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Module-1 BJT AC Analysis:

BJT AC Analysis: BJT AC Analysis: BJT Transistor Modeling, The re transistor model,

Common emitter fixed bias, Voltage divider bias, Emitter follower configuration. Darlington
connection-DC bias; The Hybrid equivalent model, Approximate Hybrid Equivalent Circuit-
Fixed bias, Voltage divider, Emitter follower configuration; Complete Hybrid equivalent model,

Hybrid © Model.

BJT Transistor Modeling
e A model is an equivalent circuit that represents the AC characteristics of the transistor.

e Transistor small signal amplifiers can be considered linear for most application.
A model is the best approximate of the actual behavior of a semiconductor device under

specific operating conditions, including circuit elements

Transistor Models
v' - model- any region of operation, fails to account for output impedance, less accuracy

v Hybrid model- limited to a particular operatingQCQQQons, more accuracy

ThereTransistor Model @0

BJTs are basically current-controlled dew&1 erefore-tn@dels uses a diode and a current
source to duplicate the behavior of the trbé 0¢.disadvantage to this model is its sensitivity to
the DC level. This model is designed for sp cuit conditions.
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Figure 1 Common Base transistor re mode
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We know that from diode equationrig defined as follows

I, =d,
26 mV
1= :

Applying KVL to input and out circuit of figure 1(d), we will get
input impedance: Z; =,
Output impedance: Z, = o

. R R
Voltagegain: A4, = =L ==t
Te Te

Currentgain: 4; = —a=-1 ‘ Q
®§
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Figure 2 Common Emitter re model of npn transistor
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Figure 1 (a) shows simple transistor circuit. Figure 1(b) and 1(c) shows evaluation transistor re
model in CE configuration.
Applying KVL to input and out circuit of figure 2(d), we will get
Vi

input impedance: z; = -

Vi = Vye = Ie1, = Bl
Zi =T,

Output impedance: Z, = o«

Voltage gain:
Vo = —loRL = ~(Ic)RL = bR O\Q
Vi=11Z = lyfre <

TV Tufre 6
R <
AR 3
re O
Currentgain, Q

Ai_Io_Ic_ﬂ_Ib

i b b

A=p

A _Vo_ _BhR S‘\
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Fixed bias Common-Emitter Configuration

(b)

Figure 3 Fixed bias Common-Emitter Configuration

Note in Fig. 3 (a) that the common ground of the dc supply and the transistor emitter terminal permits the
relocation of Rand R in parallel with the input and output sections of the transistor, respectively. In addition,
note the placement of the important network paramete,4i, and_b on the redrawn network. Substituting
theremodel for the common-emitter configuration of Fig. 3(a)w®lt in the network of Fig. 3(b).

* From the above re model,

Input impedance .
Zi=[R. || Brd ohms @
If Re > 10pre, then,

[Re || Bre] = Bre S‘\\

Then, Z= Pre

Output impedance
Zois the output impedance when en V=0, ib =0, resulting in open circuit equivalence
for the current source. \

Zo=[Rc||ro] ohms
Voltage gain QO
Vo= - Blb( Rc| ro)

* From the remodel, b= Vi/ P re
* thus,

—Vo=-p (Vi/ B I’e) ( Rel| ro)
—AV:Vo/Vi:-(RCH ro) / e

10
* [fro>10R:,
—Av=-(Rc/re)

* The negative sign in the gain expression indicates that there exists 1800 phase shift between the
input and output.
Current gain:

k - /RB"J
Il “,,*RQHRP*I*-)

A= ﬁ‘ fo 2 IR . Rp210 &,

A =
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(b)
Figure 4 Voltage Divider bias Comrﬁb&nitter Configuration

*
The emodel is very similar to the fixed bias circut @ept feiRR || Rzin the case of voltage
divider bias. C@
Input impedance: s\&
B,
% = Ry||R;
@ i = Rgl|Br.
Output impedance: \
Q" =n
Q Zy = Rcl|r,
Z, = Rc|To>>10RC

Voltage gain: From the ¢model, b= Vi/ B re thus,

Vo=-B (Vi/ B re) (Re| ro)

A = E — _RC”ro
N Te
vV, -R
Av=7‘fz € |r, = 10R,
l

e

Current gain:



)

Learning
A = I_o _ BRgT,
l i (% +R)(Rp + 1)
A== —(Rffgre) if 7, > 10R,
Aj="2=p if Ry 210pr,
Z;
Ai = —AUR—C
Common-Emitter Emitter-Bias Configuration
_ VC.C \Ii, j\., s} Je C
Q; Cﬁ- Q
G———- 4 Ve

o V'Q)Qt
. 3 T sl [ " i
2.

(a) \@

(b)
Figure 4 Fixed bi@ommon-Emitter Configuration with un bypassed R

Input impedance:

Applying KVL to the input side:
Vi= |b[3re+ 1eRE
Vi=lbBre+( +1) bRe
Input impedance looking into the network to the right of RB is

Zo= Vil Ib=Bret+ (B +1)Re
Sincep>>1, (3 +1) =P

Zo= Vil Ib= (retRE)
Since Ris often much greater thag r
Zb= PR,
Zi= Re||2
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Output impedance: Zois determined by settingi¥6 zero, b= 0 andp Incan be replaced by open
circuit equivalent. The result is,

ZO == RC
Voltage gain:
We know that, V= - loRc
- BloRc
=- B(VilZo)Rc
Av=Vo/ Vi=-B[Rc/(re+ Re)]
Re>>re, Av = Vo/ Vi= - B[Rc/Rg]
p, = o _ ZRellr
Vi Zy
Substituting, £= B(re+ Re) Q

VO —

~

% .
=y, re+RE 22 e

@ (T'e < RE)

9

Phase relation: The negative s@[ gain equation reveals phE&@ shift between input

and output. O
Current gain: Q

Io _ BRB

i (Rg+Zy)

=
|

Darlington Emitter Follower
This is also known as the common-collector configuration.

» The input is applied to the base and the output is taken from the emitter. There is no phase shift
between input and output.
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Figure 5 Da@rl&n Emitter Follower
O’\' Zi=Re|| 2
Q Zv= Bpret (Bp +1)Re

Since Ris often much greater thag r

I nput impedance:

Z; = Rgl|pr.
Zy = Pp(r. + Rg)

Output impedance:
To find Zo, it is required to find output equivalent circuit of the emitter follower at its input

terminal.
This can be done by writing the equation for the current Ib.
Ib= Vil Zb
le= (Bp +1)lb
= (Bp +1) (Vil Zv)
We know that, = Syret+ (B, +1)Resubstituting this in the equation for le we get,
le= (Bp +1) (Vil Zv) = (Bp +1) (Vil Bpret (Bp +1)Re)
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le= Vil [Bprel (Bp +1)] + Re
Since B, +1) =fp,
le= Vil [ret RE]
Using the equatiore¥ Vi/ [ret Re] , we can write the output equivalent circuit as,

.BDre
Bp +1

Zo = Rgl|

Z, = Rg||re if Bp>1
Since R s typically much greater thag ¥, = 7,

Voltage gain:
Using voltage divider rule for the equivalent circuit,

Vo= ViRe/ (Re+ re)
v=Vo/ Vi= [Re/ (RE*@
Since (R+ re) = RE, .
= [Re/ (Re] =1 @

Phase relationship As seen in the gain eq Y‘q} output and input are in phase

Current gain:
=
\@ (RB + Zb)

QO
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H — Parameter modd :-

— The equivalent circuit of a transistor can be dram using simple approximation by

retaining its essential features.
— These equivalent circuits will aid in analyzing transistor circuits easily and rapidly.

Two port devices & Network Parameters:-

— A transistor can be treated as a two part network. The terminal behaviour of any two

part network can be specified by the terminal voltage& W, at parts 1 & 2 respectively and
in figure.

current { and p, entering parts 1 & 2, respectively, as sh

1 i,
+C1?—- +
V. Linear
l1 Circuit
+
2
iy T
haa v,
l hiaiz l
Te o2
Figure (a) Hybrid model for a Linear Circuit )

Figure 6 Two port Network

Hybrid parameters (or) h — parameters:-
If the input current;iand output Voltage ¥are takes as independent variables, the input voltage

V; and output current can be written as

Vi=his+ Vo
10
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2 = it + o Vo
The four hybrid parametersihh, hp1 and h, are defined as follows.
hyp = [V1/i] with V. =0 Input Impedance with output part short circuited.
ho =iz / Vo] with i; = 0 Output admittance with input part open circuited.
hio=[V1/ V] withi; =0 reverse voltage transfer ratio with input part open circuited.
hoy = [i2 / ig] with V2 =0 Forward current gain with output part short circuited.

The dimensions of h — parameters are as follows:

hi1-Q
hzz— mhos

his, b1 — dimension less. »\Q

as the dimensions are not alike, (ie) they are h b@‘n’nature, and these parameters are called as
hybrid parameters. é

i= 11 = input ; 0 = 22 = output ; bg‘\\
f =21 = forward transfer ; r = % Reverse transfer.

Notations used in tr ansistorei ts:-

hi = hy1 = Short circuit input impedance
ho = hp2, = Open circuit output admittance
h: = hio= Open circuit reverse voltage transfer ratio

h = hy1= Short circuit forward current Gain.

TheHybrid Model for Two-port Network: -

Vi=hyis+ Vo
b=hig+ Vs

Vi=hii+hV;

11
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L=h i1+ h V>
h;
18 o2
5, T
Vi heI: h, Vo
1e ®2

Transistor Hybrid model:-

Essentially, the transistor model is a three terminaktwort system.
The h— parameters, however, will change with each configuration.
To distinguish which parameter has been used or which is available, a second subscript has been

added to the h parameter notation.
For the common- base configuration, the lowercase Iett%\ is added, and for common emitter and

common collector configurations, the letters e and ¢ used respectively.
Normally Zris a relatively small quantity, its remo»@ proximatednsndirvo = 0, resulting in

a short- circuit equivalent. s\
The resistance determined biko is often la ough to be ignored in comparison to a parallel

load, permitting its replacement by an rcuit quivalent.

CE Transistor Circuit @
N\

Vien Vi FpeVWoe () heals g P Vin

%

To Derive the Hybrid model for transistor consider the CE circuit shown in figure.The
variables aresiic, Ve=Veg)and \¢i=Vce).ig and are considered as independent variables.

Then , %= fl(iB, VC) -- ---= (l)
ic= fo(ig, Ve)  ==m=mmmmmmmmmmmeemee- (2)

Making a Taylor’s series expansion around the quiescent point Ig, V¢ and neglecting
higher order terms, the following two equations are obtained.

12
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AVB = (8f1/615)VC A iB + (8f1/8vC)IB . AVC --------------- (3)

A ic = (8f2/8iB)Vc A iB + (afz/aVc)| B . AVC ---------------- (4)

The partial derivatives are taken keeping the collector voltage or base current constant as
indicated by the subscript attached to the derivative.

Avg , Avc, Aic, A ig represent the small signal(increment) base and collector voltages
and currents,they are represented by symbglsv. , ir and i respectively.

Egs (3) and (4) may be written as
Vb = help + e Ve

d=help + e Ve

Where |k =(6fy/dis)Vc= (0ve/dis)Vc= (Avs /Aig)Ve = (\’/@C

lﬂ; =(8f1/6VC)IB = (aVB/ﬁVc) |B = (AVB /AVW;/VC) ||3
e =(0fx/0ig)Ve = (dic /0is)Ve= (A ic gék o2 (ic / in)Ve
he= (0f/ovd)ls = (Bic /ove) Is = v) Is = (ic Vo) I

The above equations defi h-parameters of the transistor in CE configuration.The
same theory can be extended :3%9 sistors in other configurations.

