figure. 3.19.

18



Fig.3.20. Small signal model for Common Source MOSFET amplifier

Input Impedance Zi
Zi=RG
Output Impedance Zo

It is given by
2, = Z,)/|IRp
where Z, = :IL
div, <0

Zy = [rg+Ryw+D) ]|l Rp

I~
o
I

= [rg+ R, Gmrga + 1]l Rp

19



Voltage gain (Av)

It is given by
Vo
Ay v.'
We know that,
Yo = =IgRp
A' = Vo s ~BmTy4 RD

V, ra+R,+Rp+gmR, 1y

Dividing numerator and denominator by ry we get,

A' =

-2m Rp

<|=

If iy >R, +Rp

A, Vo

14+8m Ry +

Yo -gm Rp
7V, l1+gamR;

R.'.'RD

fa

Parameter Byp:ud Unbypassed Rg
s
Exact ra >>Rp Exact rs >>Rp

Z Ra Rg Rao Rg

z, Ro |l ra Ro I * Ry(gara* ] 1l Ro [ * Rs (gats + VI Rp
[ﬁ*laho‘r’1lllﬂo lfc*Rs@o: Nl Ro

A -gu(Roll) | — g Ro -gaRo -~ 8= Ro
I1+ga Rs *% 148 Rs

20




Common source amplifier with Voltage divider bias (Bypassed Rs)

Figure shows Common Source Amplifier With voltage divider Bias. The coupling capacitor C1 and
C2 which are used to isolate the d.c biasing from the applied ac signal act as short circuits for ac
analysis. Bypass capacitor Cs also acts as a short circuits for low frequency analysis.

Fig.3.21. Common Source MOSFET amplifier with VVoltage divider bias

The following Figure 3.21 shows the low frequency equivalent model for Common Source Amplifier
with voltage divider Bias
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Fig3.10 small model of Common source amplifier with Voltage divider bias(Bypassed Rs)

The parameters are given by

Rg = Ri||R2
Zi = Rg
= Ri || Rz
_ Z, = 1g|IRp
if g >>Rp Z, = Rp
Ay = -gm (g |IRp)

If rqg >>Rp Ay -8m Rp

The negative sign in the voltage gain indicates there is a 1800 phase shift between input and output
voltages.

Common Drain Amplifier

In this circuit, input is applied between gate and source and output is taken between source and

drain.
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Fig3.12 Circuit of Common Drain amplifier

In this circuit, the source voltage is

Vs =VG+VGS

When a signal is applied to the MOSFET gate via C1 ,VG varies with the signal. As VGS is fairly
constant and Vs = VG+VGS, Vs varies with Vi.

The following figure shows the low frequency equivalent model for common drain circuit.

s 3

2

% !
i

Fig3.13 small model of Common Drain amplifier
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Input Impedance Zi

Fig3.13 Simplified small model of Common Drain amplifier

Zi =RG

Output Impedance Zo

It is given by
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Z, = ZylIR,
where Z, = Vo
la Vi=0

Applying KVL to the outer loop we can have,
Vit+Vpg=-Vo = 0
As Vi =0,
Vo = Vi
Looking at Fig. we can write that,

Bmvp = lg
But Vgs = Vo, so
vao = Iy
20 = Yo L
d Em
A X
Em
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Voltage gain (Av)

It is given by
Vo
Ay = ¢
Looking at Fig. we can write that,
Vo = =lg(rg lIRy)
Vo = =8mVp (rg [IRs )
But
V, = -Vg+V

- Vo + [ -8mVes (1g IIR) ]

Substitute the value Vo and Vi. Then

~8m Vg (Ty | Ry )

Av -
“Ves (1+gn (1 [IRs))
Bm(rg lIRy)
l"'gn(rd “RI)
if rg >> R,
- Bm R,
e I+g2m Ry
if gmRy>>1

A, = 1, but it is always less than one.
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Common drain circuit does not provide voltage gain.& there is no phase shift between input and

output voltages.

Table summarizes the performance of common drain amplifier

Exact re > Rp
Z Rg Ro
& Lir e
=~ IR, —~ IR,
A. Ra (" " Ro) Bm Ro
“'3- (f‘ ” Rn) 1+ Em R.
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. Introduction

UNIT 4 MULTISTAGE AMPLIFIERS AND FREQUENCY RESPONSE OF BJT AND FET
AMPLIFIERS 9 Hrs

Multistage Amplifiers- Methods of Coupling- RC Coupled- Transformer Coupled — Direct
Coupled Amplifiers- Amplifier frequency response — Miller effect

Frequency response of transistor amplifiers with circuit capacitors — BJT frequency response
— Low and High frequency analysis of CE,CB, CC - Frequency response of FET - Low and
High frequency analysis of CS,CG, CD JFET & MOSFET.

4.1 Multistage Amplifiers

* The performance obtainable from a single stage amplifier is often insufficient for
many applications.

» Several stages may be combined forming a multistage amplifier. These stages are
connected in cascade,

i.e. output of the first stage is connected to form input of second stage, whose
output becomes input of third stage, and so on.

—

COUPL- | THIRD |OQUTRUT
ING STAGE

SECOND
STAGE

COUPL- |
ING

IMPUT FIRST
| STAGE

Figure 4.1 Block Diagram of Multistage Amplifier

« Single amplifier is inadequate for practical purposes.

« Additional amplification over two or three stages is necessary. To achieve this, the
output of each amplifier stage is coupled in some way to the input of the next stage.
The resulting system is referred to as multistage amplifier.

(OR)

A transistor circuit containing more than one stage of amplification is known as multistage
transistor amplifier.Ex: Transistor radio receiver- Number of amplification stages
may be six or more.

Cascading

* In Multi-stage amplifiers, the output of first stage is coupled to the input of next stage
using a coupling device. These coupling devices can usually be a capacitor or a
transformer. This process of joining two amplifier stages using a coupling device can
be called as Cascading.

» The following figure shows a two-stage amplifier connected in cascade.

The overall gain is the product of voltage gain of individual stages.
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Figure 4.2 Two-stage amplifiers

Where  Av = Overall gain

Avi = Voltage gain of 1% stage
Av: = Voltage gain of 2" stage Av
Av = Avl* Av2

Av = (V2/V1) * (Vo/V2) = Vo/V1

Multistage amplifiers:

» Overall gain of an ac signal will get increased.
» Calculated by simply multiplying each gain together.

The overall gain of a multistage amplifier is the product of the gains of the individual stages,

Gain (A) = Al* A2*A3*A4*... *An

S . -
oy \ e, e
e oy \\ \‘
Lnput A ,/> Ao ’/:,\_ Az /) e . e A )»—o Qutput
/”’ ,/’I’
,,I‘ /,’ |-

-
- -~
t’/ r”
// e
S ”/
-~ -

Figure 4.3 Multistage Amplifier

Need for multistage amplifiers:

» To transfer the AC from the output of one stage to the input of next stage.

* To block the DC to pass from the output of one stage to the input of next stage, which
means to isolate the DC conditions

« To amplify extremely weak signals to sufficient level, so that it can travel to a large
distance.
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« The distortion can be reduced by changing the signal within stages.

To understand the working of multistage amplifiers, the following terms need to be known

1. Gain

2. Decibel gain

3. Frequency response
4. Bandwidth

Gain

The ratio of the output electrical quantity to the input of the amplifier is called its gain.
It can be current gain or voltage gain or power gain.

The gain of a multistage amplifier is equal to the product of gains of individual stages.

E.g. G1, G2 and G3 are the individual voltage gains of a three- stage amplifier,
then total voltage gain G is given by

G=G1xG2xG3

Decibel gain

While analyzing circuits in the frequency domain, it is more convenient to compare the
amplitude ratio of the output to input values on a logarithmic scale rather than on a linear
scale. So if we use the logarithmic ratio of two quantities, P; and P> we end up with a new
guantity or level which can be presented using Decibels.

Unlike voltage or current which is measured in volts and amperes respectively, the decibel, or
simple dB for short, is just a ratio of two values, well actually the ratio of one value against
another known or fixed value, so therefore the decibel is a dimensionless quantity, but does
have the “Bel” as its units after the telephone inventor, Alexander Graham Bell.

The ratio of any two values, where one is fixed or known and of the same qunatity or units,
whether power, voltage or current, can be represented using decibels (dB) where “deci”
means one tenth (1/10th) of a Bel. Clearly then there are 10 decibels (10dB) per Bel or 1 Bel =
10 decibels.

The decibel is commonly used to show the ratio of power change (increasing or decreasing)
and is defined as the value which is ten times the Base-10 logarithm of two power levels. For
example, 1 watt to 10 watts is the same power ratio as 10 watts to 100 watts, that is 10:1, so
while there is a large difference in the number of watts, 9 compared to 90, the decibel ratio
would be exactly the same. Hopefully then we can see that the decibel (dB) is a ratio used for
comparing and calculating levels of power change and not the power itself.

Power gain = 10logio[Pout/Pin]dB
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AMPLIFIER

i

— =

Figure 4.4 Amplifier Stage

Pin :Vin2 / R=R* Iin2
Pout :Vout2 /IR=R™* |out2

Voltage gain in db = 10logio[(Vou? / R)/ (Vin? / R)] = 20l0g10[Vout/ Vin]

Current gain in db = 10logio[(R * lou®)/ (R * 1in?)] = 20l0g10[lout/ lin]

Decibel gain
Advantages:
The following are the advantages of expressing the gain in db :

(a) The unit db is a logarithmic unit. Our ear response is also logarithmic i.e. loudness of
sound heard by ear is not according to the intensity of sound but according to the log
of intensity of sound.

Thus if the intensity of sound given by speaker (i.e. power) is increased 100 times, our
ears hear a doubling effect (logio 100 = 2).Hence, this unit tallies with the natural
response of our ears.

(b) When the gains are expressed in db, the overall gain of a multistage amplifier is the sum of
gains of individual stages in db.

AMPLIFIER T AMPLIFIER ‘
Vl 1 2 ll

Figure 4.5 Two stage Amplifier

w
[ o)
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Gain as number =( V2/V1) * (V3/V2)

Gain in db = 20logi0( V2/V1) * (V3/V2)

Gain in db = 20log10( V2/V1) + 20log10( V3/V2)
G1(db) + G2(db)

Frequency response

-
z T
<
S
o MAXIMUM
< GAIN
]
- J.
=
0 1 ;

FREQUENCY

Figure 4.6 Frequency Response curve

The curve between voltage gain and signal frequency of an amplifier is known as frequency
response.

» The voltage gain of an amplifier varies with signal frequency.

» It is because reactance of the capacitors in the circuit changes with signal frequency
and hence affects the output voltage and voltage gain.

» The gain of the amplifier increases as the frequency increases from zero till it becomes
maximum at f , called Resonant frequency.

» If the frequency of signal increases beyond f ( , the gain decreases.

Bandwidth

The range of frequency over which the voltage gain is equal to or greater than 70.7%(3db) of
the maximum gain is known as bandwidth.
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Figure 4.7 Bandwidth f > — f 1
1. Draw the 3db line from the maximum value and find f ; and f > from the graph.
2. The (f1)is called lower cut-off frequency & (f2) is known as upper cut-off frequency

3. Therefore, f 2 — f 1 is the bandwidth. (i.e. Upper cutoff frequency — Lower cutoff frequency)

5. For distortion less amplification, it is important that signal frequency range must be
within the bandwidth of the amplifier.

Bandwidth of an amplifier is the range of frequency at the limits of which its voltage gain
falls by 3 db from the maximum gain.

The frequency f 1 or f 2 is also called 3-db frequency or half-power frequency.
Half Power Bandwidth

The half-power point or half-power bandwidth is the point at which the output power has
dropped to half of its peak value; that is, at a level of approximately -3 dB

Half-power gain in dB = 10logio[(Pout max/2 )/ Poutmax]
= 10log10[1/2] =-3 dB

Types of multistage amplifier
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Figure 4.8 Multistage Amplifiers

The output of first stage is coupled to the input of next stage using a coupling device. The
process of transferring energy between circuits is known as COUPLING.

There are various ways of coupling signals into and out of amplifier circuits.

Common methods of amplifier coupling
* RC Coupled Amplifier
» Transformer Coupled Transistor Amplifier
» Direct Coupled Amplifier

(i) In RC coupling, a capacitor is used as the coupling device. The capacitor connects the
output of one stage to the input of the next stage in order to pass the a.c. signal on while
blocking the d.c. bias voltages.

(i1) In transformer coupling, transformer is used as the coupling device. The transformer
coupling provides the same two functions (viz. to pass the signal on and blocking d.c.) but
permits in addition impedance matching.

(iii) In direct coupling or d.c. coupling, the individual amplifier stage bias conditions are so
designed that the two stages may be directly connected without the necessity for d.c. isolation

4.2 RC Coupled Amplifier
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Figure 4.9 RC coupled Amplifier

* As the coupling from one stage to next is achieved by a coupling capacitor (Cc)
followed by a connection to a shunt resistor, therefore, such amplifiers are called
Resistance - Capacitance coupled amplifiers.

* Ri, R2and Re — used for biasing and stabilisation of network.

* Ce- emitter bypass capacitor offers low reactance path to the signal. Without it, the
voltage gain of each stage would be lost.

* Cc transmits a.c. signal but blocks d.c. This prevents d.c. interference between various
stages and the shifting of operating point

Operation:

* It may be mentioned here that total gain is less than the product of the gains of
individual stages. It is because when a second stage is made to follow the first stage, the
effective load resistance of first stage is reduced due to the shunting effect of the input
resistance of second stage. This reduces the gain of the stage which is loaded by the
next stage.

» For instance, in a 3-stage amplifier, the gain of first and second stages will be reduced
due to loading effect of next stage. The overall gain shall be equal to the product of the
gains of three stages.
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Figure 4.10 Frequency Response
The frequency response of a typical RC coupled amplifier :
(i) At low frequencies (< 50 Hz): two factors cause a falling of voltage gain

v Reactance of coupling capacitor CC is quite high - very small part of signal will pass
from one stage to the next stage.

v' CE cannot shunt the emitter resistance RE effectively because of its large reactance at
low frequencies.

i) At mid-frequencies (50 Hz to 20 kHz): the voltage gain of the amplifier is constant.

v' Thus, as the frequency increases in this range, reactance of CC decreases which tends
to increase the gain.

v' However, at the same time, lower reactance means higher loading of first stage and
hence lower gain.

v' These two factors almost cancel each other, resulting in a uniform gain at mid-
frequency.

(iii) At high frequencies (> 20 kHz): two reasons causes the voltage gain drops off

v' Reactance of CC is very small and it behaves as a short circuit- increases the loading
effect of next stage and serves to reduce the voltage gain.

v Capacitive reactance of base-emitter junction is low which increases the base current.
This reduces the current amplification factor .

Advantages :

(1) It has excellent frequency response.
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(i)  The gain is constant over the audio frequency range which is the region of most
importance for speech, music etc.

(iii) It has lower cost since it employs resistors and capacitors which are cheap.

(iv)  The circuit is very compact as the modern resistors and capacitors are small and
extremely light.

Disadvantages :

(1)  The RC coupled amplifiers have low voltage and power gain.

(i) They have the tendency to become noisy with age, particularly in moist climates.
(iii))  Impedance matching is poor.
Applications:

« The RC coupled amplifiers have excellent audio fidelity over a wide range of
frequency.

» Therefore, they are widely used as voltage amplifiers e.g. in the initial stages of public
address system.

Note:

» If other type of coupling (e.g. transformer coupling) is employed in the initial stages,
this results in frequency distortion which may be amplified in next stages.

» However, because of poor impedance matching, RC coupling is rarely used in the final
stages.

% RC coupling- used in initial stages
% Transformer coupling- used in final stages

4.3 Transformer-Coupled Amplifier

In RC coupled amplifier, the effective load of each stage is decreased due to the low resistance
and the voltage and power gain also gets decreased.

+ Vee
i OUTPUT
¥ COUPLING ¥~ TRANSFORMER
TRANSFORMER

[EE ., |E odreur

SIGNAL R2§
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Fig 4.11 Transformer coupled Amplifier

R1 & R2 resistors provide the biasing and stabilization for the circuit.
Cin isolates DC and allows only AC components from the input signal to the circuit.

The emitter capacitor provides a low reactance path to the signal and offers stability to
the circuit.

The first stage of output is connected as an input to the second stage through
secondary windings of the primary transformer.

It is mostly used for power amplification.

When an a.c. signal is applied to the base of first transistor, it appears in the amplified
form across primary P of the coupling transformer.

The voltage developed across primary is transferred to the input of the next stage by
the transformer secondary S. The second stage renders amplification in an exactly
similar manner.