Hybrid Model and

lons for the transistor in three different configurations are are
given below.

cB
hyle S Vo VeThplathy Ve
I ™ Ny lg * Ny Ve

13
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hig 1
+
C
CE
he Ve help S1hge Vo Vo= Mgly* hy Ve
1 lc‘ hlu 'b b ho.vc
|}
=1

cC
Melp S1Moe Vo Vo=hiclo* NV,
lo‘“lc'b*hocvo

c

CB Qg CE ce
h X p, = X

& 2 S
vV V, V.
. &b ol e
Nlo et | g B
v"b vce v“
I l i
la lb i
b
i i
=L h“ o SxRess
Ves e ec

14
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Analysis of transistor amplifier using h parameters.

N

<

®

—>

o+
G—> 0+
Wy

+—

I~ 9]

Vi hrvo hfI 1 ho

| _

le

P

For analysis of transistor amplifier we have to determine the following terms:
e Current Gain

¢ \/oltage gain

¢ Input impedance

¢ Output impedance *\Q
*
Current gain: @

For the transistor amplifier stage, mdeflr@he ratio of output to input currents.

&e? ~V{|+|_n 1 =-)

L =-14
Q@ hee b+ hog (g Z0)
ll: - hfe
N
h
A= e
1+hnezL

15
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Input Impedence:

The impedence looking into the amplifier input terminals ( 1,1") is the input impedence Z

S I =h, +h, AT,
=h _hre hfe zL

i

T+h,. £,
, h, h . 1
S Z =h,- Y, +P:E (since ¥, =—)
0\
Voltage gain:

The ratio of output voltage to input volt

ag *Qs tge gain of the transistors.

\QQBA L f‘['NEL

16
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Output Admittance: It isdefined
‘1",:,=|i =0
A v,
lc: hialb+hne “\-":3
|, I
== hy 2 +h
""."I:: fe""\."l:: (el
when, =0, R_l, +h, I, +h. v, =0
b e
""'"I:: Rs +hie
h h
S = hy - —=f®
* Hs-l-hie
Yoltage amplification taking into account source impedance (Rglisgiven by
oo, LY ¥,
o= _5 ="t * b [‘v’= s xz.]
MY VRL

Simplified Hybrid model is identical to tht$$del is as shown in fig. refer re model analysis

Iy i, 6 Iy I
b %\ ' I e

b | QO = B, { s

)
(S » 1 &

(=R L s

Hybrid versus re model: (a) common-emitter configuration

Hybrid -+ m model
e The hybrid-pi or Giacoletto model of common emitter transistor model is given below. The

resistance components in this circuit can be obtained from the low frequency hparameters.

e For high frequency analysis transistor is replaced by high frequency hybrid-pi model and

voltage gain, current gain and input impedance are determined.

17
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This is more accurate model for high frequency effects. The capacitors that appear are
stray parasitic capacitors between the various junctions of the device. These capacitances
come into picture only at high frequencies.

* Cocor Cuis usually few pico farads to few tens of pic %

* robincludes the base contact, base bulk and bas reading resistances.

* rbe( Ix), Ioc, Ice@re the resistances between the@cated terminals.

* rbe( I=) IS simplyBreintroduced for the CE%GI.

* rbciS a large resistance that provide% ack between the output and the input.

*rn = Pre
* gm=1/re O\Q
*ro= 1/hve Q

Thetransconductance, gm, is related to the dynamic (differential) resistamegof the forward-
biased emitter-base junction:

* hre=rz/ (rx + o)

Om = Olc/oVb' e
= aoleloVb'e
~a/re
~lc/Mth

Vth =kBT/q

The resistance rbb' is the base spreading resistance.

The resistance rb'c and the capacitance @xq (epresent the dynamic (differential) resistance
and the capacitance of the reverse-biased collector-base junction.

18



Using transconductance:

ic~gmvb'e
(ignoring the current throughe)

VTU/@
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Example 1
(a) Determine & (b) Find Z(c) Calculate £ (d) Determine A(e) Find A (f) Repeat parts (c) through (e)
including o= 50 kQ in all calculations and compare results. (From Text Book - Boylestad)

—=a0 12 V
>
:'3 ke
atoke $ |,
; P
— 10 uF
o—) -
10 uF B =100 Z
r,= 50 k2
=
Solution
(a) D amalvss:
Vo= Ve 12V 07V
.Irg = R_ﬁ' = 470 l:fj = .U #J“‘-
fp= (8 + g = (10102404 mA) = 2428 mA ’\
Hmy my
R A Pl L @’
(k] @, = (10061071 L) = 1071 ki
Z, = R fir, = 470 kY1071 k) = 1.069 K \
(o) A, = K= 3 kil
- _Re_ _ 3ED _ ; X
id) A, = EPRRETY ¥ —250.11
(£) Since Ko= 108470 ki1 = 10.7]
A= =10 \
() Z,= rllRe= 50 k0|5 kit ve. 3 k0
o wllRe 2B REONGS L
A= = = T NG P vs 1001
- BRar, - (100470 kLN 50 kL)
A= (ry+ B-WRe + Grd (30 k0 + 3 ROATO RO+ 1071 kX
=8413 v 100
As a check
7y —{ =264 2451 060 kL
.:“I = _“"‘.F{ - ERTI = Q416

which differs slightly onby due to the accursey carried through the zaleulations.

20
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Example 2
Faor the network of Figure. determine: B Ve d ﬂ]_ Vo
i} 1, i o w1 e
[ I
':i] "i‘:[‘:- s :t] 26 m¥ 26 mY e
(dy A== f=—= = 3
(6] (s = owl - e 141 mh
T el rws ) S e U S S () R = Ry|[Re= (56 kO1IK3.2 kiL) = 7.15 ki)
i = RlBr, = 7.5 kOO0 18 44 1) = 715 ki}]|1.66 kid
. = 135 kil
N # (€1 Z, = R = 68 kil
[ ; Re &8 ki
; %smz (dy A, r: R —368.76
a8 ik 10 b
—F— {e) The condition 8= 108, {7.15 kil = 1K1.66 kil) = 16.6 kil 15 not
BT -— satisfied. Therelore,
— - R _oomiskm
' T A T T TSk + 166 kM1 - 08
— 21D i
Ak EEInuE (1 & = 1.35 ki}
-> Zo= Rlr, = 68 k50 k0 = 595 ki) vs. 6.8 ki}
s Rellre 398 k0 _ :
= L. =530 =3243 va. —368.TH
Salutinm The conditian
o i B, foce il = 10Re (50 kI = 10068 kiX) = 68 k1)

0015 ROV == 1008 2 klk)
L35 1dh = 82 kA (sacksfed)
Uemg the approximabe spprosch.

¢

k,
Vo= R+ R ec~ Sewn 7 ezl
V= Fp— Fm=2BI V0TV =211V

is ot uﬁi@ﬁxm
BR r, (B0 7.15 kLI5S0 kA1)

A ot ReNR + Br,) ~ (S0KIL+ 6.8 KIXT.15 kil + 1.66 kIY)
= 643 vs, T304

wis & measurable difference n the results for 2, A, and A, becaus:

W

i @:‘w: o == 10/ wos mor satisfied.

21
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Example 3
Far the network of Fig Cwithaut Cp (unby passed), determine
(2} ra
i &
[:} E.. eV
(dy A r
(e} A
-3
E: 21k
< 10 uF
::HIIIHJ. | L“
L0 pF - TE
e B =120, = 40 kit
T
o i mmj'i%
IIIJ uF
Solution

o M Ve MYV -7V . . Q
(0 DO o= T DRe ~ 4T0RAL + (121056 ke 0007 B4 \
Ie= (B + 1}g = {121 {46.5 uA} = 4.34 mA @,

; eV eV
an T TR T 43ma \Q

(b) Testing the condition r, = 10(Rg + s\
40 k0 = 10022 k0 Y ARs6 k)

40 kL = 10(2 ¥y = 27.6 kil (satisfied)

Therefore,
Ly = \+ﬂ5) = 120(5.99 ) + 560 01)
= 67.92 ki)
and Q,= Rl Z, = 470 k1]|67.92 ki
= 59.34 k{1

(c) £, = R =22 ki)
i(d) r,= 10K 15 satisfied. Therefore,
Vo BRe (120022 kM)

A=y =T T a2
= =3.89
compared to —3.93 using Eq. (8.27) A, = —R/Ks
& (5934 KL}
(e A;= —AVRTC = —(—3.89}(W)
= 104.92

compared to 104.85 using Eq. (3.28) A;= BRe(Re + 25)

22



Example 4
Bepeat the analysis of Example 3 with O in place.

Solution

(2} The de analysis s the same, and r, = 599 11
(k) R is “shorted owt™ by Op for the ac analyss, Therefore,

— 470 KOTIES 1 = M0 1
(c} 2, = Re=22 ki)

R
dy A, = ——
@) A= =
L ]
= TZaan —36T.28 (a sigmificant meresss)
A= BRy (1200470 kX
(eh &= Qe 7, " S0kt + 7188 11

S
ol
bs‘\\
@fa
N

N\

VT U/%

Learning
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Summary of Transistor small signal analysis
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TABLE &1 Relative Levels for the Important Parameters of the CE. CE, and ©C Tromsistor Amplifiers

Comfiguratton I, = A, A,
Fixed-biss: . héediem 11 KiE) Berliems (2 kit} High { ~ 200 High (1000
l;n'
[oe] | [ | [om| | [
- 3 i + + B
Tl | &
(R = 1031k (= 1R . _E :.
u] (r, = 108,
ir, = 0K o= 100
Voltage-devider Mlediem {1 kEL) Poledioms {2 kikp High { =200} High {50}
hiae:
=| RlRddr -I Rddr, | | _Rdre B IR
Fr [ + RMRIA: + Ard
“[=]
Re
(= 10 a| = .
: Flf + e
i, = 10&
(r, = 108
Unbr Vo ‘ .
emilter bins L s o High {100 £ High {30}
L
4 o] =
= -
2 - Bre + Rl Rot+ &
L3
Emiter- ) )
firllorwer: P Voo High (-3}
-
3 N
E— Zy Ro+ &
By
)
E:’f::'“"" L {200 4T3 Peddems 42 KDY} High (2001 Loww {—13
g L -
= P - - -
(Rp = nh
Codlector . )
feedtck A% Mlediem {1 kLE) Poberdimmm {2 Lk} High { —200} High {3}
f,
i i = - o | e
1 R - E Fr+ (R
B Re s ir, = 108
i = 1R ez - %

5.1  Trouhleshooiing

24
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FORMAT-1B
MODULE-2: Field Effect Transistors (FET)

Definition:

FET is a three terminal electronic device used for variety of applications that match with
BJT. In FET, an electric field is established by the charges present, which controls the
conduction path of the output circuit without the need for direct contact between

controlling and controlled quantities.In a Field effect device current is controlled by the
action of an electron field, rather than carrier injection.

The main difference between BJT and FET is BJT is a current controlled device while
FET is a voltage controlled device. This is shown in fig 1.

IC {4 D
(Control current)

Is i
o————— e BIT o———— e FET
Fig 1. Comparison between BJ
- + P | N
\ and FET
Vs

(Control voltage)

TYPESOF FETS:

1. Junction Field Effect Transi FETs)

2. Metal Oxide Semicond %eld Effect Transistors (MOSFETS)
JUNCTION FIELD EFFEC L‘@NSISTORS(JFETS)

JFET is a unipolar devi Qonductlon in the device is dependent on either electrons or
holes. Accordingly tha@e two types of JFET; namely: n-Channel JFET and p-Channel
JFET.

Featuresof FET:
e FET is a voltage controlled device.
e FET is a unipolar device.
e FET has high input impedance
e AC voltage gain of JFET is low
e FET has higher temperature stability.

e FET are small in size and hence are useful in ICs.

CONSTRUCTION AND CHARACTERISTICS OF N-CHANNEL JFET:

The basic construction of the n-channel JFET is as shown in fig 2. The major part of the
structure is the n-type material which forms the channel between embedded layers of p-
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type material. The top of the n-type channel is connected through an ohmic contact to a
terminal referred to as the drain(D), where as the lower end of the material is connected
through an ohmic contact referred to as source(S). The 2 p-type materials are connected
together to the gate (G) terminal. In the absence of any applied potentials , JFET has 2 p-
n junctions under no bias condition. As a result, depletion region is formed at each
junction.

Dvanm i(hy
L8 TS ] - s
n Fig 2 Construction of n-
channel JFET
Depletnn
negan
O Source (S) O\Q
OPERATION: .

drain to source voltage (¢) = 0V.

Depletion v
layer %D %D

Fig 3 shows the working of n-channel JFi@diﬁerent gate-source voltageaivtl

5 <7
G G
—O—Ap O P / n
.

O=vge>V, i R tos< Vi % s
{a) Bias is zero and depletion layer s (b) Moderate gate -to-channel reverse (¢} Bias greater than pinch-off
thin; low-resistance channel exists bias results in narrower channel voltage; no conductive path
between the drain and the source from drain to source

Fig 3: Operation of n-channel JFET

Casei: VGSZOand Vps=0
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e Under zero bias condition depletion region around the p-n junction is thin and
thus exhibits low channel resistance.

Caseii: Vgs=0and Vps =+ small voltage.

The gate and source are at the same potential and the instant the voltage VDS is applied
the electrons in the n-channel are drawn towards the drain terminal establishing drain
current (ID).

Due to reverse biasing of the p-n junction for the length of the channel results in gate
current = 0.

As VDS is increased further, the drain current increases. When VDS = VP, the depletion
region widens causing reduction in the channel width. The reduced path of conduction
causes the resistance to increase and the current saturates. When VDS is further
increased, the two deletion regions touch resulting in pinch-off condition. The drain
characteristics (plot of ID vs VDS for VGS = constant is as shown in fig 4.

Caseiii: Vs =-vevoltage and Vps = + small voltage.

The effect of applied reverse bias on gate and»so@ widens the depletion regions
around the p-n junctions but at the lower levels DS. The resulting saturation level
for ID is reduced and will continue to decre as VGS is made more and more
negative. The drain characteristics is asgiﬁ in fig 5 for different values of VGS.
When VGS = -VP, pinch-off conditi K resulting in ID = 0. VP is called pinch-
off voltage. g\

s is called ohmic region and the region to the
region. This region of JFET is employed for
ion JFET can be employed as a variable resistor. The
S. As VGS becomes more and more negative , the
becomes more and more horizontal indicating increasing

The region to the left of pinch
right of pinch-off locus is sa
linear amplifiers. In ohmi
resistance is controlle
slope of the character
resistance level.

The resistance is given by the equation 1.

I
k) Iy |

B b nicad Saturation level
I Vas=0V
| Increasing resistance due
| 1o narrowing channel
|
I

e
| n-channel resistance
I
| >
0 VP Vbs

Fig 4 : Drain characteristics of n-channel JFET for VGS = 0V.
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Ip tmAY L icas of pinch-off vilues

Punn (. co—

| /
Ohmic | Smuration Reghon
Region |

V=0V

Vo llee V. = V)

Fig5:Drain characteristicsof JFET for different Vgsvalues.
*

TRANSFER CHARACTERISTICS OF N-CHA&&JFET:

Shockley Equation as in equation 1 i to plot transfer characteristics.

{@?1- S I— Eqn (1)

Ip depends on ¥sin a nor@aar manneAs a result, FET’s are often referred to square

law devices. Using t rain characteristics on the right of Y-axis, we can draw a
horizontal line from the Saturation region of the curve denotedsas @V to the p axis.

The resulting current level for both the graphsis |

When Vs =Vp, the drain current is OmA, defining another point on transfer curve.
Transfer curve is a direct transfer from input to output variables. Transfer characteristics
are a parabolic curve as shown in fig 6.

Transfer characteristics are a plot @hb%&c;on of ¥s with Vps as constant.
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Nip=0mA, Vs = Vo

*
Fig 6: Transfer characteristicswain characteristics

TRANSFER CHARACTERISTICS. RT-HAND METHOD
Transfer characteristics can e obtained by applying following conditions to

schokley’s equation (1).
Conditionl: VGS =0 O’\,

N\

2
|D:|DSS(1' Ves j
Ve

Therefore b = Ipss

Condition 2:\&s= Vp

Therefore from equation 3 £ OmA.

Condition 3: \6s = Vp/2
Therefore from equation) = IDSS(1 — %) 2

Ip = Ipsd4
Condition 4: b = Ipsd?2



}%

Learning

From eq(1)¥GS = VP(1 —/ID/IDSS)
VGS =VP(1—-./05)

VGS = 0.3VP
Points are marked for these conditions of VGS and ID and the co-ordinates are joined

using smooth curve.
CONSTRUCTION AND CHARACTERISTICSOF P-CHANNEL JFET:

The basic construction of the p-channel JFET is as shown in fig 2. The major part of the
structure is the p-type material which forms the channel between embedded layers of p-
type material. The top of the p-type channel is connected through an ohmic contact to a
terminal referred to as the drain(D), where as the lower end of the material is connected
through an ohmic contact referred to as source(S). The 2 n-type materials are connected
together to the gate (G) terminal. In the absence of any applied potentials , JFET has 2 p-
n junctions under no bias condition. As a result, depletion region is formed at each
junction.

Fig 7 Construction of n- channel JFET

OPERATION OF P-CHANNEL JFET:

Casei: VGs:Oand Vps=0
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e Under zero bias condition depletion region around the p-n junction is thin and
thus exhibits low channel resistance.

Caseii: Vgs=0and Vps = -ve small voltage.

The gate and source are at the same potential and the instant the voltage VDS is applied
the holes in the p-channel are drawn towards the drain terminal establishing drain current
(ID).

Due to reverse biasing of the p-n junction for the length of the channel results in gate
current = 0.

As VDS is increased further, the drain current increases. When VDS = -VP, the depletion
region widens causing reduction in the channel width. The reduced path of conduction
causes the resistance to increase and the current saturates. When VDS is further
increased, the two deletion regions touch resulting in pinch-off condition. The drain
characteristics (plot of ID vs VDS for VGS = constant is as shown in fig 8).

Caseiii: Vs = +vevoltage and Vps = -ve small voltage.

The effect of applied reverse bias on gate and»so@ widens the depletion regions
around the p-n junctions but at the lower levels DS. The resulting saturation level
for ID is reduced and will continue to decre as VGS is made more and more
positive. The drain characteristics are a n in fig 8 for different values of VGS.
When VGS = -VP, pinch-off conditign ﬂ resulting in ID = 0. VP is called pinch-
off voltage. g\

letmm &

Breakdown
region

’-_“(.i =45V

1 : . ] |
0} -5 -10 -15 -2 -25 Vos

Fig 8: Drain Characteristics of p-channEET

Symbols of FET:
Fig 9(a) and 9 (b) shows the symbols of n-channel and p- channel FET respectively.
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Dral
Gat
Ga
* Source Source
Fig 9: JFET Symbols.
9(a) n-Channel JFET 9(b)p-cha@JFET

Metal Oxide Semiconductor Field Eé%ﬂranmstors (MOSFETSs):

MOSFET is a type of Field Effect Transi 5&
the channel. The width of the chann:&

width determines how well the devic

hich majority charge carriers flow in
trolled by an electrode called gate. Channel
ducts.

MOSFETS are useful in high-s @witching circuits and in Integrated Circuits.
Thereare two types of MOSF&

(i)  Depletion type ®5FET
(i) Enhancemeit type MOSFET

DEPLETION TYPE MOSFET:

Depletion-type MOSFETSs are further classified as

® N-channel D-type MOSFET

(i) P-Channel D-type MOSFET
N-CHANNEL DEPLETION TYPE MOSFET:
The basic construction of the n-channel depletion type MOSFET is as shown in fig (10).
A slab of p-type material is formed from a Si base and is referred to as the substrate. The
source and drain terminals are connected through metallic contacts to n-doped regions
linked by a n-channel. The gate is also connected to a metal contact surface but remains
insulated from the n-channel by a very thin S&yer. The presence of Sitayer
accounts for very high input impedance of the device. The input impedance of MOSFET
is higher than JFET.
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G P [
N1 Substrae

g -

)

(Source) Fegons ’\Q
SFET.

Fig 10: Construction n-Channel Depletion ty

layer between gate and the channel ulted in another name for the device :
Insulated-gate FET or IGFET.

A small n layer is implanted in the regi%l St®create n-channel. The insulating
S

OPERATION OF N-CHANI\{' LETION MODE MOSFET:

Casei: Vgs=0and Vps= Q/oltage

Since drain is positive'with respect to source, the free electrons are attracted from source
to drain to constitute drain curremt The drain characteristics and transfer characteristics

of depletion mode MOSFET is as shown in fig 11.

Caseii: Vgs=-veVoltage and Vps = +ve small voltage

The negative potential at the gate will cause the electrons to move towards p-type
substrate as charges repel while holes from p-type substrate are attracted toward gate.
Depending on the magnitude of negative bias established &y & level of
recombination between electrons and holes will occur that will reduce the number of free
electrons in the n-channel available for conduction. The more negative the bias, higher is
the rate of recombination. The resulting level ©fid reduced with the increasing levels

0g negative bias for VGS as in figl1.
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Figll(a) Transfer Characteristics F@ltb) Drain Characteristics.

Caseiii: Vgs = +ve Voltage and VD%-ve small voltage

For positive values of ¥, & e gate will draw additional electrons from p-type
substrate as minority ¢ e carriers are attracted towards gate. New carriers are
generated due to colli ngdwill increase at a rapid rate. Thus, application otgV

has enhanced the leveNof free carriers in the channel comparegd toO¥. The region

of +ve gate voltage on the drain or transfer characteristics is referred as enhancement
region. The region between the cut-off and the saturation levgkoisl refereed as the
depletion region.

Transfer characteristics are a plot @&k a function of ¥swith Vps as constant.
Shockley Equation as in equation 2 is used to plot transfer characteristics.

o= 1 Ves
-------------- Egn (2) 'p=lbss|L- v

P

Also, Short hand method can be used to plot transfer characteristics curve.

Condition1: \&s= 0, Hence from eq(2),

1C
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Ip = lpss

Condition 2:\6s= Vp

Therefore from equation 2 £ OmA.