Impedance matching - By this property, low resistance of one stage can be reflected as
high load resistance to the previous stage. Therefore the voltage at primary windings
can be forwarded according to the ratio of secondary windings of the transformer.

Freguency response

GAIN

0 FREQUENCY

Figure 4.12 Frequency Response

It is clear that frequency response is rather poor i.e. gain is constant only over a small
range of frequency.

At low frequencies, the reactance of primary begins to fall, resulting in decreased gain.

At high frequencies, the capacitance between turns of windings acts as a bypass
condenser to reduce the output voltage and hence gain.
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Hence, transformer-coupled amplifier introduces frequency distortion. It is possible to
achieve a fairly constant gain over the audio frequency range.

Transformer coupled that achieves a frequency response may cost 10 to 20 times
expensive than the RC coupled amplifier.

Advantages

¢ No signal power is lost in the collector or base resistors.

e An excellent impedance matching can be achieved in a transformer coupled
amplifier

e Due to excellent impedance matching, transformer coupling provides higher gain.

e As a result, a single stage of properly designed transformer coupling can provide
the gain of two stages of RC coupling.

Disadvantages

It has a poor frequency response i.e. the gain varies considerably with frequency.

The coupling transformers are bulky and fairly expensive at audio frequencies.
Frequency distortion is higher i.e. low frequency signals are less amplified as
compared to the high frequency signals.

Transformer coupling tends to introduce *hum in the output.

(There are hundreds of turns of primary and secondary. These turns will multiply an
induced e.m.f. from nearby power wiring. As the transformer is connected in the base
circuit, therefore, the induced hum voltage will appear in amplified form in the
output.)

Applications
Transformer coupling is mostly employed for impedance matching.

In general, the last stage of a multistage amplifier is the power stage. Here, a
concentrated effort is made to transfer maximum power to the output device e.g. a
loudspeaker.

For maximum power transfer, the impedance of power source should be equal to that
of load.

The impedance of an output device is a few ohms whereas the output impedance of
transistor is several hundred times this value. In order to match the impedance, a step-
down transformer of proper turn ratio is used.
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4.4 Direct-Coupled Amplifier

OUTPUT
SIGNAL

Figure 4.13 Direct coupled amplifier

There are many applications in which extremely low frequency (< 10 Hz) signals are to
be amplified e.g. amplifying photo-electric current, thermo-couple current etc.

The coupling devices such as capacitors and transformers cannot be used because the
electrical sizes of these components become very large at extremely low frequencies.

Under such situations, one stage is directly connected to the next stage without any
intervening coupling device.

This type of coupling is known as direct coupling
Operation
It shows the circuit of a three-stage direct-coupled amplifier.

It uses *complementary transistors. This makes the circuit stable w.r.t. temperature
changes. In this connection (i.e., npn followed by pnp), when the temperature rises, is
opposite for the two transistors. Thus the variation in one transistor tends to cancel
that in the other. Thus, the first stage uses npn transistor, the second stage uses pnp
transistor and so on.

This arrangement makes the design very simple. The output from the collector of first
transistor T1 is fed to the input of the second transistor T2 and so on.

The weak signal is applied to the input of first transistor T1. Due to transistor action,
an amplified output is obtained across the collector load RC of transistor T1. This
voltage drives the base of the second transistor and amplified output is obtained across
its collector load.

In this way, direct coupled amplifier raises the strength of weak signal.
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Advantages

The circuit arrangement is simple because of minimum use of resistors.

The circuit has low cost because of the absence of expensive coupling devices.
o Disadvantages

It cannot be used for amplifying high frequencies.

The operating point is shifted due to temperature variations.

S.No | Particular RC coupling Transformer coupling | Direct coupling

[ Frequency response | Excellent in the audio Poor Best
frequency range

2. Cost Less More Least

3. Space and weight Less More Least

4. Impedance matching Not good Excellent Good

5. Use For voltage For power amplification | For amplifiying
amplification extremely low

frequencies

Table 4.1 Comparison between multistage amplifiers
4.5 Miller Theorem

The Miller effect is a basic electronic phenomenon associated with feedback circuits.
It can occur undesirably in amplifiers, caused by parasitic capacitance.

It accounts for an increase in the equivalent input capacitance of an inverting voltage
amplifier due to amplification of capacitance between the input and output terminals.

Although Miller effect normally refers to capacitance, any impedance connected
between the input and another node exhibiting high gain can modify the amplifier
input impedance via the Miller effect.

In transistor amplifiers, it is necessary to split the capacitance between input and
output. It can be achieved by using miller’s theorem.
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Figure 4.14 Miller feedback circuits
1= (V1-V2)/ Z----(a)
12 =(V2- V1) / Z----(b)

11=V1/ Z1-----(c)

12=V2 / Z2-----(d))
If (2)=(3)

V1/Z1= (V1-V2)/Z
Z1 = (V1*2)/(V1-V2)
Z1=Z*1/(1-V2/V1)
Z1=Z /(1- Av)
If (b)=(d)
(V2-V1)/Z= V2/Z2
72 = ZI(1-(1/Av))
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Cmi= C(1-Av) ‘;|-7 ;|'7 Cmo= C(1-(1/Av))

Figure 4.16 Capacitive feedback circuits

Miller Input capacitance

Cmi =C (1-Av)

Cmo =C ( 1-(1/Av))

Non Inverting Amplifier

(O/P of the amplifier in phase with the 1/P)

Inverting Amplifier :Output of the amplifier is 180 degree out of phase with respect to
input.

0

T

Vi

¥

Vi V,

Cmi = C(1+Av) \_—l\-7 é Cmo= C (1+(1/Av))

Figure 4.17 Inverting Amplifier-Output of the amplifier is 180 degree out of phase
with respect to input.
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4.6 Frequency response of transistor amplifiers with capacitor circuit

Most amplifiers have relatively constant gain over a certain range (band) of
frequencies, this is called the bandwidth (BW) of the amplifier

The gain of an amplifier remains relatively constant across a band of frequencies.

When the operating frequency starts to go outside this frequency range, the gain
begins to drop off.

BW: fc2'fc1
Center frequency f, =\ foife

The ratio of f, to fc1 equals the ratio of foto fo , this is:
folfa="f2 /I
fo=12/f1 (oR)
fo =12/ fe

» Frequency response analysis — Cutoff frequencies

The cut-off frequencies of single stage BJT/FET amplifiers are influenced by the RC

combinations formed by the network capacitors CC, CE, etc. and the resistive
parameters that are present in the network.

¥
|
C

8

—0

-

"\.I."'L "-.?." \ f"'-. J

[
Cr———

Short
O i O 0 o—>0 O ¢
+ T T + + T ] T +
Vil'l R }::: Vuut Vil'l "E_: H Vuul
l I T
_\—r . a - e, | O a
At Very high frequencies At Very low frequencies

Figure 4.18 Frequency analysis
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It is to be recalled that at High frequencies Xc = 1/2rfc=0'Q

At low frequencies Xc = 1/2mfc = 0 'Q

Low Frequency

High Frequency

the gain of amplifiers

The Change in the reactance
inductors and capacitors could affect

The Change in the reactance of
inductors and capacitors could affect
the gain of amplifiers

larger enough to affect the signal

Capacitors can no longer be treated as
short circuits - their reactance becomes

The reactance of intrinsic capacitance of
devices becomes low enough -the signals
could effectively pass through them and
change the response of the circuit

Reactance of the primary

poor low frequency response.

transformer becomes low — Resulting to

The stray capacitance of transformer
windings reduces the gain of amplifier

Table 4.2 Comparison between Low Frequency and High Frequency

Low Frequency Response of RC circuit

Low frequency , the amplifier circuit behaves like high pass filter

( At low frequencies , Xc¢ tends to oo and the capacitance treated as open circuit)

I

-3 dB Point /*

| * 0
d
o Resistor, R Vou
0 T 0

f. Frequency (Hz)

Figure 4.19 LPF Response

Vo=V1*R/R-jXc

IVol =VI*R/V(R?*+ Xc?)

If Xc=R

IVol =VI1*R/(2R?)

IVol =V1/2

Av =0.707

High Frequency Response of RC circuit

e At high frequencies (Frequency increases, Xc decreases) act as short circuit.
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e Also the parasitic capacitance comes into effect and defines the 3db point.
e At high frequencies, it acts as low pass filter.

o

Vo

Roll-off Point
&

Vol \2F= mrmemememian
A

Mag nntuc_ie (Volts)

b i e i 2 e P

o fc Frequency (Hz)
il »

Figure 4.20 HPF Response

The frequency response of an amplifier refers to the frequency range in which the amplifier
will operate with negligible effects from capacitors and device internal capacitance. This
range of frequencies can be called the mid-range.

At frequencies above and below the midrange, capacitance and any inductance will affect the
gain of the amplifier

At low frequencies the coupling and bypass capacitors lower the gain.
*At high frequencies stray capacitances associated with the active device lower the gain.

*Also, cascading amplifiers limits the gain at high and low frequencies.

e At low frequencies, coupling capacitor (CS, CC) and bypass capacitor (CE) reactances
affect the circuit impedances.

e The capacitive reactance varies inversely with frequency. At lower frequencies the
reactance is greater, and it decreases as the frequency increases.

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

e At high and mid frequencies , Vi = V0 voltage across the load , so Vo/Vi =1

e At low frequencies Vo=0 voltage across the load and Vo/Vi =0

e Between two extremes the ratio between Vo and Vi will vary between 0 and 1.

4.7 Low Frequency Analysis of Capacitor Coupled BJT Amplifier
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Figure 4.21 RC Coupled amplifiers

Vs = signal source

Rsig = Internal resistance of signal source
Cs = coupling capacitor for Vs

Cc= coupling capacitor for R

Cc = bypass capacitor for Re

e A capacitor coupled (also called RC coupled) BJT amplifier circuit .

e At middle and high frequencies, the capacitors Cc,Cs and Ce can be considered short
circuits because their reactance become low enough, that there are no significant
voltage drops across the capacitors.

e At low frequencies, the coupling capacitors Cc,Cs and Ce could no longer be treated as
short circuit because their reactance become high enough that the there are significant
voltage drops across the capacitors.

Coupling Capacitors

— To couple the various stages of a multi-stage amplifier « For AC performance essentially a
short circuit and AC current flows from one stage to the next stage — To support the biasing
of each stage individually: « For DC performance: open circuit and no biasing current flows
from one stage to another
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ByPass Capacitors

— To support the addition of a resistor for biasing purposes only * For DC performance: open
circuit and current flows through the biasing resistor — Short-circuit the biasing resistor for
AC performance. * For AC performance: short circuit and no current flows through the
resistor (shorted out/bypassed)

To find Z;

Case (i) Equivalent Circuit involving Cs capacitor:

hje = Pre

Cs Ii o i
— L —
I 1
Rsig g - T "
Vi R /Ry hie=(+Dre Rsig . Zi=Ri
= Vi
= fre
@ | -
= s
R [
Zi=Ri — Zi=Ri ——
Equivalent Circuit of Vs, Cs and Zi Equivalent Circuit of Vs, Cs and Zi
Figure 4.22 Equivalent Circuit
The input impedance of the circuit is:
Cs li
| »
i
Rsig : : :
Vi R/ Ry hie = (fi+1)re
=[hre
Vs
"
Zi=Ri —

Figure 4.23 Input impedance

Zi = Ri= Ry, // Ry, // hie
=Rg, // Ry, // Pre
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The Lower cutoff frequency involving Cs capacitor is:
Sub: R= R+ Rsig
C:Cs

|
f..!i =
" 27(Rsig +Ri)Cs

To find Output impedance Zo:

Case (ii)Equivalent Circuit involving Cc capacitor:

Cc L.
I =
I T
I]ib +) I‘“ RE 1'i'r|:“' RL
_
— Zo=Ro

Figure 4.24 Equivalent Circuit

i |

— |
= Zo=Ro=Rc /10

Equivalent Circuit of Circuit Portion Involving Cc

Figure 4.25 Equivalent circuit Cc
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The output impedance of the circuit is:
Re // ro Cc '
I
— WWW| ¢
)
¢ Ve SR

*—
-/ |
T Zo=Ro=Rc//to
Equivalent Circuit of Circuit Portion Involving Ce
Figure 4.26 Equivalent circuit

1
Z2am{Ro4+ Ry Ce

o=

Zo=Ro=R. /It

Case (iii) Equivalent Circuit involving Ce capacitor:

—AMA

LA
"'l51|'|.“ +re Ce

=
|
I

= ResRui L) # Te
Ao
Equivalent Circuil of Portion of Circuit Involving Ry and Cy

Figure 4.27 Equivalent circuit Ce

* Csand Cc shorted.

¢ By calculating the equivalent input resistance (Rs’ = Rsig | RB1 | RB2 ) and reflecting
into the emitter circuit (ie ., dividing by p)

» The resistance Re seen looking into RE from the output side can be computed as:
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Re = R:r’f[&+ r.:]
Vg

Where : Rs'= Rsig// Ro /R

26 X107

res————  [(ohms)

L: = Emitter DC current (Aompere)= Emitter guiescent current (Auamperc)

The Lower cutoff frequency involving Ce capacitor is: Sub: R=Re

C=Ce
fLe= 1/ 2nCeRe

Cutoff frequency= Maximum (Fcs,FLc,FLE)

4.8 LOW FREQUENCY RESPONSE OF JFET COMMON SOURCE AMPLIFIER

I = Drain current
. (ac)
’

R . T I (Gate
V= Current) l
Vs= Input =0
Source voltage
voltage ! —
zil

Figure 4.28 Common Source Amplifier JFET

e The analysis of low frequencies response of FET amplifier is similar to that of BJT

amplifiers.

e At middle and high frequencies, the capacitors Cc,Csand Cg consider short circuits
because their reactance become low enough that the there are no significant voltage
drops across the capacitors.

e At low frequencies .the coupling capacitors Cc, Cs and Cg could no longer be treated
as short circuits because their reactance become high enough that the there are

significant voltage drops across the capacitors.

V=
O
Output voltage
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Rsig

Vi Ra //Rep Rsig
Vs
y —* Vs
|
o _ — —r
Zi=Ri Zi=Ri —
=R "Ry, =Rg /R
Equivalent Circuit of Vs, C; and Zi Eguivalent Circuit of Vs, C;, and Zi

Figure 4.29 Equivalent circuit CG

e The frequency analysis of high pass RC network can be used for capacitor coupled
FET amplifer circuit.

e For the portion of the circuit involving the coupling capacitors Cg, the equivalent
circuit
- Equivalent circuit assumes that the input impedance of the amplifier (Zi) is
purely resistive and is equal to Ri

Case 1 : Considering Cec and other Cp, Cs are short circuit

The value of the input impedance (resistance) of the amplifier can be computed

Zi=Ri=Rg, /Ry,

L1= R, 1Ry, 15 not present (R, = infinity)

R = Rsig + Ri and C :CG
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Figure 4.30 Equivalent circuit Ce with Zi
The lower cutoff frequency (half power frequency ) can be computed as

1
" 2x(Rsig + Ri)Cao

Case 2 : Considering Cc and other Cg, Cs are short circuit

Dmm([)) Ip
rd
gmVgs ]
Ird I,m
R
gmVgs Zo Ro

Figure 4.31 Equivalent circuit Zo

e For the portion of the circuit involving the coupling capacitor Cc, the equivalent
circuit is shown Figure 4.31.
- Equivalent circuit assumes that the output impedance of the transistor is purely
resistive and is equal to Ro

The value of the output impedance (resistance) of the amplifier can be computed as

Zo=Ro=Rp || rq

Page 28



If rq is equal to unity
Z0=Ro0=Rp
The lower cut off frequency can be computed as

fic =1/2m(Ro + RL)Cc

Case 3 : Considering Cs and other Cg, Cp are short circuit

e For the portion of the circuit involving the bypass capacitor Cs, the equivalent circuit

is shown in Figure.
- The resistance (Req)seen looking into Rs, from the output side can be computed

as:

Req=Rs || 1/gm
R = Req and C: CS

L.