Condition 3: \s = Vp/2
Therefore from equation) = IDSS(1 — %) 2

Ip = lpsd4
Condition 4: b = Ipsd?2

From eq(1)¥GS = VP(1 —/ID/IDSS)

VGS = VP(1 — ,/0. 3\0

VGS = 0.3VEm~ o

VGS = 0.
Points are marked for these conditions of and ID and the co-ordinates are joined
using smooth curve. &

P-CHANNEL DEPLETIONTYP
The basic construction of the

SFET:

el depletion type MOSFET is as shown in fig (12a).
A slab of n-type material is from a Si base and is referred to as the substrate. The
source and drain terminal§ age connected through metallic contacts to p-doped regions
linked by a p-channel. te is also connected to a metal contact surface but remains
insulated from the p-c el by a very thin Si&yer. The presence of Sitayer

accounts for very high input impedance of the device. The input impedance of MOSFET
is higher than JFET.

11
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Iy (mA) I imA)

Fig 12: (a) Construction  (b) Transfer Charactefi fics (c) Drain characteristics

OPERATION OF P-CHANNEI& ETION MODE MOSFET:

Casei: Vgs=0and Vps = Xnage
Since drain isnegative withuk€spect to source, the holes are attracted from source to drain
to constitute drain cu%@.l The drain characteristics and transfer characteristics of

E

depletion mode MOSFET is as shown in fig 12(c) and (b) respectively.

Caseii: Vgs = +ve Voltage and Vps = -ve small voltage

The positive potential at the gate will cause the holes to move towards n-type substrate as
charges repel while electrons from n-type substrate are attracted toward gate. Depending
on the magnitude of positive bias established by, ¥ level of recombination between
electrons and holes will occur that will reduce the number of holes in the p-channel
available for conduction. The more positive the bias, higher is the rate of recombination.
The resulting level ofd is reduced with the increasing levels or positive bias tgyas

in figl2(c).

Caseiii: Vgs=-ve Voltage and Vps = -ve small voltage

For positive values of ¥s, the -ve gate will draw additional holes from n-type substrate
as minority charge carriers are attracted towards gate. New carriers are generated due to

12
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collisions and 3 will increase at a rapid rate. Thus, application afsWas enhanced the
level of free carriers in the channel compared ¢g % 0V.

Transfer characteristics are a plot @&k a function of ¥swith Vps as constant.
Shockley Equation as in equation 2 is used to plot transfer characteristics.

2
______________ Eqn (3) |D:|DSS[1- VGS)

Vp

Also, Short hand method can be used to plot transfer characteristics curve.
Condition1: \&s= 0, Hence from eq(3),

Ip = Ipss

Condition 2:\&s = Vp ®§
Therefore from equation 2 £ OmA. \Q

Condition 3: \ks = Vp/2 %b‘

Therefore from equation ) = @9 _%) 2

Ip = lpsd4 \

Condition 4: b = Ipsd2

From eq(1) I,/GSe( (1 —-./ID/IDSS)
VGS =VP(1—,/0.5)

VGS = 0.3VP

VGS = 0.3VP
Points are marked for these conditions @fs\and b and the co-ordinates are joined
using smooth curve.

SYMBOLSOF DEPLETION TYPE MOSFET

Fig 13 shows the symbols of n-channel and p-channel Depletion mode MOSFET.

13
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Fig 13 (a) n-channel depletion type MOSFET (b) p-channel depletion type MOSFET

N-CHANNEL ENHANCEMENT-MODE MOSFET (E-MOSFET):

The construction of n-channel enhancement mode MOSFET is as shown in fig 14. The
starting material is a p-type substrate into which highly doped n-regions are diffused to
form source and drain regions. A layer of i©grown @er the p-type substrate and

is etched to create window for n-diffusion. The sou nd drain terminals are taken out
through metallic contacts to n-doped regions oewn in fig 14. Metal is deposited on
SiO2 to create Gate. The presence of SiO2 en gate and p-substrate provides
electrical isolation between the two reg&& channel exists between source and drain

in E-MOSFET. ‘
C

Mewllic -~
(3 it i) ‘,‘ .

O

Fig 14: Construction of n-channel E-MOSFET

OPERATION OF N-CHANNEL E-MOSFET:

Casei: Vgs=0and Vps = +vevoltage

14
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The application of drain to source voltage while gate and source are shorted will cause no
ID to flow as no channel exists for this condition.

Caseii: Vgs = +ve Voltage and Vps = +ve small voltage

When gate is made positive with respect to source, electrons are attracted towards the
gate but holes are repelled back into p-type substrate. Since the region under the gate is p-
type substrate, the positive voltage on gate causes holes which are majority charge
carriers in p-type substrate to repel and move towards substrate. A positven®/
positive \bs causes the two pn junctions to be reverse biased and depletion region is
formed. Now the device is said to be in depletion mode. The positivealdo causes
electrons to be attracted towards the gate. Now, device is said to be in accumulation
mode. Since the region below the gate was p-substrate and accumulation of electrons has
caused the type to change to n-type. Thus the device is said to be in inversion mode as
shown in fig 15. A positive ¥s has caused a thin layer of negative chargesto be formed

in the substrate under the gate. Thus, channel is said to be created. The valde of V
which causes channel to be formed under the gate is called threshold valtage(V

small b flows. When \4s s increased aboveﬁ/conpluﬁu of the channel is enhanced

and thus pulling more electrons into the channe\ eV, there is no channel.

Since channel is formed by the applicati obcgVthe type of MOSFET is
Enhancement type. Asg¥ is increased furth er level ¢f flows as shown in fig

16. A positive \4s cause potential dro IQ’ the channel. For largethfs voltage

may not be sufficient to invert the §el near the drain end there by causing drain
current to saturate. The channel is S%‘ be pinched,dibws due to diffusion.

Fosi & ntial applied to gate
n

it
'I R L Inzulating layer

Mo charge carriers ® o, . ¢ 0 @
inthiz area / P tbype SUTJSITEI'EE *
Holes repelled dmnm/ \FIEE alactrons attracted
inte substrats to area beneath gate

Fig 15: Formation of Inversion layer
TRANSFER CHARACTERISTICS OF N-CHANNELE-MOSFET:

The transfer characteristics of n-channel E-MOSFET is as shown in fig 16. For VGS

>VT, the relationship between drain current and VGS is nonlinear and is given by eqn 4.
ID=KWVGS —-VT) 2 = —eemeee Eq 4

Where K is a constant and is a function of the construction of the device as given by Eqn

5.

_ ID(ON)
K= (VGS(ON)—-VT) 2 EqS

15
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Figl6: Transfer Characteristics Drain Characteristics

O

*
Thus b increases steadily whens¥ Vr and b is @0 en ¥<< V.

p-CHANNELENHANCEMENT-M ODE T (E-MOSFET):

The construction of ghannel E-MOS opposite to that of n-channel E_MOSFET.
Substrate is of n-type and source, dr of p-type as in figl7(a). The voltage polarities
and current directions are reversegrin¥p-channel E-MOSFET. The drain and transfer
characteristics of p-channel E- T are as shown in Fig 17 (c) and (b) respectively.

O 1 (mA) Iy (mA)

% % |- Vs =—6V
-6 6=
-5 51—
Vy==SV
- 3 4=
3 3
i - Ga=—4V
-1 I V= -3V
[ ! - g
% -5 -4 -3 2 |0y 0
v ‘s Vx=k=-2V Yo
(u) h) «)
Fig 17: (a) Construction (b) Transfer Characteristics (c) Drain Characteristics

OPERATION OF P-CHANNEL E-MOSFET:

16
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Casei: Vgs=0and Vps =-vevoltage

The application of drain to source voltage while gate and source are shorted will cause no
ID to flow as no channel exists for this condition.

Caseii: Vgs=-ve Voltage and Vps = -ve small voltage

When gate is made negative with respect to source, holes are attracted towards the gate
but electrons are repelled back into n-type substrate. Since the region under the gate is n-
type substrate, the negative voltage on gate causes electrons which are majority charge
carriers in n-type substrate to repel and move towards substrate. A negatiamd/
negative \bs causes the two pn junctions to be reverse biased and depletion region is
formed. Now the device is said to be in depletion mode. The negatiyalsb causes

holes to be attracted towards the gate. Now, device is said to be in accumulation mode.
Since the region below the gate was n-substrate and accumulation of holes has caused the
type to change to p-type. Thus the device is said to be in inversion Mmoegative \ss

has caused a thin layer of positislearges to be formed in the substrate under the gate.
Thus, channel is said to be created. The valuesgiwhigh causes channel to be formed

under the gate is called threshold voltagg(VA b flows. When \4s is

decreasedbelow 1V conductivity of the channel isNenhanced and thus pulling more
electrons into the channel. Whersg#V, there *channel. Since channel is formed
by the application of -¥s the type of M is Enhancement type. The drain

characteristics are as shown in fig 17 (g):
TRANSFER CHARACTERISTICS OBCHANNEL E-MOSFET:

The Vgsis negative andblflows osite direction. The transfer characteristics of p-
channel E-MOSFET isas s n fig 17(lp)increases steadily withdé

E-MOSFET SYMBOLS:
Fig 18 (a) and 18(b) shows the symbols of n-channel and p-channel E-MOSFET.

p-channel
n-channel o0

r
I J -0 58S
o-
o j < NN
Cp=e L
o8

2l
o IE; | =
..\ )

Fig 18: E-MOSFET Symbols

FET CONFIGURATION:

17
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The three types of FET configuration are:

(i) Common Source (CS) Configuration
(i) Common Drain (CD) Configuration
(i)Common Gate (CG) Configuration

FET BIASING:

Biasing is done to establish proper levels of DC voltages and currents for desired region
of operation. It establishes Q-point.

TYPESOF BIASING:

(i) Fixed Bias
(i) Self Bias
(iMVoltage divider Bias

Voltage divider bias most widely used biasing techn@in amplifiers.
FET ASAN AMPLIFIER:

Fig.19 Shows Common Source Cir iiae Voltagg; provides the necessary
reverse-bias between gate and sour % T. The signal to be amplifiedTiseV
transfer Characteristics of JFET is % n in Fig. 20. A DC load line is drawn on the

characteristics. The point of inter of DC load line on Transfer characteristics for
specific \zsis called Q point. Le i int be situated at the middle of DC load line.

so 41, (mAd)
e

[\ I‘ v Device \\

y G [ ' Network N

>
4
v v i Vesp = Yeo @ Vos

Fig 19: CS Amplifier with Fixed Bias Fig 20: Locate Q-Point

The instantaneousgyyis
Vgs:VS'VGG ----- (6)
Both Ip and \bs can be considered as sinusoid superimposed on the DC values.

18
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Then VGSC-VGG*'VQS ----- (7)

|D:id+|DQ

Voutr=Vps=VpsgtVgs ----- (8)

Since output signal is greater than input signal, amplification has occurred. The
magnitude of Voltage gain is the ratio of output voltage to input voltage.

The selection of Q point at the middle gives undistorted output. If the operating point is
located either closer to ohmic region or near pinch-off voltage, the output waveform will
be clipped during +Ve ofVe half cycles. In Common Source circuit, output &9° out

of phase with input.

To locate Q point, the following procedure is used

= Plot transfer characteristics
= Draw a vertical line(load line) from VGS = -VGG.
= Intersection of load line with transfer characteristics will give Q point.

*
Fig 20 shows the position of Q point using the abo&cedure.
<
JFET parameters @

Transconductance: The change in t ‘&a Current due to change in Gate to Source
voltage is defined as Transconductance

_ Alg
gm_AVGS @
We know that, d= Ipsq 1 —% - (9
et &
And On= FGS

Differentiate Eq. (9) w.In ¥s
Alp _ _Ves)(_ L
AVgs - IDSSXZ (1 Vp ) ( Vp)

On = — 2255 (1 —/65 ) - (10)

Vp Vp
Also from Eq. (9)1 —o&= |2~ .- (11)
P Ipss

Therefore substitute Eq. (11) in Eq. (10),

_ _2Ipss |[Ip _ 2 |Iplpss®
we get, g = - [T =0 [
therefore g = — %«/lulnss ..... (12)
when Vss=0, gn = Gno
therefore from Eq. (10),,g= — 2’;—55 ----- (13)
P
Substitute Eq. (13) in Eq. (10)

we get, ¢ = gm(l —K—gs)

19
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Drain Resistance, rq: The ratio of change in Drain to Source voltage to change in Drain
current is called Drain resistancgwith constant ¥s.

_ AVps
fg= GS=constant

Alp
rqdetermines the output impedanced the JFET amplifier.

JFET small signal model:

Fig. (21) shows low frequency small signal model for n-channel JFET. The relationship
between and Vs is

Al = gnAVgs

and hence a current Source is connected from Drain to Source. The input impedance of
JFET is high and hencegd0. Thus in the small signal model input impedance is
representated by open circuit. The output impedance is representagidrbyDrain to
Source.

Iy
-
O_
-+ N\
*
v gs 8 mvgs s\&
o q)b‘ o

Fig. (21) n-JFET small sign@l
Approximate model

Since g>> external Draj tance,Rgycan be replaced by open circuit as shown in
Fig. (22). Q

Ly
-
G O— O D
+
USS gmvgs
S O oS

Fig. (22) Approximate small signal model of n-JFET.
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COMMON SOURCE (CS) AMPLIFIER WITH FIXED BIASING:

N
v v
<
Fig 23: CS Amplifier with Fixed BiasFig 24:&ivalent Circuit

Fig 23 shows CS amplifier with fixed&RG is used to limit current in case VGG is

connected with wrong polarity
This would forward bias the ga@ce junction causing high currents, which would
destroy the transistor \

DC Analysis: O

Open circuit G& C, an@rent through RG i.e. IG=0. Therefore RG is represented by
short circuits as shown in Fig. (24)

Apply KVL to the input circuit of Fig. (24)

VeeVes=0

VGSC-VGG ----- (14)

Since &g is constant, ¥sis fixed and hence the name fixed bias.

Apply KVL to output circuit

Vpp-IpRp-Vps=0

VDSQ:VDD'IDRD ----- (15)

And I for fixed bias is o= loss( 1 —7%° )?

Therefore Q point iVys Ino]

Small signal analysis:
(1) To obtain AC equivalent circuit, short circuit,&, and reduce DC voltages

to zero.

21



2

Learning

(i) Replace JFET by its small signal model to obtain AC equivalent circuit Fig.
(25).

G D
O —O
+
Vi Vo
Rg Vgs 8mVys Td Rp
s La iR s Zo
Zi -
O O
S S

Fig 25: ac equivalent circuit
Zi: From the circuit, Fig. (25)

Zo:Zi:RG ’\Q

Reduce V=0, Vys=0 therefore gV y4s=0. .
Z=Rplry @
Ifr>> Rp, Then Z=Rp

Voltage gain, A ‘\\
Ay =Jds =Y

VT Vgs a Vi b‘
From Fig. (25) ¥ = - gmVgs (rdlR =Vys

If r&>>Rp, Av =- gm Ro
The negative sign indicat@ere is a phase shif8ot between input and output
voltages.

COMMON SOURCE (CS) AMPLIFIER WITH SELF BIAS:

Fig 26 shows Common Source amplifier with self bias. Voltage across RS determines
gate to source voltage. Dc equivalent circuit is obtained by open circuiting all capacitors
as shown in fig 27.

Apply KVL to Fig27,

-VGgVSZO

Vs = 'VGS-

Also, Vs=1Ip Rs

Therefore, \és=-IpRs

Apply KVL to output circuit of fig27,
Vbs = Vpp — IbRs-IpRp

22
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Fig 26. CS amplifier with Self Bias Fig 27 DC equivalent Circuit

=Y

—~
(9)
DA

|
Vp & |

: Vasy
| Ipgs R

pss Rs
Ves==—>% —

Fig 28 : Q point
Fig 8 shows the location of Q point obtained by following procedure.
= Plot transfer characteristics
= Plot one point of load line atd¢ =0, Ir = 0.
= Second point can be obtained by choosingrid finding \&s.
= |p :|Dsd2, then
Vgs=-lp Rs=-lpsRg/2
Join two points to draw DC load line

= Intersection of load line with transfer characteristics will give Q point.

CSamplifier with Self Bias(Bypassed Rs) —ac analysis

23
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Fig 29 shows CS amplifier with Self bias and RS is bypassed by CS. Fig 30 shows ac
equivalent Circuit obtained by short circuiting C1,C2,CS.

Vpp
LRD Cs.

Ci D-—{ E_O\fo

% sl

R RS ¢

Fig 29: CS amplifier with Self Bias ’\QFig 30: ac Equivalent Circuit.

il

Replacing JFET by its equivalent small signal @eﬂ results in circuit shown in Fig 31.

Fig 31: AC equivalent model of CS amplifier with Self bias
Z;: From the circuit, Fig. (31)
Zi=Rg
Zo:
Reduce V=0, Vys=0 therefore gV y4s=0.
Zy=Rplry
Ifr&>> Rp Then Z=Rp
Voltage gain, A
Vas Vo
Ay=—==>

Vgs Vi
From Fig. (31) ¥ =- gmVgs (rdlRp) and =V
Ay =- nggs (rdIIRD)
If re>>Ro, Ay =-gm Rp
The negative sign indicates there is a phase shif8o? between input and output
voltages.
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CSamplifier with Self Bias(UnBypassedRs) —ac analysis
Fig 32 shows CS amplifier with self bias but RS is unbypassed. To obtain ac equivalent
circuit, c1 and c2 are short circuited as shown in Fig33. Replacing JFET by its equivalent

small signal model, we get the circuit shown in fig 34.

Fig 32: CS ampli%% self bias
0\

\;:—"+—G“? 2 ‘ =
V. & s
i s % b InGe 2y .
R(? Qs Rﬁ e F 1 > Vo
: RSVS .
L L % ; Mk
A T ]
= Py ZO Z,
Fig 33: ac Equivalent Circuit Fig 34: ac Equivalent model
Zi: From Fig 34,

Zi:Re.
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Z0o’: Output impedance excluding RD.

Zy =Villg

Apply KVL to the output circuit of Fig 34,

Vo = lirg + lsRs

But, |y = l-gmVgs

Therefore, ¥ = (Ig-gmVgs) + lgRs-------------- -(16)
Apply KVL to the input circuit of Fig 34,
Vi-Vgs-|dRs =0

Vgs =-l4Rs + Vi

For output impedance,; ¥ 0.

Therefeore, Ys = -1gRg------=-==========m=mmmmmemmeae a7
Substituting Eq (17) in (16)

Vo = lg(ra+gmRsra+Rs)

Therefore, £ = Vo/lg = 14 + gnRsla + Rs

But, L = @i

Therefore, & = rg+ Rg(U+1)--------------mmmmmmmee (18)

Thus, output impedance with unbypassed RS is increased.
Zo: Output impedance considering RD ¢ @
Z0 = Zy’||Rp

Voltage Gain ,AV: @ ¢
TN = Te e AV A [ N — @

Apply KVL to the outer part of Fig 34, Q&‘\

(l-gmVg9la + laRp + 1dRs = 0;----------- -*(20)
Also Vgs = Vi — |dR5 ----------------------- (
Eq (21) in Eq (20) 6

la = (GmVirg)/(ra + gnRsra + Rs &, Re)-5--------- (22)
ng (22) inqu d(19) o l%

Vo= (-gnViraRo)/(ra + gnRs@% + Ro)
Av = VoV, = -gmrdRD/ro(g. e+ Rs+ Ro
If r>> Rs+Rp,

Av = -GnRo/(1+GnRs)

Example: For the CS amplifier shown, operating point is definedday¥-2.5V, Vp = -
6V and bg = 2.5mA with bss= 8mA.Calculate g, r4,Zi,Z, and A,. Take Yos = 20uS

L1

=19k

Vit -{_—I_”q%
&

fr‘.lun :,'E‘;Kn.

26



}%

Learning
o= — 2288 = 20 = 5 7ms
P
_ _Ves\ — (4 _ (=2.5V)\ _
Om = gm(l 7 ) = (1 ov) ) =1.58mS
(i) rg=—=——="50KQ

Yos 20%x10-6
(i)  Zi= Rs=1MQ
(V) Z0=Z’||Rp = I+ Rs(l+)||RD = 2163.4D

(v)

Ay = % = -OmfdRo/fg + gnRsfa + Rs + Ro=-1.315.

CSamplifier with Voltage Divider Bias(Bypassed RS):

Fig 35 Shows voltage divider bias circuit.

Fig 35: Voltage Divider Bias

DC analysis: Open circuit C1, C2, CS and the resultant circuit is as shown in Fig 36.
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TV
? Voo 2 Voo
-
S
L -
';L-' =0A
Ve - . "
+
+ + Yoy = i
5
g-‘?z Rz%"’c *
b vﬂsi&
- -

Fig 36: DC Equivalent Circuit.
From Fig 36,

Ve +Ves+IpoRs=0
Ves=Ve-1pRs

Vos=Vop - Ip(Rp + Rs) @6

Fig 37 shows the proced 0'fix Q point in voltage divider bias.

Fig 37: Fixing Q Point.
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AC Analysis: AC Equivalent Circuit is obtained by Shorting C1, C2 and CS as shown in
Fig 38. Replacing JFET by its small signal model, we get the circuit shown in Fig 39.

Y vV, v
= o
bl
S
= :
Fig 38: AC Equivalent Circuit Fig 39: AC Equivalent model

Z;: From the circuit, Fig. (39)

Zi=Rq||R: .
Zo: ' \Q

Reduce W0, Vys=0 therefore gV 4s=0. @ .
ZOZRD"rd
Ifr>> Rp, Then Z=Rp

Voltage gain, A b‘s&
Yo

14
szﬂz

Vgs Vi
From Fig. (39) ¥ = - gmVgs (rdllva:Vgs
AV =- nggS (rd"RD) \
If r> Rp, Ay =- On Ro
The negative sign indic Qere is a phase shif8ot between input and output
voltages.

CSamplifier with Voltage Divider Bias (UnBypassed Rs): ac Analysis
Fig 40 Shows CS voltage divider bias with un-bypassed RS. AC Analysis is obtained by

short circuiting C1,C2 and the resultant circuit is shown in Fig 41. Replacing JFET by its
equivalent small signal model, we get circuit shown in Fig 42.
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2 B 2y Fs

Fig 42: AC equivalent Model

Zi: From Fig 42,

Zi = R||R.

Z0’: Output impedance excluding RD.