System R,

]

— Req

Equivalent Circuit of Portion of Circuit Involving R and Cg

Figure 4.32 Equivalent circuit Cs

e The low cut off frequency of the portion of the circuit involving the bypass capacitor
Cs can be computed as:
e fLS=1/2mReqCs

e Overall , the effect of the capacitor Cg,Cc and Cs must be considered in determined
the low cutoff frequency of the amplifier,

e The highest lower cutoff frequency among the three cutoff frequencies will have the
greatest impact on the low cutoff frequency of the amplifier.

e If the cutoff frequencies due to the capacitors are relatively far apart , the highest low
cutoff frequencies will essentially determine the low cutoff frequency .
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4.9 HIGH FREQUENCY RESPONSE OF BJT

Y l
Ry,
l, l; (hC r v 4
— “ — (&
0 (' ” :
Rsig ’ | ;-
£ H I Vo= Output
1
Vim - v voltage
S ; Ry X
Vs Input voltage | ‘
) iz 1
Source o l i
voltage o 1 = '
4
7.1 | Z(‘

Figure 4.33 High frequency Response of BJT

Cbe =capacitance between the base and emitter of the transistor
Cce= capacitance between the collector and emitter of transistor
Cbc = capacitance between the base and collector of transistor
Cwi= wiring capacitor at input of amplifier

Cwo = wiring capacitor at output of amplifier

e At the higher frequency end the higher cut off frequency(-3db) of BJT circuits is
affected by:
- Network capacitance (parasitic and induced)
- Frequency dependence of the current gain hfe
e At high frequencies , the high cutoff frequency of a BJT circuit is affected by:
- The interelectrode capacitance between the base and emitter , base and
collector, collector and emitter.
- Wiring capacitor at the input and output of the BJT
- At high frequencies, the reactance of the interelectrode and wiring capacitor

become significantly low, resulting to a “shorting” effect across the capacitance

- The “shorting” effect at the input and output of an amplifier causes a reduction
in the gain of the amplifier
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Input and output capacitances are given by

Ci= Cwi +Cbe +C, Co=Cwo +Cce + Gy,

== Co Vo=V_

Figure 4.34 High frequency Response — Ci capacitance

* For the input side, the -3db high cutoff frequency can be computed as:
fini = ; = higher cut off frequency for the input side (-3db frequency)
27 Rm CGi

Rmii=Rsig // Rui// Ruz2 // Ri=Rsig // Ro1// Ruz // (f+1)re

= Thevenin equivalent resistance at input side

Ci = Cuwi + Coe + Cui = Coi + CGoe + (1- Av) Gic = input capacitance of circuit

e At the high frequency end, the reactance of the capacitance Ci will deacrease as
frequency increases, resuting to reduction in the total impedance at the input side
- This will result to lower voltage across Ci, resulting to lower base current ,and
lower voltage gain

——Co Vo=V,

Figure 4.35 High frequency Response — Co capacitance
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For the output side, the -3db high cutoff frequency can be computed as:

fio= i = higher cut off frequency for the output side (-3db frequency)
27 Rm Co

Rnw =Re // Ru//ro =Thevenin equivalent resistance at output side

R . I . N
Co=Cuo4+ Coe 4+ CMa=Coan 4 Cee + [I _A_ i{"\ = ﬂll[pll[ EHP*ICHHI‘IL‘E of circut
V]

e At the high frequency end , the reactance of capacitance Co will decrease as frequency
increases, resulting to reduction in the total impedance at the output side
- This will result to lower output voltage Vo, resulting to lower voltage and

power gain .
e eeeeesee—— ¥, T T T T T T TS
= AW\ A :
' b H
B | . C
—INVWWW\ :
= 3 11 - Ic
ib : LA D :
: Cu Cbc -
: — <o> E
i Ta=Pre Cx =Cbe g B Ib~= |
o - '
I—’ E I 1 hoe hfe Ib : . ]
Zix E ! £ o

s — ——— — ————————— ——— ————— ———————— ——— ——-— ———————————a—

Hybrid s High Frequency Fﬂui\'alml Clircuit (Common Emitter)

Figure 4.36 High frequency Response — Hybrid pi Model

e The hybrid m high frequency equivalent circuit for common emitter.

e The resistance rb includes the base contact resistance (due to actual connection to the
base) base bulk resistance (resistance from external base terminal to the active region
of transistor) and base spreading resistance (actual resistance within with active region
of transistor )

e The resistances rg , r0O and ru are the resistance between the indicated
terminals

e When the BJT is in the active region

¢ Cbe and Cbc are the capacitance between the indicated terminals

e At the high frequency end, hfe of a BJT will be reduced as frequency increases
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e The variation of hfe with frequency can approximately be computed as:

hir‘:ll:'.
hfe = — : = hfe at frequency f
1+ j—
JI';;

hfemia= o = hfe at middle frequency (the one usually given at specs sheet)
| 1 1
27 1= (Cr +Cu)  hfews 2 re(Car +Cu)
| |
Pmia 25 re (Car +Cu )

r.l = f‘hl-\; —

~
I.l =

Ile= Ij?l!lj e = 'h ﬁ'.'.-r....] }{ I'»]

26mV
Te =
I

Iz = DC emitter current of transistor

e The upper cutoff frequency of the entire system (upper limit for the bandwidth) is
lower than the lowest upper cutoff frequency (lowest among fwi, fno and 8

e The lowest upper cutoff frequency has the greatest impact on the bandwidth of the
system. it defines a limit for the bandwidth of the system

e The lower is the upper cut off frequency, the greater is its effect on the bandwidth of
the entire system

4.10 GAIN BANDWIDTH PRODUCT:

The Gain-Bandwidth of the circuit (usually amplifier) is the product of the bandwidth and the
gain at which the bandwidth is measured. For an operational amplifier, the gain-bandwidth
product for one configuration will always equal the gain-bandwidth product for any other
configuration of the same amplifier.

* The gain-bandwidth product of a transistor is defined by the following condition:

, hf‘.’m
and hfes = 20log—— = 20log1 = 0db

14—
Jf.l
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The frequency at which hfesisequal to Odb i1s denoted by {3

and the magnitude of hfe when (fr>>fz) 1s computed as:

thmxd a l\l-Cn'.nd = l
e O\ - ‘-I -
{ Ir | S
Jl * n '-l J fa

fr= (hfemia) (fB) = (Bmid ) (fB ) = Gain bandwidth product , since Bmidis gain B bandwidth
Bandwidth f8 = fr/ Bmid

fo= 8
/}.‘I‘.k’

=~ bandwidth

I
/}mul 27 rt‘(C/'r +Cu ) ‘.

rl = (/l:l:ul)( t‘l) — (/‘n:xd)

fr= 4= gain bandwidth product
> » >, o
2xre(Cr+ (u)|

4.11 FET High Frequency Responses

FET HIGH FREQUENCY RESPONSE

e The high frequency response analysis for FET is similar to that of BJT.

e At the high frequency end, the high cutoff frequency(-3db) of FET circus is affected by
the network capacitance (parasitic and induced ).

The capacitance that affect the high frequency response of the circuit are composed of:

- The inter-electrode capacitance between the gate and source, gate and drain, and
drain and source.

- Wiring capacitance at the input and output of the circuit.

e At high frequencies, the reactance of the inter electrode and wiring capacitance
because significantly low, resulting to a “shorting” effect across the capacitances.

e The shorting effect at the input and out of an amplifier causes a reduction in the gain
of the amplifier

e For common source FET circuits, the Miller effect will be present, since it is an
inverting amplifier.
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Iya l Ry L
\ Ce
R(il '
.. [
! o oL T =l
—+ Ll— Ta L =V
o T |
g i Cesi T g | ! Iy V= Output
V= R = :T: Cwo ' voltage
Vs= Input voltage : " Rs< L o | '
Source Lz : :
x » ‘ R l ! » . |
voltage [ | 1 ] '
1 L
Zi Zix — I Zox | Zo
Common Source FET Amplifier Circuit
Figure 4.37 Common source FET amplifier circuit
e Cgs = capacitance between the gate and source of transistor
e Cds = capacitance between drain and source of transistor
e Cgs = capacitance between gate and source of transistor
e Cwi = wiring capacitor at input of amplifier
e Cwo = wiring capacitance at output of amplifier
i Ci=Cwi+Cgs+Cyy, G D Id Co = Cwo + Cds + C,,,
Rsig Thi) pm Vi [ Tlx—{] I
L * Ves Re//Re; _—('i I Ry \d R, —_(.0 Vo=V,
e ' = | | = l
S Zix Zox S

Figure 4.33 Equivalent circuit for Common source FET amplifier

e At mid and high frequencies, Cg,Cs, and Cc are assumed to be short circuits
because Their impedances are very low.

e The input capacity C; includes the input wiring capacitance(Cwi), the transistor
capacitance Cgs, and the input Miller capacitance Cuwi

e The output capacitance Co includes the output wiring capacitance (Cwo),the
transistor parasitic capacitance Cds, and the output Miller capacitance Cwmo.

e Typically, Cgs and Cgd are higher than Cds.
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e At high frequencies ,Ci will approach a short—circuit and Vgs will drop,
resulting to reducing in voltage gain.

e At high frequencies, Co will approach a short-circuit and Vo will drop,
resulting to reduction in voltage gain.

Tho
Ry =Rp//Ry//rd

= (] = Co Vo=V,

I
v T

Figure 4.34 Equivalent circuit for Common source FET amplifier- Ci & Co capacitance

The Thevenin equivalent circuit of the ac equivalent circuit of the FET amplifier
is shown below.

= For the input side, the -3db high cutoff frequency can be computed as:
1

fin = ————— = high cut off frequency for the input side (-3db frequency)
27 Rrm Ci
I R = Rsig // Rai// Rz =Thevenin equivalent resistance at input side
Ci = Cwi + Cgs + Cwmi = input capacitance of circuit

Cami = [1 = Av]Cgd = Miller effect capacitance at input side
where Avmidis used for Av to get the worst case scenario
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FET High Frequency Response
» For the output side, the -3db high cutoff frequency can be computed as:

fie = N high cut off frequency for the output side (-3db frequency)

27 Rma Co

Rnw = Ro/ Ru//rd =Thevenin equivalent resistance at output side

Co=Cw + Cds + Cwmo = output capacitanc ¢ of circuit

Av

Cvmo = [l —L] Cgd = Miller effect capacitanc e at the output side

Avmid is used for Av to get the worst case scenario

4.12 COMMON DRAIN JFET AMPLIFIER - LOW FREQUENCY RESPONSE

*Voo

Output circuit of CD JFET amplifier
Ry =4 -
< - > | FET ampifier

C]-l) e T‘\.'QF—‘T—T L
L = R v,
1 i

Input circuit of CD JFET amplifier

1/
0 5

fco=1/ 2T](Ro+R,) Co and Ro=1rp || Rp

s

Ip - ACresistance or Inbuilt resistance of drain
terminal

fei=1/ 2TT(Ri+rs)Ci &Ri=Rs | 1/gm | R1]R2

Figure 4.35 Analysis of Common drain amplifier Low frequency- Ci & Co capacitance

COMMON DRAIN JFET AMPLIFIER- HIGH FREQUENCY RESPONSE
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Input RC combination
2 Output RC combination
FET amplifier

fhi=1/2T](Ri+rs) Ci
Ci=Cgs + Cgd(1-Av)andRi=R1 | R2

ST e

l.I
Tt S

[

Vs 2R, ]

—I-,—.O
O % iy Py
- .=#p p
_J v
*

e o .
Output RC combination ﬁ
o

Inter-electrode capacitance Cgs provides a feedback path from gate to source
|

Inter-electrode capacitance Cgd provides a feedback path from gate to drain
Inter-electrode capacitance Cds providesa feedback path from drain to source

fho = 1/ 2TT(Ro || R,) Co
Co = Cds + Cgd(1-1/Av)

Figure 4.36 Analysis of Common drain amplifier High frequency- Ci & Co capacitance

4.13 COMMON GATE JFET AMPLIFIER - LOW FREQUENCY RESPONSE
r.':‘/‘r"wi
T
1] 'r
Ro
f i&jr.

T circuit of CG JFET amplifier

Input circuit of CG JFET amplifier -
" ql FET ampitier T ET ampiiter
—— {
| ! |
"G L) |
| H
| i
— ]

Figure 4.37 Analysis of Common gate amplifier Low frequency- Ci & Co capacitance

fci=1/ 2TT(Ri + rs) Ci
fco= 1/ 2TT(Ro + R) Co and Ro=rg || Ry

COMMON GATE JFET AMPLIFIER - HIGH FREQUENCY RESPONSE
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OUTPUT RC COMBINATION

hput RC combination
» FET ampiier Ju 2r an]|kL560

Co Cys + C(J (l <

1
TFCat-A) | 3R fu= 2x(R|rs)Ci
Ci = Cay+Cp(1 —Ay)

O

Figure 4.38 Analysis of Common gate amplifier High frequency- Ci & Co capacitance

4.14 COMMON BASE LOW FREQUENCY RESPONSE

Both voltage and current biasing follow the same rules as those applied to the common
emitter amplifier. As before, insert a blocking capacitor in the input signal path to avoid
disturbing the dc bias. The common base amplifier uses a bypass capacitor — or a direct
connection from base to ground to hold the base at ground for the signal only! The common
emitter amplifier (except for intentional RE feedback) holds the emitter at signal ground,
while the common collector circuit does the same for the collector.
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Re Emitter AmVoe=Plp Collector
Rz _\A't@_"_/_' (—

: o S' C:2

3 n
1 J Vbn>
J_CE i, ( i\: Ve § o+ Tl > A
(optional) R.S C(l Vout S in ERE pe— EBase ; C RLé Vout
RI < E’\f\/ V_+ I RL < s:' CB <
T '(_Ji‘.)vs Vin Re = _ .? Rg T (optional)

= & ke

ImVhe™ 17
ﬁib=0 I\
CC2

ZRe

Ré
Ca
(optional)

Steps 1: D C voltage sources are replaced by ground
2: D C current sources are open circuited
3: Capacitors are shorted

Case 1: Consider Ccl and Cc2 shorted
Rs is redundant

rp base to emitter junction rp/ 1+ B8)
R1 =rp/ 1+ B) is parallel with RE + Rs ; C= Ccl
F1=1/2price

Case 2: Consider CB and Ccl shorted
Emitter to base (Rs || Re) * (1+ )
R2={(Rs | Re) *(1+B)+ 1} || Re
F2 =1/2R2Cs

Case 3

R3= Rc+RL
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F3=1/27RsC
COMMON BASE HIGH FREQUENCY RESPONSE

Note that, unlike the CE/ER amplifier, no internal feedback capacitance exists for the
common base configuration. This is the most important characteristic of the CB stage and
means that there is no Miller effect, which means that the capacitances are smaller, which
means that the cutoff frequency will be higher.

Using the method of open circuit time constants, we can define equivalent resistances for each
of the remaining capacitances. With vS=0 and, therefore, gmvbe=0

since Cb’e and re are quite small. At such high frequencies, it is often necessary to take into
account effects that may generally be considered negligible.

e AC & DC Grounded

e Capacitance is shorted and RB is redundant
e No Miller capacitance

e Cmrand Cu are present

e Wire capacitances are present

e Vi=0and gm Vmr =0 current source is open

Rg

A A — . .
i
| [
[ [
A1 3 A0 &
vi.o kT _‘c-c.__"'rxI T ::Rp_ L
n “"RE < RL“:" Yout
= W >

Ci=Cwi+Crm
Co=Cwo+Cu

Ri=  Re | Rs || rira+B)
Ro=RL || Rc

Fhi =1 /2 RiCi

Fho =1/ 2[;R.Co
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4.15.High-Frequency Response -MOSFET
(Amplifier gain falls off due to the internal capacitive effects of transistors)

Capacitive Effects in MOS

1. Capacitance between 2. Capacitance between
Gate and channel Gate & Source and Gate &
(Parallel-plate capacitor) o Gate electrode Drain due to the overlap of

Induced
n-type
channel

gate electrode
(Parallel-plate capacitor)

T
Depletion region

4. Junction capacitance
between Drain and Body
(Reverse-bias junction)

3. Junction capacitance
between Source and Body
(Reverse-bias junction)

Figure 4.39 Capacitive effects in MOSFET

1) MOS “internal” capacitors are shown “outside” of the transistor to see their impact.
2) All MOS capacitors contribute to f; (v, is reduced when f— o or caps short circuit)
3) For f— oo, all coupling (C,.; and C_;) and by-pass capacitors are short circuit

ng SI:\Ort: Vbbb Cdb short:
Input is connected to output o —0
Gain is reduced to 1 R 2

i

Rsig

I L

For f— o C,, short:
v, =0—>uv, =0

Figure 4.40 Capacitive effects in MOSFET- Cgd,Cdb,Cgs
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MOSFET LOW FREQUENCY COMMON SOURCE RESPONSE

Vbp

sig

1
27w C (R +R.)

| 1. Consider C,, : | Terminals of C,,

Rsig X C«:Iz R,'
{ H —VWVWW—e .
=P R(%

AAA
2. Find resistance between
Capacitor terminals

i

Rg

— W

12

1
27 Cy[R || A/ g, + R, IR, /7,8,)]

1/g, +
(R, | R,/ 1,8,

18, + Cg Terminals of Cg
(R, IR/ 12, )

- 2. Find resistance between

Capacitor terminals

S p2

Figure 4.42 MOSFET Low Frequency Common Source Response- Cs capacitance
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Vbbp

~
AAAA
VYWY

1
272 C,(R, +R,|l7,)

1

Terminals of C,,

|-

L Rp Lo R, » Rplir,

' S o3

x

- 2. Find resistance between
Capacitor terminals

Figure 4.43 MOSFET Low Frequency Common Source Response- Cc2 capacitance

CS High-Frequency Response -MOSFET

Rsig
VWA l ro= 1
? vs*g R(’% ;I;(jin o 2” Cin (RG || Rs[g)
| 1. Consider C;,, : | .
Rsig
sig s : Rg ¥ Ci"> Terminals of C;,
(Hn

»|]~

2. Find resistance between
Capacitor terminals

Figure 4.44 MOSFET High Frequency Common Source Response- Cin capacitance
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1
27 C (|| Ry | R,)

a r, Erm }- (1> Terminals of C’,
D L -{
-

2. Find resistance between
Capacitor terminals

fp2=

Figure 4.45 MOSFET High Frequency Common Source Response- Cin capacitance
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UNIT 5 POWER SUPPLIES AND POWER AMPLIFIERS 9 Hrs

Linear mode power supply - Rectifiers - Half-Wave Rectifier - Full-Wave Rectifier — Filters
- L,C, LC, CLC Filter- Regulators - Zener Diode regulator - Linear series, shunt voltage
Regulators - Switched mode power supply (SMPS) - Large Signal Amplifiers - Class A,
Class B, Class C, Class D- Distortion in power amplifiers

Linear mode power supply: A regulated DC power supply is also known as a linear
power supply; it is an embedded circuit and consists of various blocks. The regulated
power supply will accept an AC input and give a constant DC output. The figure below
shows the block diagram of a typical regulated DC power supply.

VmSiﬁi-]I ‘
| ' »
|
lfJLJl
F d d ‘ *
- ¥ T | +
To Hambet Rectifier Filter Regulator |V, 4| Load
AC line | 'Ormer -
F ¥ .
" -

Figure 5.1 Block diagram of linear regulated power supply

» Linear regulated power supplies gain their name from the fact that they use linear,
i.e. non-switching techniques to regulate the voltage output from the power

supply.

* The term linear power supply implies that the power supply is regulated to
provide the correct voltage at the output.

» The voltage is sensed and this signal is fed back, normally into some form of
differential amplifier where it is compared with a reference voltage, and resulting
signal is used to ensure the output remains on the required voltage.



-+ NV out

N
Figure 5.2 Differential Amplifier
Power supply input transformer:

As many regulated power supplies take their source power from an AC mains
input, it is common for linear power supplies to have a step down or occasionally
a step up transformer.

This also serves to isolate the power supply from the mains input for safety.

The transformer is typically a relatively large electronic component, especially if
it is used in a higher power linear regulated power supply.

The transformer can add significant weight to the power supply, and can also be
quite costly, especially for the higher power ones.

Rectifier:

As the input from an AC supply is alternating, this needs to be converted to a DC
format. Various forms of rectifier circuit are available.

The simplest form of rectifier that could be used in a power supply is a single
diode, providing half wave rectification. This approach is not normally used
because it is more difficult to satisfactorily smooth the output.

Normally full wave rectification, using both halves of the cycle is used. This
provides a waveform that can be more easily smoothed.

There are two main approaches to providing half wave rectification. One is to use
a centre tapped transformer and two diodes. The other is to use a single
winding on the power supply transformer and to use a bridge rectifier with four
diodes.

As diodes are very cheap, and the cost of providing a centre tapped transformer is
more, the most common approach these days is to use a bridge rectifier.



Power supply smoothing:

Capacitor supplies the charge

as the rectified voltage falls

Rectified
waveform

Smoothing action of a reservoir capacitor

Figure 5.3 Smoothing action of a Capacitor

Once rectified from an AC signal, the DC needs to be smoothed to remove the
varying voltage level. Large reservoir capacitors are used for this.

The smoothing element of the circuit uses a large capacitor. This charges up as the
incoming waveform from the rectifier rises to its peak. As the voltage of the rectified
waveform falls away, once the voltage is below that of the capacitor, the capacitor
starts to supply charge, holding the voltage up, until the next rising waveform from
the rectifier.

Linear power supply regulators:

There are two main types of linear power supply:



[Series regulator: Connected in series] ——">

Series
B regulator
supply Load
[Shunt regulator: Connected in parallel]
FPower Shunt
supply regulator Load

Figure 5.4 Shunt and Series regulator

» Shunt regulator: The shunt regulator is less widely used as the main element
within a linear voltage regulator. For this form of linear power supply, a variable
element is placed across the load.

» There is a source resistor placed in series with the input, and the shunt regulator is
varied to ensure that the voltage across the load remains constant.

» Series regulator: This is the most widely used format for a linear voltage
regulator. As the name implies a series element is placed in the circuit, and its
resistance varied via the control electronics to ensure that the correct output
voltage is generated for the current taken.

» A reference voltage is used to drive the series pass element which may be a
bipolar transistor or a FET. The reference may just be a voltage taken from a
reference voltage source, e.g. an electronic component such as a Zener diode.

Linear power supply advantages / disadvantages

» The use of any technology is often a careful balance of several advantages and
disadvantages. This is true for linear power supplies which offer some distinct
advantages, but also have their drawbacks.
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Linear PSU advantages Established technology:

Linear power supplies have been in widespread use for many years and their 2
technology is well established and understood. Low noise: The use of the linear
technology without any switching element means that noise is kept to a minimum
and the annoying spikes found in switching power supplies are now found.

Linear PSU disadvantages Efficiency: In view of the fact that a linear power
supply uses linear technology, it is not particularly efficient. Efficiencies of
around 50% are not uncommon, and under some conditions they may offer much
lower levels.

Heat dissipation: The use of a series or parallel (less common) regulating
element means that significant amounts of heat are dissipated and this needs to be
removed.

Size: The use of linear technology means that the size of a linear power supply
tends to be larger than other forms of power supply. Despite the disadvantages,
linear regulated power supply technology is still widely used, although it is more
widely used where low noise and good regulation are needed. One typical
application is for audio amplifiers where the linear supply is able to provide
optimum performance for powering all the stages of the amplifier.

Rectifiers
» The main application of p-n junction diode is in rectification circuits.

» These circuits are used to describe the conversion of A.C signals to D.C in
power supplies.

» Arrectifier is an electrical device that converts alternating current (AC),
which periodically reverses direction, to direct current (DC), which flows
in only one direction.

Diode rectifier gives an alternating voltage which pulsates in accordance
with time. The filter smoothes the pulsation in the voltage and to produce
D.C voltage, a regulator is used which removes the ripples.

There are two primary methods of diode rectification:



1. Half Wave Rectifier

2. Full Wave Rectifier

Half Wave Rectifier

In a half-wave rectifier, one half of each a.c input cycle is rectified.

When the p-n junction diode is forward biased, it gives little resistance and when
it is reversing biased it provides high resistance.

During one-half cycles, the diode is forward biased when the input voltage is
applied and in the opposite half cycle, it is reverse biased.

I I

AC input > H >
Secondary 5

(Pulsating)
DC output

* primary | 1r
/\\_/\\/ H 3 O

I =Current

D = Diode

R.= Load resistor
T = Transformer
+ = Positive half cycle
- = Negative half cycle

Figure 5.5 Half Wave Rectifier

When A.C supply is applied to the transformer, the voltage will be decreasing at
the secondary winding of the diode. All the variations in the A.C supply will
reduce, and we will get the pulsating D.C voltage to the load resistor.

In the second half cycle, the current will flow from negative to positive and
the diode will be reverse biased. Thus, at the output side, there will be no current
generated; a small amount of reverse current will flow during reverse bias due to
minority carriers.



Half Wave Rectifier

Input + _ Output

P——o—

1../\ =y f 1 - -f \_
ir -

{ Y T RL ()

0 nh § 2 3 0l Ly

Figure 5.6 Working of Half Wave Rectifier

Average DC Load Current (Ipc)

Mathematically, current waveform can be described as,

iy = L sin ot for0swtsn
where L, = Peak value of load current

2 A Vs
\'m
0 » wl
| |21|’
| |
v | |
0
N | |
- | |
| |
0 — wl

|

o
T m 2
- 1

2 |

1

Figure 5.7 Load voltage wave forms for half wave rectifier
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in in
= fliju @) = o [Im sin (@) d(et)
0 a

As no current flows during negative half cycle of a.c. input voltage, i.e. between wt=n
to ot = 2 n, we change the limits of integration.

lpe = -;;l!lmsin(mt)d(mt)=%[-¢‘06(°")]:

=~ 12 [cos(m)-cos(0)] = - R -1-1j= 2

Ipc = l;"‘ = average value

Applying Kirchhoff's voltage law we can write,

Esm
bn = RFR 7K

where R, = Resistance of secondary winding of transformer. If R, is not given it should
be neglected while calculating 1.

Average DC Load Voltage (Epc)

It is the product of average D.C. load current and the load resistance R,

Elx = l[x-RL
Ill F-un
Substituting value of Iy, Epe = = R, = R S Fow R,
f * s)] N



The winding resistance R, and forward diode resistance R are practically very small
compared to R;.

Eam
Ex 2l R +R, -
g iil.

But as R, and R, are small compared to R, , (R; + R))/R; is negligibly small compared
to 1. So neglecting it we get,

Bye » o

Note : When R; and R, are finite, calculate [, then Ipe and from that Epe as IpeR;. Do
not calculate Epy- as E_ /= directly for finite R, and R,

R.M.S value of Load Current (Irms)

The RM.S means squaring, finding mean and then finding square root. Hence RM.S.
value of load current can be obtained as,

Tpms

J%I(lm sin ot)? d(ot) = le_nz(l"z sin? otd(ot))

150 c05(2wt)ld(wt) 1 [t sin(2ot)) "
E‘I =22 "4 :

0

In

(-’-zt) as sin(2n) = sin (0) =

—
Nl...
A

3
"
—_—

N|3
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DC Power Output (Ppc)

The d.c. power output can be obtained as,
Poc = Epclpc = IRy

) O 12
D.C. Power output = I} R, = [?"‘] = &%RL
I3
P[x = ;t-i'R[
_ Esm
Where [m . Rf+R|’+R‘

P Estl
DC 7 ®2[R;+Ry +R,]?

AC Power Input (Pac)

The power input taken from the secondary of transformer is the power supplied to
three resistances namely load resistance R, , the diode resistance R, and winding resistance
R, The a.c. power is given by,

Prc = uslRy + R+ R

but s = l-z'l‘ for half wave,

I
0 PAC=_4-[R|.+R1+RI]
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Rectifier Efficiency (n)

The rectifier efficiency is defined as the ratio of output d.c. power to input a.c. power.
D.C. output power _ Ppe

A. C.input power Pac
12

) T _ (4/7)Ry
L ~ (R +Rp +R,)
:;[R;+R| TR‘]
) 0406
- R, + R,
1+( b ]

If (R + R) << R, as mentioned earlier, we get the maximum theoretical efficiency of
half wave rectifier as,

% Nmax = 0.406 X100 = 40.6 %

Thus in half wave rectifier, maximum 40.6% a.c. power gets converted to d.c. power in
the load. If the efficiency of rectifier is 40% then what happens to the remaining 60%
power. It is present interms of ripples in the output which is fluctuating component
present in the output. Thus more the rectifier efficiency, less are the ripple contents in the
output.

Ripple Factor (y)

* Ripples are the oscillations that are obtained in DC which is corrected by using
filters such as inductors and capacitors.

» These ripples are measured with the help of the ripple factor and are denoted by vy.

» Ripple factor tells us the number of ripples presents in the output DC. Higher the
ripple factor, more is the oscillation at the output DC and lower is the ripple
factor, less is the oscillation at the output DC.

» Ripple factor is the ratio of RMS value of the AC component of the output voltage
to the DC component of the output voltage.

12



R.M.S. valueof a.c. component of output
Average or d.c.component of output

Ripple factor y =

Now the output current is composed of a.c. component as well as d.c. component.
Let I, = rms. value of a. ¢. component
present in output
lpc = d.c. component present in output

laws = RMS. value of total output current
lM = |i+l%,c
e 2 B —B:
Now Ripple factor = Tli as per definition
DC
Tengs = e
i
Y = lm)z -1
Toc

Transformer Utilization Factor (TUF)

The factor which indicates how much is the utilization of the transformer in the circuit
is called Transformer Utilization Factor (T.U.F.)

The T.UF. is defined as the ratio of d.c. power delivered to the load to the a.c power
rating of the transformer. While calculating the ac. power rating, it is necessary to
consider r.m.s. value of a.c. voltage and current.

13



The T.UF. for half wave rectifier can be obtained as,
A.C. power rating of transformer = Egye lpus

 Em In _Emlm
2.2 22
D.C. power delivered to the load = I}-R;
X'
ok
TUF. = D.C. Power delivered to the load
T ALC. Power rating of the transformer
Im \*
JEj=
Ealm
22
Neglecting the drop across R, and R, we can write,
Em = IRy
TUF = I..z.RL-ZJi:ZJi_om
TR IRy W

The value of T.UF. is low which shows that in half wave circuit, the transformer is
not fully utilized.

Load Current

The load current i, which is composed of a.c. and d.c. components can be expressed
using Fourier series as,

- " 2 ]
i, = ""ln"i“““" s;coshot E;coﬂmt
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This expression shows that the current may be considered to be the sum of an infinite
number of current components, according to Fourier series,

The first term of the series is the average or d.c. value of the load current. The second
term is a varying component having frequency same as that of a.c. supply voltage. This is
called fundamental component of the current having frequency same as the supply. The
third term is again a varying component having frequency twice the frequency of supply
voltage. This is called second harmonic component. Similarly all the other terms represent
the a.c. components and are called harmonics.

Thus ripple in the output is due to the fundamental component alongwith the various

harmonic components. And the average value of the total pulsating d.c. is the d.c. value of
the load current, given by the constant term in the series, |,/ n

Peak Inverse Voltage (PI1V)

The Peak Inverse Voltage is the peak voltage across the diode in the reverse direction
i.e. when the diode is reverse biased. In half wave rectifier, the load current is ideally zero
when the diode is reverse biased and hence the maximum value of the voltage that can
exist across the diode is nothing but E_.

D
e, 2 A
.
1=0 R,
e

Fig 5.8 PIV rating of a Diode
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Thus PIV occurs at the peak of each negative half cycle of the input, when diode is
reverse biased and not conducting,

PIV of diode = E,, = Maximum value of secondary voltage = x Epc|, .. o
This is called PIV rating of a diode. So diode must be selected based on this PIV rating
and the circuit specifications.

Voltage Regulation

The secondary voltage should not change with respect to the load current. The voltage
regulation is the factor which tells us about the change in the d.c. output voltage as load
changes from no load to full load condition.

If (Ve = D.C. voltage on no load
(V& )n_ = DC VOlhse on full load

(Ve . = (Ve I

Voltage regulation =
" (Vac )

Disadvantages of Half Wave Rectifier

3. The circuit has low transformer utilization factor, showing that the transformer is
not fully utilized.
4. The d.c. current is flowing through the secondary winding of the transformer which

may cause dc saturation of the core of the transformer. To minimize the saturation,
transformer size have to be increased accordingly. This increases the cost.

The various disadvantages of the half wave rectifier circuit are,

1. The ripple factor of half wave rectifier circuit is 1.21, which is quite high. The
output contains lot of varying components.

2. The maximum theoretical rectification efficiency is found to be 40%. The practical
value will be less than this. This indicates that half wave rectifier circuit is quite
inefficient.

16



Characteristics of Half Wave Rectifier
Following are the characteristics of half-wave rectifier:

Ripple Factor

» Ripples are the oscillations that are obtained in DC which is corrected by using
filters such as inductors and capacitors.

» These ripples are measured with the help of the ripple factor and are denoted by .

* Ripple factor tells us the number of ripples presents in the output DC. Higher the
ripple factor, more is the oscillation at the output DC and lower is the ripple
factor, less is the oscillation at the output DC.

* Ripple factor is the ratio of RMS value of the AC component of the output
voltage to the DC component of the output voltage.

V e
Full wave Rectifier

The full wave rectifier conducts during both positive and negative half cycles of input
a.c. supply. In order to rectify both the half cycles of a.c. input, two diodes are used in this
circuit. The diodes feed a common load R; with the help of a center tap transformer. The
a.c. voltage is applied through a suitable power transformer with proper turns ratio.

For the proper operation of the circuit, a center-tap on the secondary winding of the

transformer is essential.