Zy =Vlg

Apply KVL to the output circuit of Fig 42,

Vo = lirg + 14Rs

But, I = lg-gmVgs

Therefore, ¥ = (Is-OmVgs) + ldRs (23)
Apply KVL to the input circuit of Fig 42,
Vi-Vgs-|dRs =0
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For output impedance,; ¥ 0.
Therefeore, Ys = -1gRg----==============m=mmmmmemmmae (24)

Substituting Eq (24) in (23)

Vo = lg(ra+gmRsra*+Rs)

Therefore, & = Vo/lg=r3+ gnRsrg + Rs

But, L = @i

Therefore, & = rg+ Rg(U+1)----------=--=-mmmmmmmee (25)
Thus, output impedance with unbypassed RS is increased.
Zo: Output impedance considering RD

Z0 = Zy’||Rp

Voltage Gain ,AV:

From Fig 42, \ = -|jRp------------=--==--=-m e (26)
Apply KVL to the outer part of Fig 42,

(I-GmVg9ld + 1aRp + 1gRs = 0;---==========mm=m=- (27)
Also Vgs =V, — |jRg----------=-=-=-------- (28)

Eq (27) in Eq (26)
1= (@i (T + GoRefa + Re + Ro)wrrrmmmmee o) O
Eq (22) in Eq (19) AN
Vo= (-gnVifaRo)/(fa + GrRefa + Rs + Ro) <

Av = VoV = -gnldRp/rg + gnRsfd + Rs + Ro

If r&>> Rs+Rp,
Ay = ‘ngD/(l"'g*nRS) v&\
Common Drain (CD)/ Sou@llower Configuration:

Fig. (43) shows Commonﬁ&configuraﬂon. The input is applied between Gate and
Source and output bet ource and Ground (i.e. Drain is grounded during AC
analysis) 5

Fig 43: Source Follower Circuit
From the circuit in Fig 43,
Vg + Vgs—Vs=0
Therefore \& + Vgs = Vs
When a signal is applied to JFET gate via\& varies with the signal. Asdéis
constant and ¥= Vg + Vs varies with . As the output voltage at the Source)V

31



}%

Learning

follows changes in the signal voltage applied to the gate, this circuit is also called Source
follower.

The AC equivalent circuit and low frequency equivalent model for Source follower is as
shown in Fig. (44) and Fig. (45) respectively.

- Fig’.@ AC Equivalent Circuit

<,
e ;

I R, s

S

%

So

I
(o)

M

Rs
=| =]
Ze

Fig. (45) AC Equivalent Model Fig (46) AC Equivalent Model
Vi-VgsVo=0

Vo=Vi-Vgs

Vo + VgsVi=0

Vys=Vi-Vo

Vi=0, Vys=-V,

Zi

From the input circuit,

Z=Rs

Output Z:Z,

Fig. (45) can also be writtaasFig. (46)

- VO
"
Apply KVL to the output loop of Fig 46,
Vi-VgsVo=0

For Z,, Vi=0, Vo=Vgs

But from Fig. (46), &=gmVgs
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Therefore gVo= lg
; _Vo_ 1

0 Ia 9m

Therefore Z= Z,l Rs
Zo= gi I Rs
Voltage Gain, Ay
Vo
AV - —

From Fig. (49,

Vo= lg (I’d|| Rs)

And lg= gmVgs

Therefore \\= gmVgs (rdl Rs)

From input circuit

Vi= 'Vgs+Vo

Therefore V= - gmVgs (fdl Rs) - Vs

|4 —9ImVgs(rql R
Therefore A = 2= —9m gs(Tall Rs)
Vi _Vgs[gm(Td||R5)+1]

A, = _Im(ralRs) . Q
v 1+[gm(ralRs)] \
If rd >> RS ; r4| Re=Rs

Comts <
_  9mRs

Av = 1+gmRs @

If gmRs >> 1, Ay= 1 but it is always less %n .

There is no phase shift between inp utput voltages.
Source Follower exhibits foIIowin% cteristics;

* High input Impedanc @

* Low Output Imped

* Voltage gain is les nl.

* No phase shift@ueen input and output.

Example: A DC analysis of Source Follower network shown in Fig. below results in

Vesg= -2.86V and ho=4.56mA. Determine (i, (i) rq(iii) Z;i (iv) Zo,with and without &
(v) Ay with and without . Take bss=16mA, Ve=-4V, Yos=25uS.

-V

I‘DSS: [6mA
V-p =—4V
QOSHF  Yoe™ 2SS
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. 21 2x16x1073
(i) Omo— ;):s =8mS

Om gno( —iSQ) =8x1073 (1 _m)

Qo))
Om —2 28x 1073 S.
1

(i) rd—y—os— P =40KQ
(i)  Zi=Rs=1MQ
(iv)  Withrg

Zo=rgl Rsl —=40K [ 2.2K |

Im 2.28%x1073
=362.52Q
Without rd

Zy= RSII —=22x%x1031

=365. 69Q
(V) Av With ry

_ _9m(rglRs) _
 sateano__g oo Q
A 1+[gm(ralRs)] 0.826 \
Av Without 1y .
A = gmRs _  2.28x1073x2.2x103 _
1+gmRs  1+2.28x10~ 3><22><103\
Common Gate (CG) Conflgur%&‘

2.28x1073

Fig. (47) shows CG conflgu@he input is applied between Source and Gate and
output is taken between I@] d Gate.

SR C
2,-
k) —i—

oL Lo
Y Sk, |4 ___D %
TVDD

1

Fig. (47) Common Gate Configuration

In CG configuration, Gate voltage is constant. An increas&; im positive
direction increases theVe Gate to Source bias voltages. Due to this Drain current
reduces, reducing the dropRp. Since \b= Vpp- IpRp, the reduction ind results in an
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increase in output ¥Vp. Similarly when input ¥ reduces, opposite action takes place
which reduces the output voltage. Thus there is no phase shift between input and output
in a Common Gate amplifier. AC equivalent model of CG amplifier is as shown in Fig.
(48).

7q
CL g [ pb &
,\.e—_)l - Né“/& '(h
AN
LA R
— T \%S D '\’0
P, —
gl e _
PR
. r-
Z; & Z,
Fig. (48) AC Equivalent Model Fig (4
Z =2t
Current throughgr(Fig 49)
Ird:| + nggS \@

Therefore | =k -g,, Vys ----- (30) b‘

From the circuit,

o= 1152 e (30) %
Substitute Eq (31) in EQ. (3@

Vi—IRp

| = ———=-gmV,s - (32)
rd
ButV;=- gs (from Fi
i—IRp + V

Therefore |=2=82 ImVi
Td

Vi IRp

=-t_ D4

I Td rd g I/l

1 +22] =, [a+gm]
R

Vi_ 1+T_Z _ Td+Rp _

1 - i+gm - Imra+1 o

Zi=7,| Rs = Rgl TR

1+gmra

If r¢ >> Rpandg,,r; >> 1,

Z= Rsl 4 = Rg| =
Imrd 9dm

Input impedance of CG amplifier is less than CS and CD amplifier.

Z,: when (=0 i.e. when input is short circuited, the equivalent circuit is
Zo=rd|| Ro

If rqy>>Rp, Zo=Rp
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Vo=-1pRp and V:'Vgs
Apply KVL to Fig. (b) outer loop
Vi+ (Id‘gmvgs)rd‘l' IbRp=0
But Vgs=- Vi
Therefore Vi + §Ry+gmVirq+ IpRp=0
Vi [1+gmrq] + lg[ra+Rp] =0
-lg [rd+RD] =Vi [1+gmrd]
— ~la(ra+Rp)
1+9m’”d
Ay = Vo = RO+ gmre)
Vi ra+ Rp
If rg >>Rp, gmrg>>1
A — RD(i;an) Rng
Thus there is no phase shift between input and output in CG amplifier.

Example: For the network shown ,it¥o=-2.2V and bg = 2.03mA. Determine grq.
Calculate Zwith and without &, Z, with and without 4. Iﬁermine ¥y with and without

rq.

4

L 1S
! i :_L'..\/
3 ‘ °@ Yog™S0pe
| Vi=lomy

. _ 2Ipss _ 2%X10x1073 _
() e == =5mS

Vp

6= gm(1 557) =5 x10°* (1 £23)
gm:2.25><10 S.

(i) rg=—=——=20KQ

Yos 50%x10~6
(i) Efe =7 = 0.31KQ
Igmratl

(V)  Z=Z]Rs= Rl -£=E = 0.35K

ImTd

(V)  Zo=Rp= 3.6KQ
(vi) Zo=rd|| R = 3.05K0
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(VIII) AV = & = M :702
Vi rq+Rp

ix) Vowithoutrd = 324mV
vo = 280.8mV

o
A
Q?b‘
X

QO
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Module 3: TRANSISTOR and FET FREQUENCY RESPONSE

The frequency response of an amplifier is the plot of the magnitude of
voltage gain as a function of frequency. In transistor amplifier the low frequency
response is governed by coupling and bypass capacitors. The high frequency
response is affected by the transistor parasitic capacitances and stray wiring
capacitances. The mid frequency response is unaffected by these capacitances.

General frequency consider ations:

The response of a single stage or multistage amplifier depends on the
frequency of the applied signal. The coupling and bypass capacitors affect the low
frequency response since the reactance of these capacitors decreases with increase
in frequency. The internal capacitances of the active devices and the stray wiring
capacitances will limit the high frequency res& of the system. An increase in
the number of stages of a cascaded system” will also limit the low and high

frequency responses. @
o
Frequency response of RC Cou @amplifier:

Fig. (1) shows the fre response of RC coupled amplifier. The horizontal
scale is a logarithmic to permit a plot extending from low to high frequency
regions. The frequenc%nge Is divided into 3 regions.

(i)  Low frequency region.
(i)  Mid frequency region.
(i)  High frequency region.

The drop in the gain at low frequencies is due to the coupling capacitoGs)(C
and bypass capacitors {)C At high frequencies the drop in gain is due to the
internal device capacitances and the stray wiring capacitances. In the mid
frequency range the gain is almost independent of the frequency. This is due to the
fact that at mid frequencies the coupling and bypass capacitors act as short circuits
and the device and stray wiring capacitances act as open circuits due to their low
capacitance. The mid band gain is denoted agAv
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Voltage Gain

[linear scale using .
logarithmic units] mid-band
frequency

......... maximum gain

0.707 of
B e . < maxgam
Bandwidth !
|
; I
f T T T ; T
0 10 100 1000 10,000 100,000

Frequency (Hz) [logarithmic scale]
Fig. (1) Frequency response of RC coupled amplifier.

Frequency response of transformer coupled am@:

Fig.(2) shows frequency response o@énsformer coupled amplifier. The
magnetizing inductive reactance of t nsformer winding i2241. At low
frequencies the gain drops due K Il value of A =0 (DC) there is no

change in flux in the core. As It the secondary induced voltage or output
voltage is zero and hence th@. At high frequencies the gain drops due to stray

capacitance between the tlx{ f primary and secondary windings.

§ 56 58 486t
|

) ) - | | 't L A A AL A A by
e it 1 1000 N oore e 1002

Fig. (2) Frequency response of transformer coupled amplifier.

Frequency response of direct coupled amplifier:

Fig. (3) shows frequency response of direct coupled amplifier. Since there are
no coupling or bypass capacitors, there is no drop in gain at low frequencies. It has
a flat response to the upper cut-off frequency. Gain drops at high frequencies due
to device internal capacitances and the stray wiring capacitances.
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|A] (9B) A

20 log |A,| SO |

0 S !
(or fig)

Fig. (3) Frequency response of direct coupled amplifier.

Half power frequencies and bandwidth:

frequencies or corner frequencies or br,
off frequency and.fis called the upp d{t

*

equengies.chlled the lower cut-

The frequencies;fand § at which the in}s 0.707 A\ are called cut-off
Zsfrequency.