17



Center Tapped Full Wave Rectifier

During Positive Half Cycle D1 : Forward Bias — Closed Circuit
F
Input l T\ Output
{]‘ \\\ N + 0
e R,

D2 : Reverse Bias— Open Circuit

Figure 5.9 Working of Full Wave Rectifier (+ve half cycle)

Consider the positive half cycle of ac input voltage in which terminal (A) is positive
and terminal (B) negative. The diode D, will be forward biased and hence will conduct;
while diode D, will be reverse biased and will act as an open circuit and will not conduct.

The diode D, supplies the load current, ie. iy = iy, .This current is flowing through
upper half of secondary winding while the lower half of secondary winding of the
transformer carries no current since diode D, is reverse biased and acts as an open circuit.

In the next half cycle of ac voltage, polarity reverses and terminal (A) becomes

negative and (B) positive. The diode D, conducts, being forward biased, while D, does not,
being reverse biased.

18



The diode D, supplies the load current, ie. iy = iy, . Now the lower half of the
secondary winding carries the current but the upper half does not.

It is noted that the load current flows in both the half cycles of ac voltage and in the
same direction through the load resistance. Hence we get rectified output across the load.
The load current is sum of individual diode currents flowing in corresponding half cycles.
It is also noted that the two diodes do not conduct simultaneously but in alternate half
cycles The individual diode currents and the load current are shown in the Fig 19

Thus the full wave rectifier circuit essentially consists of two half-wave rectifier circuits
working independently (working in alternate half cycles of a ¢) of each other but feeding a
common load. The output load current is still pulsating d.c. and not pure d.c.

Center Tapped Full Wave Rectifier

During Negative Half Cycle D1:Reverse Bias— Open Circuit

D,
_N+

Output

D,
D2 : Forward Bias — Closed Circuit

Figure 5.10 Working of Full Wave Rectifier (-ve Half Cycle)
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Figure 5.11 Current and voltage wave forms at load for full wave rectifier

Average DC Load Current (Ipc)

Consider one cycle of load current i, from
IpSinat  — 1 sinet 0 to 2% to obtain the average value which is
s l d.c. value of load current.
=l sinot Osotsx

i, = " But for = to 2%, the current i, is again

.\,_ ,.'{— positive while sin © t term is negative during

- % to 2x . Hence in the region = to 2x the

positive i, can be represented as negative of
L, sin (@t).

i, = =I,sinot < ot S2x

lh
Ly = loc =5 [ivd(en)
0

- % il. sin Wt d(m)+zf-—l. sin ot d(ot)
0 x
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- Inlf d( )-h' ]
2u[!;umm ot {smo)td(mt)
= 52 [(- coswn); ~(-cosn)?*]

a %[—mﬂnmﬂﬂmh-mﬂ]

but cosg = -]
'- 4'.!
- L [{)1e1-(]=
Ioe = 2= | for full wave rectifier

For half wave it is | /x and full wave rectifier is the combination of two half wave
circuits acting alternately in two half cycles of input. Hence obviously the d.c. value for
full wave circuitis 21 /n.

Average DC Load Voltage (Epc)

The d.c. load voltage is,

—
2Ea R 2E
Substituting value of Epc = =l = L
v * 7 mReeRR] T Re4R,
Ry
R¢+R,
Butu&md&<<&!mm—kl——<<l
2E
Bge = =5
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R.M.S value of Load Current (Irms)

The RMS. value of current can be obtained as follows :

1 in
lms = 7; I Ii_d((l)()
n

Since two half wave rectifier are similar in operation we can write,

lise = J % j [1,, sin ot)2d(awt)

= "Ji{[l cosZox]d( ) i _l-costmt

- J[{ k= )]-l. - [x-0]
- |.J—;;Tl) as sin(2x)=sin(0) =0

DC Power Output (Ppc)

D.C. Power m = Bxlx - l& RL

- (2
Poc = "—,lf.ll.
Substituting value of I, we get,

4 B
e (R.+R,+R,_)

xRy

hx:

Note : Instead of remembering this formula, students can use the expression Epclpe or
IL.Ry to calculate P while solving the problems.
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AC Power Output (Pac)

The a.c. power input is given by,
Pﬂ: = lulf'l-l. 'Fl]_}

. [IT;T{“'*!" +Ry)

E(R;+R. +R
Pac = m{ f !‘5 L)
Substituting value of I we get,
E: I
Pag = —2 _x_x(R;+PF, +R
Roo, ok, ) 20 Y
2
Pac = Ed
2(Ry+R:+Ry)
Rectifier Efficiency (n)
— P(r outpm
" Pac input
2 BR,
= =
B(R,+R,+R,)
2
i s SR,

ri(R;+R,+R)

But if R, + R, << R, neglecting it from denominator
S8R, 8
nz(RL)-ﬂ_z

% Neax = %xxoo=au%

"‘:

This is the maximum theoretical efficiency of full wave rectifier.
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Ripple Factor (y)

As derived earlier in case of half wave rectifier the ripple factor is given by a general
expression,

; o [[lussT
Ripple factor [lw] 1

For full wave Iy
equation,

l1w/v2 and Iy = 21,,/% so substituting in the above

lm/V3]
Ripple factor = NTx -1

Ripple factor

Key Point: This indicates that the ripple contents in the output are 48 % of the d.c.
component which is much less than that for the half wave circuit.

y =048

Peak Inverse Voltage (PI1V)

PIV of diode = 2 Eum = REncly .,

where E_ = Maximum value of a.c. voltage across half the secondary of transformer.
If the diode drop is considered to be 0.7 V then the PIV of reverse biased diode is,

PIV of diode = 2E_ - 07

This is because only one diode conducts at a time.
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Transformer Utilization Factor (TUF)

In full wave rectifier, the secondary current flows through each half separately in every
half cycle. While the primary of transformer carries current continuously. Hence T.U.F is
calculated for primary and secondary windings separately and then the average T.UF. is
determined.

5 dary TUF = D.C. power to the load

A.C. power rating of secondary

2 2
'Ex‘ Ry = (;l') R

EM lema l.
7" V2

Neglecting forward resistance R, of diode, E_ = LR, .
4

ORI, ~ i O
Secondary = PRL ‘—280812

The primary of the transformer is feeding two halfowave rectifiers separately. These
two half-wave rectifiers work independently of each other but feed a common load. We
have already derived the T.UF. for half wave circuit to be equal to 0.287. Hence

T.UF. for primary winding = 2 x T.UF. of half wave circuit
= 2x 0287 = 0574,

The average T.U.F for fullwave circuit will be

Average T.U.F.for _ T.U.F of primary + T. U.F of secondary
full wave rectifier circuit -

0.574+ 0812
= ——— =069
“.|Average T.U.F. for full-wave rectifier = 0.693

Key Point: Thus in full-wave circuit, transformer gets wtilized more than the half wave
rectifier circuil.
Example 1 : A full-wave rectifier circuit is fed from a transformer having a
center-tapped secondary winding. The rms voltage from either end of secondary to center tap
is 30 V. If the diode forward resistance is 2 € and that of the half secondary is 8 Q, for a
load of 1kSQ, calculate, a) Power delivered to load,  b) % Regulation at full load,
¢) Efficiency of rectification, d) TUF of secondary.
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Solution:

Eum

b)

c)

d)

Given : E;, = 30V, R,

Em'”v
E.J2 =30)2 volt = 42426 V

B 3042
Re + R, * R, _l'£—1+ T3 A

42 mA

%l.=26.74mA

Power delivered to the load

Voc » no load

Ve » full load

% Regulation

Efficiency of rectification

Transformer secondary rating

T.U.F."

26

=20, R, =80, R, =1kQ2

B Ry = (2674 x 1077 )? (1kQ)
0715 W

2 2
;E.:;xmf=27V

Inc Ry = (2674 mA) (1 kQ )
2674 V

— 7 - .7
Vo - Vo 00, 27 2674

Vir A i

097 %

D.C.output
A.C. mput




Bridge Full Wave Rectifier

D1 : Forward Bias — Closed Circuit

During Positive Half Cycle D2 : Forward Bias — Closed Circuit

In

D3 : Reverse Bias— Open Circuit
D4 : Reverse Bias— Open Circuit

Figure 5.12 Working of Bridge Wave Rectifier (+ve Half Cycle)

Bridge Full Wave Rectifier

D3 : Forward Bias — Closed Circuit

F During Negative Half Cycle D4 : Forward Bias — Closed Circuit

-t
I D Output
3 1
o ¥ '
0
+ i
I D1: Reverse Bias— Open Circuit

D2 : Reverse Bias— Open Circuit

Figure 5.13 Working of Bridge Wave Rectifier (-ve Half Cycle)
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Comparison of Rectifier Circuits

Circuit Diagrams
Half Wave Full Wave Bridge
I
@y
:; 2w
f— g
Parameter Half Wave Full Wave Bridge
Number of diodes 1 2 4
Average D.C. current (Inc) ln 2 2
n R x
Average D.C. voltage (Eoc) Em 2B 2k
n " "
RM.S. current I 'l_ﬁ- I I
(o) 2 5 IS
D.C. power output (Ppe) r";':L ':Tl‘hkl. ff 1ARy

A.C. power input (Pac)

l}.(R._ +Re+ R.)
]

l’;(R, + R+ RL)
9

IL(ZR, + R+ R;)

-

Maximum rectifier efficiency (n ) 406 % 81.2 % 81.2 %
Ripple factor (v) 121 0.482 0.482
Maximum load current (1) Eum Eum Egm

R+ Re+ Ry R+ R;+ Ry R+ 2R, + R,
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FILTERS

It is seen that the output a half-wave or full wave rectifier circuit is not pure d.c.; but
it contains fluctuations or ripple, which are undesired. To minimize the ripple content in
the output, filter circuits are used. These circuits are connected between the rectifier and
load, as shown in the Fig.1.13

- i _4 o
Rectifier | DC+
circuit Ripple Filter ng Ry Filtered d.c.
AC input
o—— T = —
bm. Pulsating d.c.

Figure 5.14 Power supply using rectifier and filter

An a.c. input is applied to the rectifier. At the output of the rectifier, there will be d.c.
and ripple voltage present, which is the input to the filter. Ideally the output of the filter
should be pure d.c. Practically, the filter circuit will try to minimize the ripple at the

output, as far as possible.

Basically the ripple is a.c, i.e. varying with time, while d.c. is a constant w.r.t. time.
Hence in order to separate d.c. from ripple, the filter circuit should use components which
have widely different impedance for a.c. and d.c. Two such components are inductance
and capacitance. Ideally, the inductance acts as a short circuit for d.c., but it has a large

impedance for a.c.. Similarly, the capacitor acts as open for d.c. and almost short for a.c. if
the value of capacitance is sufficiently large enough.

Since ideally, inductance acts as short circuit for d.c., it cannot be placed in shunt arm
across the load, otherwise the d.c. will be shorted.

Key Point: Hence, in a filter circuit, the inductance is always connected in series with the
load.

The inductance used in filter circuits is also called "choke”.
Similarly, since the capacitance is open for d.c, i.e. it blocks d.c.; hence it cannot be
connected in series with the load.
Key Point: It is always connected in shunt arm, parallel to the load.

Thus filter is an electronic circuit composed of capacitor, inductor or combination of
both and connected between the rectifier and the load so as to convert pulsating d.c. to
pure d.c.

There are basically two types of filter circuits,
e Capacitor input filter
¢ Choke input filter
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Looking from the rectifier side, if the first element, in the filter circuit is capacitor then
the filter circuit is called capacitor input filter. While if the first element is an inductor, it
is called choke input filter. The choke input filter is not in use now a days as inductors

are bulky, expensive and consume more power. Let us discuss the operation of a capacitor
input filter.

Capacitor Input Filter

Filter circuit
= The block schematic of capacitor input
Rectfier i g& filter is shown in the Fig.5.15 Looking from
circult T the rectifier side the first element in filter is a
B capacitor.

Figure 5.15 Capacitor input filter

Full wave rectifier with capacitor input filter

The same concept can now be extended to the capacitor filter used in full wave
rectifier circuit as shown in the Fig.1 19

T
S L

Figure 5.16 Full wave Rectifier with Capacitor input
filter

Imn{ediately when power is turned on, the capacitor C gets charged through forward
biased diode D, to E_, during first quarter cycle of the rectified output voltage. In the

next quarter cycle from ; to n, the capacitor starts discharging through R,. Once capacitor

gets charged to E_, the diode D, becomes reverse biased and stops conducting. So during

the period from -; to n, the capacitor C supplies the load current. It discharges to point B

shown in the Fig.1 o9 At point B, lying in the quarter = to %5
voltage, the input voltage exceeds capacitor voltage, making D, forward biased. This

charges capacitor back to E_ at point C.

of the rectified output



The time required by capacitor C to charge to E, is quite small and only for this
period, diode D, is conducting. Again at point C, diode D, stops conducting and capacitor
supplies load and starts discharging upto point D in the next quarter cycle of the rectified
output voltage as shown in the Fig.5.17. At this point, the diode D, conducts to charge
capacitor back to E_,. The diode currents are shown shaded in the Fig.5.17

Figure 5.17. Charging and discharging of Capacitor input filter

In this circuit, the two diodes are conducting in alternate half cycles of the output of
the rectifier circuit. The diodes are not conducting for the entire half cycle but only for a
part of the half cycle, during which the capacitor is getting charged. When the capacitor is
discharging through the load resistance R;, both the diodes are non-conducting. The
capacitor supplies the load current. As the time required by capacitor to charge is very
small and it discharges very little due to large time constant, hence ripple in the output
gets reduced considerably. Though the diodes conduct partly, the load current gets
maintained due to the capacitor. This filter is very popularly used in practice.

31



DiDdE Smoothing

Capacitor
© > F- ?
AC .ﬂv == 1 output
Input Ve : _-C: iltpu
o 40

Qutput Waveform
C Charges C Discharges /Wlth Capacitor

Ve A— /\ Yw
< Cutput Waveform
v 1 = Without C apacitor
N — Resultant Qutput Waveform

AC Input Waveform

Figure 5.18. Half wave Rectifier with Capacitor filter
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Figure 5.19. Bridge Rectifier with Capacitor filter
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Expression for Ripple Factor

Consider an output waveform for a full wave rectifier circuit using a capacitor input
filter, as shown in the Fig. 1 21

Figure 5.20 Derivation for ripple factor

Let T = Time period of the a.c. input voltage
3 = Half of the time period
T, = Time for which diode is conducting
T, = Time for which diode is nonconducting.
During time T, capacitor gets
sl s s A s R e A e charged and this process is quick.
\ : Vi / During time T, capacitor gets
v : 7 t,  discharged through R;. As time constant
' : R,C is very large, discharging process is
R | RS * (OPR . AT very slow and hence T, >> T,.
TR - Let V, be the peak to peak value of
' " ; ripple voltage, which is assumed to be
triangular as shown in the Fig.5.19

Figure 5.21. Triangular Approximation of ripple voltage
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It is known mathematically that the r.m.s. value of such a triangular waveform is,

Vie =

Ve
2J3

During the time interval T;, the capacitor C is discharging through the load resistance

Ry . The charge lost is,

Q = Qv
. dQ
But 1 = T
.
Q = j‘o idt =Ipc T»
As integration gives average or d.c. value
Hence lchz = CV,
Ipc Tz
V, = _D('?;
T
Now, Th+T, = 5 Normally, T; >> Ty
Th+T = Tg=% whereT=1?
v = loc[T]_TocxT _Inc
e l2] 2 216
Epc
But lm —R_L-
. g
V = 3TCR, - peak to peak ripple voltage
_Enc__
\"/ 2fCR, 1 V.
Ripple factor = ms = X , S vV, o
pPPie Enc 23 Enc ROL Vs NE]
- 1
Ripple factor = —————— for full wave
* “aBicR

For half wave rectifier with capacitor input filter the ripple factor is,

Ripple factor =

1
2J3 fCRy

for half wave

The product CR, is the time constant of the filter circuit.
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Advantages and Disadvantages of Capacitor input filter

The advantages of capacitor input filter are,

1. Less number of components.

2. Low ripple factor hence low ripple voltage.

3. Suitable for high voltage at small load currents.

The disadvantages of capacitor input filter are,

1. Ripple factor depends on load resistance.

2. Not suitable for variable loads as ripple content increases as R, decreases.

3. Regulation is poor.

4. Diodes are subjected to high surge currents hence must be selected accordingly.

Example 1  : A full wave rectifier is operated from 50 Hz supply with 120 V (rms).
It is connected to a load drawing 50 mA and using 100 uF filter capacitor. Calculate
the d.c. output voltage and the r.m.s. value of ripple voltage. Also calculate the ripple

Jactor.
Solution : E,., = 120 V, f = 50 Hz, I = 50 mA, C = 100 uF

Eun = V2 Egpma = VY2120 = 169.7056 V

For full wave rectifier,
1
Em_‘ = E“‘ " lDC [m]

50x10-%
= 169. - = v
69.7056 %50 100%10% 167.2056

Ipc  _ 50x10-3
nms) T 4 J3IC  4x+/3x50x100x10-%

= 14433 V
The ripple factor is given by,

_ Viems)  1.4433
Y e 167,256

8.63x10°3

Inductor Filter or Choke Filter

In this type of filter, an inductor (choke) is connected in series with the load. It is
known that the inductor opposes change in the current. So the ripple which is change in
the current is opposed by the inductor and it tries to smoothen the output. Consider a full



wave rectifier with inductor filter which is also called choke filter. Fig. 522(a) shows the
circuit diagram while Fig. 5.22 (b) shows the current waveform obtained by using choke
filter with full wave rectifier.

~Hs ok

Figure 5.22 (a) Circuit diagram of choke filter

Fig.5.22 (b) Current waveform of choke filter

Operation of Inductor filter

In the positive half cycle of the secondary voltage of the transformer, the diode D, is
forward biased. Hence the current flows through Dy, L and Ry . While in the negative half
cycle, the diode Dy is reverse biased while diode D; is forward biased. Hence the current
flows through Dy, L. and Ry . Hence we get unidirectional current through Ry . Due to
inductor L which opposes change in current, it tries to make the output smooth by
opposing the ripple content in the output.
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We know that the fourier series for the load current for full wave rectifier as,

iL = la [-’zi-i costh—i cos 4 ot

In 15n
Neglecting higher order harmonics we get,
> Uy 4ln
i, = s cos 2mt

Neglecting diode forward resistances and the resistance of choke and transformer
secondary we can write the d.c. component of current as

2 _ 2V
® aR
as lm-"R-:

While the second harmonic component represents a.c. component or ripple present and
can be written as,

L] for a.c. component

|
- Z
Now Z=R,_+j2xl=,}k§_+4m2L2 Z ¢
where ¢ = 'lim_L
Ry
Vin

P .. ] B—
" JR +40? 12
The ripple present is the second harmonic component having frequency 2w .

Key Point: Hence while calculations the effective inductive reactance must be
calculated at 2w hence represented as 2X,, in the above expression.

Hence equation (1) modifies as,

2V, av,

i 28 — - —
"7 ORRL 3x R v4@i

cos(2wt—-¢)
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Expression for the ripple factor

Ripple factor is given by ,

Ripple factor = foma

Ioc
|
where I = —= of a.c. component
o 4V,
™ 32 R} +40? 12
g 2V
while luc = nRL
4V,
322 JR? +40? 12
= Ripple factor = vRi
2V
NRL
2 '
W2 d0f 12
1+
R2

2

Initially on no load condition, Ry —» % and hence 2 0.
L
2
~ Ripple factor = —— = 0472
PP [

This is very close to normal full wave rectifier without filtering.

- 2

But as load increases, R; decreases hence

>> 1. So neglecting 1 we get,

R{
2 ]
i lefactor - —
Ripp W2 [ae? 2
RE
| N -
3J2.0L

So as load changes, ripple charges which is inversely proportional to the value of the
inductor.

Key Point: Smaller the value of Ry, smaller is the ripple hence the filter is suitable for
low load resistances i.e. for high load current applications.

We also know that ripple factor (y),
- ]uu _ _‘[ e

SRy _ =
00 = o L I x(@nxd00) L 10651
L = 1/(106.6 x 0.05) = 0.188 H Ans.




LC Filter or L section Filter

This is also called choke input filter as the filter element looking from the rectifier
side is an inductance L. The d.c. winding resistance of the choke is R, . The circuit is also
called L-type filter or LC filter. The circuit is shown in the Fig. 5.23

° >|_
=

Figure 5.23 Choke InpuE Filter
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The basic requirement of this filter circuit is that the current through the choke must
be continuous and not interrupted. An interrupted current through the choke may
develop a large back e.m.f. which may be in excess of PIV rating of the diodes and /or
maximum voltage rating of the capacitor C. Thus this back e.m.f. is harmful to the
diodes and capacitor. To eliminate the back e.m.f. developed across the choke, the
current through it must be maintained continuous.

This is assured by connecting a bleeder resistance, Ry across the output terminals.

We have seen that the lowest ripple frequency for a full wave rectifier circuit is twice
the supply frequency of a.c. input voltage to the rectifier. Let f, in Hz, be the supply
frequency. Then angular supply frequency will be o rad/s, where © = 2 n f. Then the
lowest ripple angular frequency will be “2w” rad/s.

Derivation of Ripple Factor

The analysis of the choke input filter circuit is based on the following assumptions :

Since the filter elements, L and C, are having reasonably large values, the reactance
X of the inductance of L at 2mi.e. X; = 2wL is much larger than R . Also the reactance
X is much larger than the reactance of C, X at 2w as,
g I
¢ 20C
Let R be the equivalent resistance of bleeder resistance R and the load resistance
R, connected in parallel. Then,
Rg Ry
RB . RL
We will assume that reactance of C at 2w’ is much less than R, i.e. X <<R.

R = RyfIRy =

The capacitance C is in parallel with R. Hence the equivalent impedance of X and R
will be nearly equal to X, as per our assumption.

o7 g

e, + +

c== Rg2 Epc IR

C——
R=RgllR,

Input to the
filter

Figure 5.24 Diagram for derivation of ripple factor

The input voltage e, , to the choke-input filter is the output voltage of the full wave

rectifier, having the waveform as illustrated in Fig. 1 25. Using Fourier series, the input
voltage “e, " can be written as,

€ = Eg 3—ic:os2«n-it:o.vmmt....
T 3Ix IS=®



where Egn = themaximum value of half secondary voltage
of the transformer.
2

The first term = E ., in the Fourier series indicates the d.c. output voltage of the
n

rectifier, while the remaining terms ripple. The amplitude of the lowest ripple
component, which is the second harmonic component of the supply frequency, is 31-
n

while the amplitude of the fourth harmonic component, 5, is % . The amplitude of the
n

fourth harmonic is just one-fifth or 20% of the amplitude of second harmonic
component. The higher harmonics will have still less amplitudes compared to the
amplitude of the second harmonic component. Hence all harmonics, except the second
harmonic, can be neglected. The equation for “e;, ” can now be approximately written
as,

Cn = E,,,,[ %-ﬁwsth]

The d.c. current in the circuit will be,

Em
1 = X
PC 7 R, +R
R = Rg|IRy
2 E
Ecacrosstheload = I~ R= = sm
e e x R, +R
2 E
E = = =
DC x]+&!_
R

Normally, R, is much less than R, i.e. R, <<R

Then, B m/2 B
T
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Thus the choke input filter circuit gives approximately constant d.c. voltage across
the load. In other words, this filter circuit is having better load regulation compared to
that of capacitor input filter in which case the d.c. load voltage depends upon the d.c.
load current drawn. Let us calculate the ripple factor for choke input filter, based on the
assumptions already made.

The impedance Z, of the filter circuit for second harmonic component of input, i.e.
at 2m, will be,

X 1
Z, = (R, 20L R
2 = R+ >+[ S ]
Hence, |Z;| = 20l
Secondharmoniccomponmtofﬁwcurrez\tinﬂ\eﬁlzercircuit,willbe
o S |
L = 3n o OF "
= 22 2oL
The second harmonic voltage across the load is
Eom =llh "[ = l_"R ]~l)mx- l_
But, —— <<R, and 2@ L >> R, as per assumptions.
Since , soc 206 :
®
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— E
52,“:[2"',‘]:31!”’(]
20C 20l 20C
Eyy = 4 _Em - Em
3n 40’ LC 3ne0’LC
- Eam _ B

E = —2m _
e 2 32ne’LC

Hence the ripple factor is given by,

Ripple factor = E&m’.
Epc
= Em % l
3V2r 0’ LC 2 _Em
a l+&
1 R
= "’—‘) but R, << R
60’ LC2 ( R x
i |
Ripple factor & ——————
= 620 LC

It is seen that the ripple factor for choke-input filter does not depend upon the load
resistance unlike the capacitor input filter.

Advantages of Bleeder Resistor

mum operation of the inductor.
g as preload on the suppl.y.
by acting as a discharging path

ini ti
1. It maintains the mimmum current necessary for op

i by actin
i ltage regulation of the supply by
il i handling the equipment,

3. It provides safety to the persons
for capacitors.
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Ex.1 : Determine the ripple factor of an L-type choke input filter comprising of a 10 H choke
and 8 uF capacitor, used with a full-wave rectifier. Compare the above result with a
simple 8 F capacitor input filter with a load current of 50 mA and also 150 mA,
assuming the d.c. output voltage to be 50 V.

Neglect d.c. resistance of choke and assume supply frequency of 50 Hz.

Sol. : The given values are
L=10H, C=8uF, Ipc =50mA and 150 mA, Ep- =50V
i) For choke input filter
62 0® LC 642 (2nf)* LC
_ 1
6\/5(21!!50)2)!10!8!10-6
= 0.01492
ii) For capacitor input filter
e
4 J3fCR
For Ipc=50mA, Ry = Enc . =1x10® Q
Ioc  50x107
7 :
V3 x50x8x107 x1x10?
= 0.36
E 50 1 3
For Ipc =150mA, R, = —2€ = ==-x10°> Q
e L Ipe  150x10° 3
1
7 = 1
4/3x50x8x107 x(s)xlo-"
= 1.082

It can be seen that as load current increases, the ripple content also increases in case
of capacitor input filter.

CLC Filter or = Filter

This is a capacitor filter followed by a L section filter. The ripple rejection capability of
= filter is very good. It is shown in the Fig. 5.25
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Figure 5.25 & type filter

It consists of an inductance L. with a d.c. winding resistance as R, and two capacitors
C; and C;. The filter circuit is fed from full wave rectifier. Generally two capacitors are
selected equal. This circuit is basically a capacitor input filter since the first element
looking from the rectifier side is a capacitor. All the features, advantages, disadvantages
discussed previously for the capacitor input filter using single capacitor are applicable
equally to the = filter.

The rectifier output is given to the capacitor C;. This capacitor offers very low
reactance to the a.c. component but blocks d.c. component. Hence capacitor C; bypasses
most of the a.c. component. The d.c. component then reaches to the choke L. The choke L
offers very high reactance to a.c. component and low reactance to d.c. So it blocks ac.
component and does not allow it to reach to load while it allows d.c. component to pass
through it. The capacitor C, now allows to pass remaining a.c. component and almost pure
d.c. component reaches to the load. The circuit looks like a = hence called = filter. To
obtain almost pure d.c. to the load, more such = sections may be used one after another.

The output voltage is given by,

E[x' = En_'Yz-""lu' RI

where V; = Peak to peak ripple voltage

R, = D.C. resistance of choke

I
Now Vv, = % for full wave

- lnc
and =T for half wave

Ripple factor for = filter

The ripple factor for this filter is given by ,

V2x Xq x Xq

Ripple factor = X, Ry



The various reactances X¢, , X¢,, X are to be calculated at twice the supply frequency
since the circuit is fed from a full wave rectifier circuit.

Hence,
Xq =ﬁ
x¢,=7m'T
2
XL = 2oL

i
Ripple factor = ﬁ((ﬁ%))(gi‘;c*)

V2
8w’ LC; C2 Ry

Since this = type filter employes three fitering elements, the riple is reduced to the
great extent.

If C; and C, are expressed in microfarads and frequency f is assumed to be 50 Hz
then we get,

Y = V2
8(2nx 50)° x(C; x 104 x C; x 104 x Lx Ry )
e
V® TEGR,

where C, and C, are in pF, L in henries and R, in ohms.

Advantages and Disadvantages of & Filter

Advantages

Tr~ »arious advantages of 7 filter are,

) . is much smaller than
1. For a same total value of L and C, the ripple factor of = filter

rultiple LC section filter.
? digher d.c. output voltage at hi
3, The output is very much smoother.

gh load currents can be achieved.

Disadvantages
Ti-e various disadvantages of n filter are,
1 The voltage regulation is poor.
2. Higher values of PIV rating for the diodes.
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Example 1 : Calculate the ripple factor for a n type filter, employing 10 H choke
and two equal capacitors 16 pF each and fed from a full wave rectifier and 50 Hz
mains. The load resistance is 4 k €.

Solution : The given values are,
C,=C=16puF L=10H R =4k = 4000Q, f = 50 Hz

8w*LC,C5R, 8(2’! f))DCnCzRL

= 2 =5.56x104

8(2nx50)° x 10x16x106 x16x 106 x 4000

Thus the ripple is 0.055% which shows that with = filter the output is almost pure d.c.

Comparison of Filter Circuits

Type of filter

Pare ' L [ LG T |

E i

ED;fI'HJ 1nad} 0.636 Eam Eun Esn !mhc B
_— ElE{hadbC] 0.636 Egm Egm _TE'% 0.636 Esm Eun - e -i,l

1 i JZ
Ripple foctor ) ii"?mq_ 4J3RC 6/2w’LC Bu LGGR,
PV 2 Egm 2 Esm 2 Esm 2 Em

Key Point: Above comparison is for full wave rectifiers with filters and diode, transfortier
and filter element resistances are neglected.

Regulators

None of the electronic circuits work properly with unregulated power supply. They
require constant voltage supply regardless of the variations in the input voltage or load

current. In order to ensure this, a voltage stabilizing device, called voltage regulator is
used.

Key Point: The voltage regulator circuil keeps the output voltage constant inspite of
changes in load current or input voltage.

Thus a voltage regulator is a must for every electronic circuit. But it is also necessary
to build an unregulated supply before a voltage regulator is connected to a given circuit.

A voltage regulator is a device designed to keep the output voltage of a power supply
as nearly constant as possible.



As shown in the Fig.5.26. the

I input to a voltage regulator

s —- circuit is unregulated d.c. input

Unregulated Reguiated voltage, while the output of the

0.C. Vi, Voitage regutator DC.V,, =™ voltage regulator circuit is

her e regulated d.c. output voltage,
e : V. Which is almost constant.

Figure 5.26 Voltage Regulator

Voltage Regulator Characteristics

Load Regulation:

The load regulation is the change in the regulated output voltage when the load
current is changed from minimum (no load) to maximum (full load).
The load regulation is denoted as LR and mathematically expressed as,
LR = VNL - VFL
where Vi = load voltage with no load current
Vi
The load regulation is often expressed as percentage by dividing the LR by full load
voltage and multiplying result by 100.

load voltage with full load current

o LR=M1

100
ViL

Line Regulation or Source Regulation:

The SR is defined as the change in the regulated load voltage for a specified range of
line voltage, typically 230 V £ 10 %.
Mathematically it is expressed as,
SR = VHL o= VLL

where Vi = load voltage with high line voltage
Vir = load voltage with low line voltage
The percentage source regulation is defined as,
SR
% SR = - 100
where Viem = nominal load voltage
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Basic Voltage Regulator

The basic voltage regulator in its simplest form consists of,
1. Voltage reference, Vy

2. Error amplifier

3. Feedback network

4. Active series or shunt control element

The voltage reference generates a voltage level which is applied to the comparator
circuit, which is generally error amplifier. The second input to the error amplifier is
obtained through feedback network. Generally using the potential divider, the feedback
signal is derived by sampling the output voltage. The error amplifier converts the
difference between the output sample and the reference voltage into an error signal. This
error signal inturn controls the active element of the regulator circuit, in order to
compensate the change in the output voltage. Such an active element is generally a
transistor.

Types of Voltage Regulators

Depending upon where the control element is connected in the regulator circuit, the
regulators are basically classified as,

1. Series voltage regulator

2. Shunt voltage regulator

Each type provides a constant d.c. output voltage which is regulated.
Shunt Voltage Regulator

The heart of any
voltage regulator circuit
is a control element. If P

nreguiated Reguiated
such a control element is -
connected in shunt with Control Sampling ll._
the load, the regulator Element circuit
circuit is called shunt [ Loed |
voltage regulator. The
Fig.1.28 shows the block Reference Can?:au 1
diagram of shunt voltage yokege error amplifier] Feedback T

regulator circuit. - signal
Fig.5.27 Block diagram of shunt voltage regulator

It L "V,

The unregulated
input voltage Vy,, tries to provide the load current. But part of the current is drawn by the
control element, to maintain the constant voltage across the load. If there is any change in
the load voltage, the sampling circuit provides a feedback signal to the comparator circuit.
The comparator circuit compares the feedback signal with the reference voltage and
generates a control signal which decides the amount of current required to be shunted to
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keep the load voltage constant. For example if the load voltage increases then the
comparator circuit decides the control signal based on the feedback information, which
draws the increased shunt current Iy. Due to this the load current I; decreases, hence the
load voltage decreases to its normal value.