The output volta @he mid band i|™ AVmig | |V
Output power in the mid band is

[Vol?

Pomid= —

_ |AVmial*|Vil?
Ro

----- (2)

The output voltage at cut-off frequencies is
Vol=10.70Avq] Vi

The output power at cut-off frequencies is

[0.707AVmial?|Vil?
Ro

Po (cut-ofi=
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_ 0.5 |Avpiql|?|Vil?
- .
= 0.5 B (mig) -~ (3)

Thus, the output power at cut-off frequencies is half the mid band power
output. f is called the lower half power frequency andsfcalled the upper half
power frequency.

Normalized gain V/s Frequency plot:

The normalized gain is obtained by dividing the ganat each frequency by the
mid band gain Ayg.

Therefore normalized gain—=

----- (4)

Avmld

Fig. (4) shows the normalized gain V/s frea&@ plot for an RC coupled amplifier.

Umid

The normalized mid band ga|n+s’"— gl\\g

The normalized gain at cut-off fr@kﬂueg—w =0.707

Umid

e NE mid frequency rangs 1 high freq range
— —

|
I
1
1
1
I L]
I
1
1
I 1]
o7 [~ " ~A T T
1

0.6

0.4 - Eaancle kith —

-t frequency f -

Fig. (4) Normalized gain V/s frequency plot

8= 20 logo| | -----(5)

Umid

. . . . A
Normalized decibel gain is——
AVmia

Normalized decibel voltage gain in mid band is
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20 logo || =0

AVmid

Normalized decibel voltage gain at cut-off frequencies is

20 logio| =-3dB

0.707AV]
Umid
Since normalized decibel voltage gain at cut-off frequencies is 3dB less than the
normalized decibel mid band voltage gain. dnd § are also called 3dB
frequencies.

f, 2lower 3dB frequency
f,>upper 3dB frequency
Fig. (5) shows the plot of normalized dB vol@gain V/s frequency for an RC
coupled amplifier. @ .
Voltage Gain @
(dBs) %‘;{'d
ﬂ-‘i-‘ --------------------------- maximum gain
1
-2 : 0.707 of
3 |y A< e N makgan
4 !§ ) Bandwidth |
5 ! !
5 !
t T T T * T
0 10 100 1000 10,000 100,000

Frequency (Hz) [logarithmic scale]
Fig. (5) Plot of normalized decibel voltage gain V/s frequency.

Phase angle plot:

A single stage RC coupled amplifier introduces a’J@tase shift between input
and output signals in the mid band region. At low frequencies the output voltage
Vo lags V by an additional angle, . Therefore, the total phase phase shift between
Vo and V is more than 180 At high frequencies, ¥ leads VY by an additional
angle 6,. As a result, the total phase shift drops below’18dy. (6) shows the
phase plot for a single stage RC coupled amplifier.
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Fig. (6) Phase plot of single stage RC coupled amplifier.

L ow frequency analysis.

In the low frequency region of a single stage BJT amplifier, the amplifier gain
increases with frequency. Hence it can be modelled as a high pass RC circuit as
shown in Fig. (7).

Fig. (7) Amplifier mo%ed as high pass RC circuit.

The capacitor C representia mbined effect of coupling and bypass capacitors
and the resistance R reﬁ nts the combined effect of resistive elements of the

amplifier netwak. Q

The capacitive reactance is

At =0, Xc = Q. i.e. at low frequencies, the capacitor acts as a open circuit as
shown in Fig. (8)

From Fig. (8), \6=0.
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Fig. (8) at f=0

At high frequencies, X~ 0Q i.e. at high frequen@ capacitor acts as a short
circuit as shown in Fig. (9).

From Fig. (9), \b= V. ®® ’
AN

Fig. (9) at high frequencies

Hence as the input signal frequency increases from zero to mid band value, the
output voltage rises from zero tg &hd hence the gain from zero to 1.

Mathematical analysis:
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Apply Voltage division rule to circuit in Fig. (7),

ViR
R—-jXc

O=

Voltage gain is given by

The magnitude of voltage gain is

— - (8)
1+ \Q

(i) Atf=0, Xc= —f = o) therefore |
(i) At high frequencies,$«, th C%O Hence |A|2 1= |Av|mig

|Av|mid (@8) =20 l0gio(1) = 0dB b‘

(i)  When X.= R ----- %Kv
A== > 2 =0.707\/

The corresponding de&el gain is

|Av|=

20 Iogm\/—lE =-3dB

From Eq. (9)$=R

1

2TtRC

The frequency given by the above Eq. is the lower cut-off frequency or lower 3dB
cut-off frequency denoted by. f

Therefore {= Tch ----- (10)



Xe_ 1 _ 1 1
R _ancR_[Zch]Xf

Using in Eq. (7) and (8)

Ui
f

From Eq. (11), phase angle of &5

0,=tan"! [%] ————— (13)

Since 6, is +Ve, \pleads VVby an anglef, .\Q

In magnitude and phase form, Eq. (11) ca tritten as

Av=1A/| A6, bg‘\\

=—1 __ Atan! [%] ----- (14)

A &
Fig. (10) shows the plot @*//s frequency.

&
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Gain (dB) = 20Mog YOUt

Vin
Stop Band Pass Band
T
0dB
-3dB Frequency
Response
5
s
=3
O
Bandwidth
.

-dB

Fc (HP)

Frequency (Hz)

Fig. (10) Low frequency response of high pass RC circuit.
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Bode plot of low frequency response:

From Eq. (12), we have

1
1+

Voltage gain in dB is

|Av|=

1

|Avlas= 20 logo :
12

Avke= - 2010go [1+ [2]2 - (15)

To construct the plot of |Ays V/s frequency irb’straight line segments, we
consider the following frequency rangesz

(a)For frequencies f <¢; or% > \

Eq. (15) can be approxim as
|Avlss = - 20 logo /[’%]QO
[Avke = - 20 logo 1] - (16)

|Av|¢sis calculated at different values é}fand tabulated in table (1).

f h [Avke = - 20 logo[2]
f
f 10 -20dB
10
f 4 -12dB

10
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fi 2 -6dB
2
fy 1 0dB

Table (1): |A|qs at different frequencies.

Following conclusions can be drawn from table (1).

(i) A change in frequency by a factor of 2 is equal to one octave. When the

frequency changes fro{:h to or— to f; (one octave), the gain increases
by 6dB.
(i) A change in frequency by a factor of.t equal to one decade. When

the frequency changes froﬁa to fl(C@}écade), the gain increases by

20dB. @

(i)  If a plot of |A/|¢g @against Iog%{&e in the frequency ralﬁge f<fiis

plotted, a straight line pe 6dB/octave or 20dB/decade is obtained
as shown in Flg (11

sy i Py
)
b, | .'n
T e et
Ll \ I g
3 \ wak|

-y Mitucd
-2
4 B / / ! achone I

Fig. 11: Bode plot for low frequency region.

(b) For frequencies, f >¥ or’;—1 <<1

Eq. (15) can be approximated by
|AV|dB ~ -20 IOg_o 1=0dB.

11
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The plot of |A/|ssagainst log scale for the frequency range f;>is a straight line

on the frequency axis as shown in Fig. (11). The slope of this line is zero, since the
gain is constant at 0dB. The plot in Fig. (11) is made of 2 straight line segments
called asymptotes with a break pointatdence {is called break frequency or

corner frequency. This peicewise linear plot is also called bode magnitude plot or
simply bode plot.

From bode plot, at f=f, |Ay|qs =0.
From bode plot, at f=f, |Av|ss =-3.
Thus, at f={, the gain read from bode plot differs from the actual gain by 3dB.
Phase Plot:
At low frequencies, ¥ leads V by an angled, gl‘\fi%/
.

6;=tan™! [%] ————— (17) @@

The value of6, is calculated at diff& valuesf?fas shown in table (2).

Table (2): Phase angle bet E@d \vi

P 2

f f O 6,=tan! [/;_1] Total phase shift
f =180 + 6,
0 0 90’ 270
A 100 89.4 269.4
100
f 1 45’ 225
100, 0.01 0.572 180.572
0 0
0 0 0 180

12
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The total phase shife; between ¥ and \ is the sum of the phase shift of
RC network and inherent phase shift (J80troduced by the amplifier.

From table (2),

()  The phase shifg; due to RC network decreases fron! @0(°. The
plot of 8; V/s frequency is shown in Fig.ZL
(i)  The total phasé, decreases from 276 180.

0

IS
o
1

Phase (deg)

©
=
I

1 2

10° é@ 10 10
Fig. (12) Ph xsponse of RC network.

L ow frequency Response of BJT@ lifier:

Fig. (13) shows the circuit’é&gle stage BJT amplifier. The coupling capacitors
Cs and G and bypass ca@itoe@etermines the low frequency response.

Effect of Cson low frequency response;

The input coupling capacitors@ouples the source signal to BJT. First, we
will neglect the effects of £and Gi.e. they are treated as short circuits.

The AC equivalent circuit is obtained by reducing VCC to zero andrd G by
their short circuit equivalent as shown in Fig. (14).

13
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Fig. (14) A &%Ient circuit
RS

The resistance of the trans&%%etween base-emittere.isTe input AC

equivalent circuit is shown m@ 15)

:Rls R2$ hieS Vi

Vs | r ! |

Fig. (15) Input AC equivalent
Let R = Ry I R, | hjg ----- (18)
Where h=pr, ----- (29)

Using voltage division rule in the circuit of Fig. (15) the voltage applied to the
amplifier is

VsR;

Vi= (Rs+Ri{)—fXcs

- (20)

14
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WhereXcg = ZE;C ————— (21)
S
_ sl
Vis e
1= [Ri+Rs]
) |V5| [RSR-i-iRi]
Vi= T -----(22)
1+ [Ri"'RS]

In the mid frequency band, fis large. As a restt, 20.
Therefore from Eq. (22

|VS|Rl

Vilig = (2t - (23) O
Therefore Eq. (22) becomes, @
\Qz

_|Vi|mid

- (24) S‘\

Vil =

Xcg
1+[R +Rs]

The lower 3dB cut-off ocg&%en,w [Vijmid _ 0.707 Mmid

Therefore Eq. (24) be?,%

|Vi|mid

2
XCS
1+[Ri+RS]

0707 |V|mid:

This condition is satisfie, iff—; =1 orXcs=R; + Ry
i S

1
2nfCg

:Ri+RS

Therefore fo———— - (25)

2n(Rs+R;)Cs

Eq. (25) gives the lower 3dB cut-off frequency du€g¢o

15
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1

Therefore |1_:S= m

----- (26)

Effect of output coupling capacitor Cc on low frequency response :

The output coupling capacitorc@ouples the output of the BJT to the load. The
equivalent circuit on the output side by neglecting the effect par@l G by
treating them as short circuits is as shown in Fig. (16).

Ce l*

— _“_
-— RV, !