Key Point: Thus the control element maintains the constant output voltage by shunting the
current, hence the circuit is called shunt voltage regulator.

Series Voltage Regulator

If in a voltage regulator

circuit, the control element is vV, | Control S
connected in series with the load, Unreguiated | Crement Regulated
the circuit is called series voltage

regulator  circuit. Fig.5.28 m"' g
shows the block diagram of series

voltage regulator circuit.

‘ The. unregulated d..c ?/oltage Rm Cam Feedbeck signal
is the input to the circuit. The
control element, controls the Fig.5.28 Block diagram of series voltage regulator
amount of the input voltage, that
gets to the output. The sampling circuit provides the necessary feedback signal. The
comparator circuit compares the feedback with the reference voltage to generate the
appropriate control signal.

For example, if the load voltage tries to increase, the comparator generates a control
signal based on the feedback information. This control signal causes the control element to
decrease the amount of the output voltage. Thus the output voltage is maintained constant.

Key Point: Thus, control element which regulates the load voltage based on the control signal
is in series with the load and hence the circuit is called series voltage regulator circuit.

Zener diode as a shunt regulator

The simplest shunt voltage regulator circuit uses a zener diode, to regulate the load
voltage. The F12.5.29 shows the arrangement of zener diode in a regulator circuit.

R
5 T_A-Q:ﬂ — f‘ l
Lok L
Unregulated * BYANS: Vo |a|R
2 D
1 LY

Figure. 5.29 Zener diode as a shunt regulator
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Regulation with varying input voltage

The Fig. 5.30 shows a zener regulator under varying input voltage condition.
It can be seen that the output is

l AL ( ———re- Vo = V7 is constant.
|z L X vo vZ
Constant s L= =—— = == = constant
Vin R, V‘? =V, Ry Ry
l- AndI=Iz+ 1,

Now if Vi, increases, then the total current

Figure 5.30 Varying input condition I increases. But I, is constant as V; is
constant. Hence the current l; increases to

keep Ii constant.

But as long as Iz is between Izmin and Izmi, the Vz ie. output voltage V, is constant.
Thus the changes in input voltage get compensated and output is maintained constant.

Similarly if Vi, decreases, then current 1 decreases. But to keep I constant, I
decreases. As long as Iz is between [zma and Izmia, the output voltage remains constant.

Steps to Analyse Zener Regulator with Varying Input

The steps are,

1. Calculate the load current which is constant
o V0 NI
. R. R.

2. To find Vismm, the current through zener must be Izmin to keep it reverse biased.
I

Iy + Izemin
VZ"‘lKR

Vin(min)
3. To find Vis(max), the current through zener must be maximum equal to Izmax.

I

I+ Izmax
va‘) = Vz+lXR
4. Hence the range of input is Vingmin) 10 Vingmax for which output will be constant equal
to Vz.

Using the same steps, for given Vi, range the resistance values can be obtained and
zener regulator can be designed.

The maximum power dissipation in the zener diode is given by,

The zener diode must be selected with power dissipating rating higher than Pp.
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Regulation with varying Load

The Fig.5.31 shows a zener regulator under varying load condition and constant input
voltage.

MWW~ ;
I, I f
+
V., —t— =
— V,=V.

Figure 5.31Varying load condition

The input voltage is constant while the load resistance R, is variable. As V,, is constant
and
V. = Vz is constant, then for constant R the current | is constant.

Ve - Vs

I = R

constant =1, + 1,

Now if Ri decreases so I increases, to keep | constant Iz decreases. But as long as it is
between Izmin and Izeus, output voltage V, will be constant. Similarly if Ry increases so Ii.
decreases, to keep | constant Iz increases. But as long as it is between lzwn and Izm,
output voltage V, will be constant.

Steps to Analyse Zener Regulator with Varying Load
The steps are,

1. Calculate total current [ which is constant.

| = Ya—-Vz
R
2. To ﬁnd lumm), ]z = lZmn

Iimi) = 1= Lzmax
3. To find lumn), lZ = Izein
lL(mu) = 1= Izmin

4. Thus limin to T is the range of load current for which output voltage remains
constant.

The maximum power dissipation in zener remains same as,

Pp = Vz lzma
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Advantages of IC Voltage Regulators

The various advantages of IC voltage regulators are,
1. Easy to use.

2. It greatly simplifies power supply design.

3. Due to mass production, low in cost.

4. IC voltage regulators are versatile.

5. Conveniently used for local regulation.

6. These are provided with features like built in protection, programmable output,
current/voltage boosting, internal short circuit current limiting etc.

Classification of IC Voltage Regulators

The IC voltage regulators are classified as shown in the Fig.1 33 .

| IC Volage regulators |

Fixed Adjustable Switching
voltage regulators voltage regulators regulators
Figure 5.32 Classification of IC regulators

Three terminal fixed voltage regulators

As the name suggests, three terminal voltage regulators have three terminals namely
input which is unregulated (V,,), regulated output (V,) and common or a ground terminal.
These regulators do not require any feedback connections. The Fig. 134 shows the basic
three terminal voltage regulator.

V." Voitage Vo

s c,,l 1y lc,, :
I 7

(output)
Figure 5.33 Three terminal voltage regulators
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The capacitor C;;, is required if regulator is located at appreciable distance, more than
5 cm from a power supply filter. The output capacitor C, may not be needed but if used

it improves the transient response of the regulator i.e. regulator response to the transient
changes in the load. This capacitor also reduces the noise present at the output. The

difference between V;, and V, (Vi, - V,) is called as dropout voltage and it must be
typically 2.0 V even during the low point on the input ripple voltage, for the proper

functioning of the regulator.

IC series of 3 terminal fixed voltage regulators

The popular IC series of three terminal regulators is pJA78XX and pA79XX. The series
MA78XX is the series of three terminal positive voltage regulators while pA79XX is the
series of three terminal negative voltage regulators. The last two digits denoted as XX,
indicate the output voltage rating of the IC.

Such series is available with seven voltage options as indicated in Table 1

Device type Output Voitage Device type Output Voitage
7805 50V 7905 -50V
7806 60V 7806 -60V
7808 8oV 7908 -80V
7812 120V 7912 -120V
7815 150V 7915 -150V
7818 180V 7918 -180V
7824 240V 7924 -240V

Table 1

The 79XX series voltage regulators are available with same seven options as 78XX
series, as indicated in Table 13.3. In addition, two extra voltages -2 V and -5.2 V are also
available with ICs 7902 and 7905.2 respectively.

These ICs are provided with adequate heat sinking and can deliver output currents
more than 1 A. These ICs do not require external components. These are provided with
internal thermal protection, overload and short circuit protection.
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Adjustable regulator using 78 XX series

N o Though IC 78XX series regulators
b — 78xx .o have fixed value of the regulated
Via 3 EE R, Vot  output voltage, by connecting two
- < - resistances externally, an adjustable
output voltage can be obtained.
<
SR, The typical connection of 78XX IC
2 9 = regulator to obtain variable output
— voltage is shown in the Fig.5.34

Figure 5.34 Adjustable regulator using IC 78XX

- Ry
Vour = vft& [1+R_|]
where Vg = Regulated fixed voltage of IC

By varying R,, variable output voltage can be obtained.

Need of Switched Mode Power Supply

A linear regulator power supply has following limitations :

1. The required input step down transformer is bulky and expensive.

2. Due to low line frequency (50 Hz), large values of filter capacitors are required.
3. The efficiency is very low.

4. Input must be greater than the output voltage.
5

. As large is the difference between input and output voltage, more is the power
dissipation in the series pass transistor,

6. For higher input voltages, efficiency decreases.

7. The need for dual supply, is not economical and feasible to achieve with the help
of linear regulators.

Thus in modern days, to overcome all these limitations Switched Mode Power
Supplies (SMPS) are needed.
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Block diagram of SMPS

A switching power supply is shown in Fig.136 . The bridge rectifier
and capacitor filters are connected directly to the ac line to give
unregulated dc input. The thermistor R, limits the high initial capacitor
charge current. The reference regulator is a series pass regulator of
the type-

Its output is a regulated reference voltage
V..r which serves as a power supply voltage for all other circuits. The
current drawn from V, is usually very small (~ 10 mA), so the power
loss in the series pass regulator does not affect the overall efficiency
of the switched mode power supply (SMPS). Transistors @, and @,
are alternately switched off and on at 20 kHz. These transistors are
either fully on (Veg ... ~ 0.2V) or cut-off, so they dissipate very little
power. These transistors drive the primary of the main transformer.
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The secondary is centre-tapped and full wave rectification is achieved

by diodes D, and D,. This unidirectional square wave is next filtered
through a two stage LC filter to produce output voltage V..
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Figure 5.35 Block diagram of switched mode power supply
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The regulation of V, is achieved by the feedback circuit consisting

of a pulse-width modulator and steering logic circuit. The output voltage
V, is sampled by a R, R, divider and a fraction R,/(R,+R,) is compared
with a fixed reference voltage V., in comparator 1. The output of this
voltage comparison amplifier is called V., and is shown in Figure 5.36

Trianguiar waveform

control
Triangular 2O A /\</ 25
wave 40kHz o <~ N Z S 2 % = 23

PWM's output v A = &

o e

40kHz v
CSC

20kHz Va __J

20kHz Vé

Drive for ()1
20kHz Vaq ¢

Crive for 02

20kHz v, , <
-ON
Switched - Q,-ON
waveform at :
transformer / OFF ) OFF / OFFE OFF 2
primary // y/
Qz_ON dz—ON

L n |

Figure 5.36 Waveforms of switched mode power supply
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Veontrol 18 applied to the (-) input terminal of comparator 2 and a
triangular waveform of frequency 40 kHz (also shown in Figure 5.36 (a)
is applied at the (+) input terminal. It may be noted that a high
frequency triangular waveform is being used to reduce the ripple. The
comparator 2 functions as a pulse width modulator and its output is
a square wave v, ( Figure 5.36 (b)) of period T(f = 40 kHz). The duty cycle
of the square wave is T\/(T, + T,) and varies with V... which in
turn varies with the variation of v,.

The output v, drives a steering
logic circuit shown in the dashed block. It consists of a 40 kHz oscillator
cascaded with a flip-flop to produce two complementary outputs vg
and vg shown in Figure 536 (d) and (e). The output vy, and vy, of AND
gates A, and A, are shown in Ficure5.36 (f) and (g). These waveforms
are applied at the base of transistor @, and @, Depending upon
whether transistor @, or @, is on, the waveform at the input of the
transformer will be a square wave as shown in Figure536 (h). The
rectified output vg is shown in Figure 536 (i).

If there is a rise in dc output voltage V,, the voltage control V...
of the comparator 1 also rises. This changes the intersection of the
Vieontrat With the triangular waveform and in this case decreases the
time period 7 in the waveform of Figure5.36  This in turn decreases
the pulse width of the waveform driving the main power transformer.
Reduction in pulse width lowers the average value of the dc output V.
Thus the initial rise in the dc output voltage V, has been nullified.

An inspection of Fig.535 shows that the output current passes
through the power switch consisting of transistors @, and @,, inductor
having low resistance and the load. Hence using a switch with low
losses (transistor with small Vig ., and high switching speed) and a
filter with high quality factor, the conversion efficiency can easily
exceed 90%.
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Power Amplifiers/Large signal Amplifiers

One method used to distinguish the electrical characteristics of different
types of amplifiers is by “class”, and as such amplifiers are classified according to
their circuit configuration and method of operation. Then Amplifier Classes is the
term used to differentiate between the different amplifier types. Amplifier Classes
represent the amount of the output signal which varies within the amplifier
circuit over one cycle of operation when excited by a sinusoidal input signal. The
classification of amplifiers range from entirely linear operation (for use in high-
fidelity signal amplification) with very low efficiency, to entirely nonlinear (where
a faithful signal reproduction is not so important) operation but with a much

higher efficiency, while others are a compromise between the two.

Amplifier classes are mainly lumped into two basic groups. The first are
the classically controlled conduction angle amplifiers forming the more common
amplifier classes of A, B, AB and C, which are defined by the length of their
conduction state over some portion of the output waveform, such that the output
stage transistor operation lies somewhere between being “fully- ON” and “fully-

OFF”.

The second set of amplifiers are the newer so called “switching” amplifier
classes of D, E, F, G, S, T etc, which use digital circuits and pulse width
modulation (PWM) to constantly switch the signal between “fully-ON” and
“fully-OFF” driving the output hard into the transistors saturation and cutoff

regions.
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Class A Amplifier

A Class A power amplifier is one in which the output current flows for the entire cycle of the
AC input supply. Hence the complete signal present at the input is amplified at the output.

? +V

; A.C. Loadline

"4 (Veokn (eola. (Vo)
l Input E

Re J Ca waveform !
'

> v‘,_F

!

Figure 5.37 Class A Amplifier and its output characteristics

To achieve high linearity and gain, the output stage of a class A amplifier
is biased “ON” (conducting) all the time. Then for an amplifier to be classified
as “Class A” the zero signal idle current in the output stage must be equal to or
greater than the maximum load current (usually a loudspeaker) required to
produce the largest output signal. As a class A amplifier operates in the linear
portion of its characteristic curves, the single output device conducts through a
full 360 degrees of the output waveform. Then the class A amplifier is equivalent to

a current source.

The output characteristics with operating point Q is shown in the figure above. Here
(Ic)Q and (Vce)Q represent no signal collector current and voltage between collector

and emitter respectively. When signal is applied, the Q-point shifts to Q1 and Q2.
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The output current increases to (Ic)max and decreases to (Ic)min. Similarly, the
collector-emitter voltage increases to (Vce)max and decreases to (Vce)min.

D.C Power drawn from collector battery Vcc is given by

Py, = voltage x current = Voe(Ic)g

This power is used in the following two parts -

2 Power dissipated in the collector load as heat is given by

Py = {::-w:.l'il'e*n.f]2 x resistance = (Ic]zq Re

a Power given to transistor is given by

Py = Py — Ppe = Vec — (Ie)j Re

When signal is applied, the power given to transistor is used in the following two parts -

o AC. Power developed across load resistors RC which constitutes the a.c. power output.

V? _(Vm)g IR '

P —I*p.— __ — —
( O)ac ke Re .‘fﬂ Re 2Re

Where lis the R.M.S. value of a.c. output current through load, Vis the R M.5. value of a.c.
voltage, and Vi, is the maximum value of V.
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Expression for overall efficiency

{Pﬂjm" = Vims = Jrme

- jz [{Vm]mz ; {Vcejmm] - jﬁ [{Ic)maz ; {IC}miﬂi|

2

Therafore

8 x Vec(lc)ag

(Moveran =

Owverall Eficiency

The owverall efficiency of the amplifier circuit is given by

. ¢ power delivered to the load

(MM overanr = total power delivered by d. c supply

 (Po)ac
T (P e

Collector Efficiency

The collector efficiency of the transistor is defined as

QAUVET@gEe @. C power output

(1) cottcctor = average d. c power input to transistor

 (Podac
(-‘Pir}dc

63



Advantages of Class A Amplifiers

The advantages of Class A power amplifier are as follows —
The current flows for complete input cycle

It can amplify small signals

The output is same as input

No distortion is present

Disadvantages of Class A Amplifiers
Low power output

Low collector efficiency

Transformer coupled class A power amplifier

The circuit in which the output current flows for the entire cycle of the AC input
supply.

The disadvantage is that it has low output power and efficiency.

In order to minimize those effects, the transformer coupled class A power

amplifier has been introduced.

It is similar to the normal amplifier circuit but connected with a transformer in the

collector load.
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Figure 5.38 Transformer coupled Class A Amplifier

Here R1 and R2 provide potential divider arrangement. The resistor Re provides
stabilization, Ce is the bypass capacitor and Re to prevent a.c. voltage.

The transformer used here is a step-down transformer.

The high impedance primary of the transformer is connected to the high
impedance collector circuit. The low impedance secondary is connected to the load

(generally loud speaker).

Transformer Action

The transformer used in the collector circuit is for impedance matching. RL is the
load connected in the secondary of a transformer. RL’ is the reflected load in the
primary of the transformer.

The number of turns in the primary are nl and the secondary are n2. Let V1 and
V2 be the primary and secondary voltages and 11 and 12 be the primary and

secondary currents respectively.
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A power amplifier may be matched by taking proper fum ratio in step down transformer.

Circuit Operation

If the peak value of the collector current due to signal is equal to zero signal
collector current, then the maximum a.c. power output is obtained. So, in order to

achieve complete amplification, the operating point should lie at the center of the

load line.

The operating point obviously varies when the signal is applied. The collector

voltage varies in opposite phase to the collector current. The variation of collector
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voltage appears across the primary of the transformer.

Circuit Analysis
The power loss in the primary is assumed to be negligible, as its resistance is very small.

The input power under dc condition will be
(Pin)ae = (Per)ae = Voo x (Ie)o

Under maximum capacity of class A amplifier, voltage swings from (V.z)ma: to zero and current from
{le)mas to Zzero.

Hance
Vmg _ i [(Vm.']m:: _ “’i‘.njmﬁn] _ L I:(v;w]ma:::l _ ZVCC" _ V{'_'C
V2 2 V2 2 2v2 V2
_ i [{IC}M - I:I'I’__-')min] _ il:l:ff']ﬂm:] _ E{IC']Q _ {IC}Q
vz 2 vzl 2 22 V2
Advantages

The advantages of transformer coupled class A power amplifier are as follows.
No loss of signal power in the base or collector resistors.

Excellent impedance matching is achieved.

Gain is high.

DC isolation is provided.

Disadvantages
The disadvantages of transformer coupled class A power amplifier are as follows.

Low frequency signals are less amplified comparatively.
Hum noise is introduced by transformers.
Transformers are bulky and costly.

Poor frequency response.

Applications
The applications of transformer coupled class A power amplifier are as follows.

This circuit is where impedance matching is the main criterion.
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These are used as driver amplifiers and sometimes as output amplifiers.

Therafore,
Voo {I.:‘] Vee = {IC"}
|:Pt'_:l')r:r.r.' = ¥rme X In'ns = * _Q = g
V2 V2 2
Therefore,
. _ [Pf}]
Collector Effi = =
ollector Efficiency T,
Or

Vee » (Ie)g 1

(1) coltector = T Voo < (Te)g =3

The efficiency of a class A power amplifier iz nearly than 30% whereas it has got improved to 50%
by using the transformer coupled class A power amplifier.

Push-Pull Class A Power Amplifier

The main problems that should be dealt with are low power output and efficiency.
It is possible to obtain greater power output and efficiency than that of the Class A
amplifier by using a combinational transistor pair called as Push-
Pull configuration.

two complementary transistors in the output stage with one transistor being an
NPN or N-channel type while the other transistor is a PNP or P-channel (the
complement) type connected in order to operate them like PUSH a transistor to
ON and PULL another transistor to OFF at the same time. This push-pull
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configuration can be made in class A, class B, class C or class AB amplifiers.

Construction of Push-Pull Class A Power Amplifier

The construction of the class A power amplifier circuit in push-pull configuration
is shown as in the figure below. This arrangement mainly reduces the harmonic
distortion introduced by the non-linearity of the transfer characteristics of a single

transistor amplifier.

Te

Lo

Vee
e
Biasing
network
On
ic2
Input H_J‘
fransformer \ Load
Push pull Output
circuit transformer

Figure.5.40 Push-Pull Class A Power Amplifier

In Push-pull arrangement, the two identical transistors T1 and T2 have their
emitter terminals shorted. The input signal is applied to the transistors through the
transformer Trl which provides opposite polarity signals to both the transistor
bases. The collectors of both the transistors are connected to the primary of output
transformer Tr2. Both the transformers are center tapped. The VCC supply is
provided to the collectors of both the transistors through the primary of the output
transformer.

The resistors R1 and R2 provide the biasing arrangement. The load is generally a
loudspeaker which is connected across the secondary of the output transformer.
The turns ratio of the output transformer is chosen in such a way that the load is

well matched with the output impedance of the transistor. So maximum power is
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delivered to the load by the amplifier.

Circuit Operation

The output is collected from the output transformer Tr2. The primary of this
transformer Tr2 has practically no dc component through it. The transistors
T1 and T2 have their collectors connected to the primary of transformer Tr2 so
that their currents are equal in magnitude and flow in opposite directions through
the primary of transformer Tr2.

When the a.c. input signal is applied, the base of transistor T1 is more positive
while the base of transistor T2 is less positive. Hence the collector current icl of
transistor T1 increases while the collector current ic2 of transistor T2 decreases.
These currents flow in opposite directions in two halves of the primary of output
transformer. Moreover, the flux produced by these currents will also be in opposite

directions.

Hence, the voltage across the load will be induced voltage whose magnitude will be proportional to
the difference of collector currents ie.

(ir.'l - irﬂ]

Similarly, for the negative input signal, the collector current i > will be more than i.4. In this case, the
voltage developed across the load will again be due to the difference

(ir.'l - irﬂ]

As i@ > ia
The polarity of voltage induced across load will be reversed.

fel — 12 =l + (_in?]
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The overall operation results in an a.c. voltage induced in the secondary of output
transformer and hence a.c. power is delivered to that load.

It is understood that, during any given half cycle of input signal, one transistor is
being driven (or pushed) deep into conduction while the other being non-
conducting (pulled out). Hence the name Push-pull amplifier. The harmonic
distortion in Push-pull amplifier is minimized such that all the even harmonics are

eliminated.
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Figure.5.41 Output Waveform in Push-Pull Class A Power Amplifier

Advantages
High a.c. output is obtained.

The output is free from even harmonics.
The effect of ripple voltages are balanced out. These are present in the power

supply due to inadequate filtering.

Disadvantages
The transistors are to be identical, to produce equal amplification.

Center-tapping is required for the transformers.
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The transformers are bulky and costly.

Class B Amplifier

Class B amplifiers were invented as a solution to the efficiency and heating
problems associated with the previous class A amplifier. The basic class B
amplifier uses two complimentary transistors either bipolar of FET for each half
of the waveform with its output stage configured in a “push-pull” type
arrangement, so that each transistor device amplifies only half of the output

waveform.

When the input signal goes positive, the positive biased transistor conducts
while the negative transistor is switched “OFF”. Likewise, when the input signal
goes negative, the positive transistor switches “OFF” while the negative biased
transistor turns “ON” and conducts the negative portion of the signal. Thus
the transistor conducts only half of the time, either on positive or negative
half cycle of the input signal. Then we can see that each transistor device of the
class B amplifier only conducts through one half or 180 degrees of the output
waveform in strict time alternation, but as the output stage has devices for both
halves of the signal waveform the two halves are combined together to produce

the full linear output waveform.

More clearly, when the collector current flows only during the positive half cycle

of the input signal, the power amplifier is known as class B power amplifier.

The biasing of the transistor in class B operation is in such a way that at zero
signal condition, there will be no collector current. The operating point is selected
to be at collector cut off voltage. So, when the signal is applied, only the positive

half cycle is amplified at the output.

When the signal is applied, the circuit is forward biased for the positive half cycle
of the input and hence the collector current flows. But during the negative half

cycle of the input, the circuit is reverse biased and the collector current will be
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absent. Hence only the positive half cycle is amplified at the output.

As the negative half cycle is completely absent, the signal distortion will be high.
Also, when the applied signal increases, the power dissipation will be more. But
when compared to class A power amplifier, the output efficiency is increased.
Well, in order to minimize the disadvantages and achieve low distortion, high
efficiency and high output power, the push-pull configuration is used in this class
B amplifier.

Class B Push-Pull Amplifier

Though the efficiency of class B power amplifier is higher than class A, as only
one half cycle of the input is used, the distortion is high. Also, the input power is
not completely utilized. In order to compensate these problems, the push-pull

configuration is introduced in class B amplifier.
Construction

The circuit of a push-pull class B power amplifier consists of two identical
transistors T1 and T2 whose bases are connected to the secondary of the center-
tapped input transformer Trl. The emitters are shorted and the collectors are

given the VCC supply through the primary of the output transformer Tr2.

The circuit arrangement of class B push-pull amplifier, is same as that of class A
push-pull amplifier except that the transistors are biased at cut off, instead of
using the biasing resistors. The figure below gives the detailing of the construction

of a push-pull class B power amplifier.
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Figure 5.42 Class B Amplifier
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Figure 5.43 Output wave forms of Class B Amplifier

The transformers are center-tapped. When no signal is applied at the input, the
transistors T1 and T2 are in cut off condition and hence no collector currents flow.
As no current is drawn from VCC, no power is wasted.

When input signal is given, it is applied to the input transformer Trl which splits
the signal into two signals that are 1800 out of phase with each other. These two
signals are given to the two identical transistors T1 and T2. For the positive half
cycle, the base of the transistor T1 becomes positive and collector current flows. At
the same time, the transistor T2 has negative half cycle, which throws the
transistor T2 into cutoff condition and hence no collector current flows.

For the next half cycle, the transistor T1 gets into cut off condition and the
transistor T2 gets into conduction, to contribute the output. Hence for both the
cycles, each transistor conducts alternately. The output transformer Tr3 serves to

join the two currents producing an almost undistorted output waveform.
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Power Efficiency of Class B Push-Pull Amplifier
The current in each transistor is the average value of half sine loop.

For half sine loop, |4 is given by

I MUT
I, - do)
Therafore,
I TTLLE
(pin)ae = 2 = lL x Vcr::]

Here factor 2 is introduced as there are two transistors in push-pull amplifier.

R.M.S. value of collector current = (I )maz /v/2

R.M.S. value of output voltage = Voo /v/2

Under ideal conditions of maximum power

Therafore,

~ Uc)maz . Vee  (Io)maz x Veo

(Po)ac = 72 /3 5

Mow overall maximum efficiency

Noverall = (F0)uc
. (Pin )de
B (IC}mu;: x VCC . m
2 E(Ic}m » Vo

. E — 0.785 = 78.5%

The collector efficiency would be the same.

Hence the cdass B push-pull amplifier improves the efficiency than the class A push-pull amplifier.
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Complementary Symmetry Push-Pull Class B Amplifier

The push pull amplifier which was just discussed improves efficiency but the usage
of center-tapped transformers makes the circuit bulky, heavy and costly. To make
the circuit simple and to improve the efficiency, the transistors used can be

complemented

{4t
VL,L
— a )
NPN
Signal % %
N
l 7 YY)
= T, Load
PNP
i1}
Vee

Figure 5.44 Complementary Symmetry Push-Pull Class B Amplifier

The above circuit employs a NPN transistor and a PNP transistor connected in push
pull configuration. When the input signal is applied, during the positive half cycle of
the input signal, the NPN transistor conducts and the PNP transistor cuts off.
During the negative half cycle, the NPN transistor cuts off and the PNP transistor
conducts.

In this way, the NPN transistor amplifies during positive half cycle of the input,
while PNP transistor amplifies during negative half cycle of the input. As the
transistors are both complement to each other, yet act symmetrically while being
connected in push pull configuration of class B, this circuit is termed
as Complementary symmetry push pull class B amplifier.

Advantages

As there is no need of center tapped transformers, the weight and cost are reduced.
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Equal and opposite input signal voltages are not required.
Disadvantages
It is difficult to get a pair of transistors (NPN and PNP) that have similar
characteristics.
We require both positive and negative supply voltages.

Class AB Amplifier

As its name suggests, the Class AB Amplifier is a combination of the “Class A” and
the “Class B” type amplifiers. The AB classification of amplifier is currently one of
the most common used types of audio power amplifier design. The class AB
amplifier is a variation of a class B amplifier as described above, except that both
devices are allowed to conduct at the same time around the wave forms crossover
point eliminating the crossover distortion problems of the previous class B
amplifier.

**a new circuit which would have all the advantages of both class A and class B
Cross-over Distortion

In the push-pull configuration, the two identical transistors get into conduction, one
after the other and the output produced will be the combination of both.

When the signal changes or crosses over from one transistor to the other at the zero
voltage point, it produces an amount of distortion to the output wave shape. For a
transistor in order to conduct, the base emitter junction should cross 0.7v, the cut
off voltage. The time taken for a transistor to get ON from OFF or to get OFF from
ON state is called the transition period.

At the zero voltage point, the transition period of switching over the transistors
from one to the other, has its effect which leads to the instances where both the
transistors are OFF at a time. Such instances can be called as Flat spot or Dead
band on the output wave shape

This cross over distortion effect also reduces the overall peak to peak value of the

output waveform which in turn reduces the maximum power output.
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It is understood that this cross-over distortion is less pronounced for large input
signals, where as it causes severe disturbance for small input signals. This cross over
distortion can be eliminated if the conduction of the amplifier is more than one half
cycle, so that both the transistors won’t be OFF at the same time.

This idea leads to the invention of class AB amplifier, which is the combination of

both class A and class B amplifiers.
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Figure 5.45 Cross over Distortion

As the name implies, class AB is a combination of class A and class B type of
amplifiers. As class A has the problem of low efficiency and class B has distortion
problem, this class AB is emerged to eliminate these two problems, by utilizing the
advantages of both the classes.

The cross over distortion is the problem that occurs when both the transistors are
OFF at the same instant, during the transition period. In order to eliminate this, the
condition has to be chosen for more than one half cycle. Hence, the other transistor
gets into conduction, before the operating transistor switches to cut off state. This is

achieved only by using class AB configuration.
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Figure 5.46 Class AB Amplifier
Therefore, in class AB amplifier design, each of the push-pull transistors is
conducting for slightly more than the half cycle of conduction in class B, but much
less than the full cycle of conduction of class A.
The conduction angle of class AB amplifier is somewhere between 1800 to

3600 depending upon the operating point selected.
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Figure 5.47 Output wave forms of Class AB Amplifier

The small bias voltage given using diodes D1 and D2, as shown in the above figure,
helps the operating point to be above the cutoff point. Hence the output waveform of
class AB results as seen in the above figure. The crossover distortion created by
class B is overcome by this class AB, as well the inefficiencies of class A and B don’t
affect the circuit.

So, the class AB is a good compromise between class A and class B in terms of
efficiency and linearity having the efficiency reaching about 50% to 60%. The class
A, B and AB amplifiers are called as linear amplifiers because the output signal

amplitude and phase are linearly related to the input signal amplitude and phase.
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The advantage of this small bias voltage, provided by series diodes or resistors, is
that the crossover distortion created by the class B amplifier characteristics is
overcome, without the inefficiencies of the class A amplifier design. *So the class
AB amplifier is a good compromise between class A and class B in terms of

efficiency and linearity, with conversion efficiency reaching about 50% to 60%

Class C Power Amplifier

Class C Power Amplifier design has the greatest efficiency but the poorest linearity
of the classes of amplifiers mentioned here. The previous classes, A, B and AB are
considered linear amplifiers, as the output signals amplitude and phase are linearly
related to the input signals amplitude and phase. However, the class C amplifier is
heavily biased so that the output current is zero for more than one half of an input

sinusoidal signal cycle with the transistor idling at its cut-off point.

When the collector current flows for less than half cycle of the input signal, the

power amplifier is known as class C power amplifier.

The efficiency of class C amplifier is high while linearity is poor. The conduction
angle for class C is less than 1800. It is generally around 900, which means the
transistor remains idle for more than half of the input signal. So, the output

current will be delivered for less time compared to the application of input signal.

This kind of biasing gives a much improved efficiency of around 80% to the
amplifier, but introduces heavy distortion in the output signal. Using the class C
amplifier, the pulses produced at its output can be converted to complete sine wave

of a particular frequency by using LC circuits in its collector circuit.
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Due to its heavy audio distortion, class C amplifiers are commonly used in high

frequency sine wave oscillators and certain types of radio frequency amplifiers,

where the pulses of current produced at the amplifiers output can be converted to

complete sine waves of a particular frequency by the use of LC resonant circuits

in its collector circuit.

Class D Power Amplifier

A Class D audio amplifier is basically a non-linear switching amplifier or PWM

amplifier. Class-D amplifiers theoretically can reach 100% efficiency, as there is

no period during a cycle were the voltage and current wave forms overlap as

current is drawn only through the transistor that is on.
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Figure 5.49.Block Diagram of Class D Amplifier

Amplifier Classes and Efficiency
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Figure 5.50. Amplifier classes and their efficiency
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Amplifier Class by Conduction Angle

Amplifier Descrintion Conduction
Class b Angle
CIREEA Full‘cycle 3.600 of g
Conduction
Class-B Half‘cycle 1‘80" of B
Conduction
i Slightly more than
Cllgeab 180° of conduction | " e
Slightly less than
ClassC | 18onof sondistion b=
Class-D to| ON-OFF non-linear
i 0=0
T switching

Crossover Distortion

When the dc base voltage is zero, both transistors are off and the input signal
voltage must exceed VBE before a transistor conducts. Because of this, there is a
time interval between the positive and negative alternations of the input when
neither transistor is conducting, as shown in Figure. The resulting distortion in the

output waveform is called crossover distortion.

Q, conducting

Q> off o ™

Both Q| and Q, off \A

Q, off
Q> conducting

Figure 5.51. Cross over distortion

(crossover distortion)

1