SR e

Fig. (16) (a) AC equivalent circuit of outputs@b) Simplified AC equivalent
circuit

+

Let Ry=r, IR, - (27) \Q
V= output voltage of BJT S‘\

Vo=load voltage Q}
Using voltage division ru \mrcwt of Fig. (16) (a), the load voltsge

Vom ———— ... (2 Q

(Ro+RL)—JjXcc

WhereXc, = an

VC R},
R0+RL]

1=J [Ro +RL]

Vol = M _____ (30)

2
. XCC
1+ [Ro +RL]

In the mid frequency bandc. = 0

16
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Therefore [\|mia= WelR, (31)

(Ro+RL)

Substitute Eqg. (31) in (30)

Vol =2 - (32)
1+[R;(‘C£3L]
[Vo|mid _
The lower 3dB cut-off occurs WhendN:T = 0.707 |\b|mig

This is possible iff,

Xcc
Ro+Rj,

=1 OrXCC=R0 + RL

27T(R0 +RL)CC

Therefore f=————— - (33) ’\Q
*
Eq. (33) gives the lower 3dB cut-off freq@gf duéto

Therefore f.= ———— - (34) S‘\&

2m(Ro+R)Cc
Effect of Emitter bypass capa@@QE on low frequency response::

The equivalent cir ’%13) considering the effect gfisas shown in Fig.
(17). Hence the effec nd G are neglected.

Fig. (17) AC equivalent circuit

Replacing the transistor by its low frequency small signal hybrid model the
AC equivalent circuit is as shown in Fig. (18).

17
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By
..,
I i
8

l

v

-

.=
<
Tv
-

Fig. (18) AC equivalent circuit using hybrid model

Re is the AC equivalent resistance seen hyTo find Re, Vs is reduced to O
as shown in Fig. (18

Let Z=Rd Ryl Ry----- (35)

*

The AC equivalent circuit is redrawn as shown @g (20)
Fig. (18) AC equivalent circuit to findR \

*
R = Br, is in base circuit. When it is trar@%ed to emitter circuit, it is divided by
B. Therefore g = Ic= Bl5. Q\\

The resulting circuit is shown in%l).

Re= Rel %5 4 1, - (36) \Q’
’ O

From Fig. (18), the Iom@\:ut-oﬁ frequency due teiC

f _ 1
Lg 2mRCE

----- (37)

Effect of Ce on voltage gain:

The mid band voltage gain of amplifier of Fig. (13) with@gis given by,

= _FRollf ____(38)

Vmia — TetRE
Where R =R.||ro

If Ceis connected in parallel withgR then voltage gain becomes a function
of frequency. The voltage gain at any frequency is

18



1%

Learning
— __RollRL _____
Av = Te+RE||Xcp (39)
WhereX = e (40)

As the frequency increases:

()  Xc, decreases.
(i) Rel|X¢, decreases.
(i) Ay increases in magnitude.

As the frequency approaches the mid band value

L 2
(ili) Ay approaches maximum v mid band value.

(i)  Xc, approaches zero. . Q
(i)  Rel|Xc, approaches zero. (i.eE? sm ed out)

Ay = =21 (a2) b“\&

Overall lower cutoff frequenqu%

Cs, Cc andCe. The lo -off frequencies due tg, € andCg aref, ., f,. and
fi; respectively. If thesé cut-off frequencies are relatively apart (i.e. one is greater

than the other by 4 times or more) the higher of the 3 is approximately the lower
cut-off frequency for the amplifier stage.

The low freque@nse of the amplifier is influenced by the capacitors

EX: f, = 6Hz, f,. = 25Hz andf,, = 320Hz

Then the lower cut-off frequency of amplifierfis, = 320Hz Becausef; . > 4f
fug > 4f1c

Miller Effect Capacitance:

Fig. (19) shows an inverting amplifier with a capacitangbeBveen the input
and output nodes. WK, is —Ve for inverting amplifier since ¥ and \ are

19
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180° out of phase. Using Millers theorem we can find the loading effectai C
the input and output circuits of the amplifier.

A ¢;

(— it

— ——

o— 0
+ +
A Y
V, —-— V=" V
v R, Vi 3
> o

-

Fig. (19) Inverting amplifier with capacitanC\@Ween input and output nodes.
<
To find Miller-Input Capacitance (C,k{&
From Fig. (19),
R=VYi3y | =V @6
R
_Vi _Vi
Zi — I_l 9 Ii — Z Q
Apply KCL at input node A,
Ii = 11 + 12 """ (42)
From Fig. (23),

ViV,
I — 1 [
2 ch
But VO - AVVl

Vi—AyV; _ Vi[1-A
Thereforel, = ——— = l[X v]
c

Cr

f
Substitute fou; , I; and/, in Eq. (42), we get

20
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Vi _Vi Vi[1-Ay]

EliminatingV; throught,

1 1 1-A 1 1

_:_+M:_+ 4

Zi Ry Xcg R; Cr
1-Ay

X
LetX, =—J o (43)
|4

1-A
1_1 1o
Z_i_Ri Xc,.; (44)

ButXCf =— ’\Q

2nfCy @ .
S
WhereC,,; = [1 — Ay]Cr = n@?ut capacitance--- (46)

From Eq. (44), Zcan b @rpreted as the impedance resulting from the parallel
combination of Rand s shown in Fig. (24).

1

Xem = [1-Aylenfcy (45)

Tofind Miller output capacitance (C,;,,) :

From Fig. (19),

V 1%
Ro:—oe |1:—0
Vi Ro
1% 1%
Zo=—09 |o——o
Io Zo

IO = 11 + 12 """ (47)
From Fig. (19)

21
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ButV, = 4, +V, orvi:Z—‘;

Vo 1
vo-¥e vo1-2]
Thereforel, = — = — =
r r

Usually,R, is large thereforé‘i can be neglected
0

Vo

R O

Eq. (47)2 =

1
Vo[l—E

K

S
0

Zp=——— oem- (48)

2mfCm,

Where,Cp, = [1 - i] Cr ----- (49)

Cm, is called Miller output Capacitance.

Statement of Millar’s theorem:

A capacitancels connected between the input and output nodes of an inverting
amplifier can be replaced by

()  Miller input capacitance(,, = = [1 — Ay]C; connected between input
node and ground.

22
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(i) Miller output capacitance(,, = [1 —Ai] Cr connected between output
\%4

node and ground.

For an non-inverting amplified,, is positive. In order to obtain positive values
for Cp,andC,, . Eq. (46) and Eq. (49) should be modified as follows

Cpm,= = [1 = Ay]C; - (50)
Cmy= |1+ ﬁ] Cy ----- (51)

Applications of Miller’s theorem to the amplifier of Fig. (19) results in network
shown in Fig. (2D

o Z b B i S
b ’ - e - "~y \ s
[ N . S

V V=KV, = ¥
_l : b‘g‘@
i S =
\Q Z, = Z/(1 - K), Z:=Z/('“ ?'2)

(a) eO (b)

Fig. (20) Amplifier withC; replaced by Miller’s capacitances.

High Frequency Response of BJT amplifier:

In the high frequency response of BJT amplifier, the upper 3dB cut-off point is
defined by the following factors.

(i)  The network capacitance which includes the parasitic capacitances of the
transistor and the wiring capacitances.
(i) The frequency dependence of short cir€yiturrent gair, or p.

Networ k Parameters:

Fig. (21) shows the RC coupled amplifier with parasitic and wiring capacitances.
Cye, Cp. andC,, are the parasitic capacitances of the transisigrandcC,,, are

23
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input and output wiring capacitances which are introduced during the construction

of the ampilifier circuit.
§R| C
— Co
AT

C 1 |
# ...\\'?:“* - Cr, ::.
-y §R2 T Rgg =c i
- | . |

I = +

¥ L

=y ¥
*
Fig. (21) RC- coupled amplifier with para&nd wiring capacitances.

— \

AN ‘ - & » - . o ¥,

, SR »
a R 4 L R Ry

A

Fig. (22) shows the high frequency AC equivalent circuit of RC-coupled amplifier.

Ry, =Rl &, I R, Il & Ry, =Rl Ry e,

.\ ’—‘MT- ’—‘MT-

E'n-.1 “u i|. E’rhﬂ nU i|.
(@

Fig. (23) High frequency AC equivalent circuit of amplifier of Fig.)(22

()  Using Miller’s theorem, the transit capacitance, C,. can be replaced by
two capacitances;,,; atthe input and’,,, at output.
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(i)  The total capacitanag is the sum ot’,,;, C,, andC,,;.
I.e. Ci = Cmi+Cbe+CWl- """ (52)
whereC,,;=[1 — Ay]Cp. ----- (53)

(iii)  The total output capacitance is the sunt,Qf, C.. andC,,,.
l.e.Cy = CptCrotCrpp - (54)

where Cy,,= |1+ -] ¢;

Upper cut-off frequency dueto C;:

Apply voltagedivision rule to circuit of Fig. (22

_ RiIR IRy ]
Erni= Vs [1tes+1re1|ure2 I Rl] (56) . Q
From circuit in Fig.(21); ®§

Rrni =Rs + RyIR, | R, ----- (57)

WhereR, = 1, S‘\
From Fig. (29) (b), Apply ydi\&rule,
N

Vil =IE Xe;
Vil = m|[ e
EThi
Vil = |Eppy] ot - (58)
Rrpi
1+
1
Wh@rEXCi: chl ----- (59)

In the mid band, the effect @; is negligible. As a result(,; can be treated as
open circuit i.eX; = .

Therefore |Mmia~ |E7nil

At high frequencies(; cannot be neglected with increase X §; decreases—R;hi
Ci

increases|V;| decreases and hence the voltage gain decreases.
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3dB cut-off occurs at a frequency at which

|V|: |Vi|mid — |EThi|
’ V2 V2

From (58), this condition occurs, when

Ry = Xei
1
Rrpi = P—
1
Or f= in =
2mRThiCi

[
in Q
Therefore Eq. (58) becomes, \

il (62) &
bs‘\\

[Vil= -
1+(7)

Thus, due t@;, Vg gain decrea@)%[ the rate of 20dB/decade.

Upper cut-off frequency d@XOUtput capacitance Co :

Consider the output cf@ﬂ of Fig.(22) which is shown in Fig).(23

B1,, 1, andR.||R; is connected to voltage source as shown in Fig. (22

Rrno =15 |IRc|IRy ----- (63)

Erno =[= Blp] [15 lIRc|IRL] - (64)

Using the same procedure as listed above, we have

ETho
|V, | = __IEthol  _____ (65)
R o
()
WhereX., = Lo (66)

2nfC,

26



The output voltage in mid band is
|Volmia= |ETho | === (67)

The Upper 3dB cutoff frequency duedgis

1

foo=—— - (68)

21RThoCo

and magnitude of voltage gain is

1

2

)
14+ —
(fHo

|Ay] = = (69)

Thus due t@o, Vg gain decreases at the rate

Combined effect of C; and C, on high frequenc

()  The input capacitancg, defines@
(i)  The output capacitanag, d ﬁks

2
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of 20dB/ Decade.

cut-off frequendgy;.
nother upper cut-off frequerfgy.

(i)  The lowest of these 2 fre@e cies will be taken as overall upper cut-off

frequency.

(iv) If the variation ofh,,\%h frequency is considered then the actual cut-off

frequency may l@) er thajp; or fy,.

Variation of hs, wittnfrequency:

Fig. (24) shows hybria-high frequency small signal model of BJT.

Thic

c
&

By o Tp 2 'r‘j’-r"“."drb

&
E

Fig. (24) Hybrids high frequency small signal model of BJT.
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The B-E input capacitancé, (C,.) and B-C depletion capacitan¢e (Cp.)
makes the short circuit current gaiy, to vary with frequency in high

frequency region.
Expression for hg, asafunction of frequency:
Following assumptions are made:

(i) 7y is few tens of Q. Hence it is treated as short circuit.
(i)  n, is few tens of MQ. Hence it is treated as open circuit.

To find h¢,, short the output terminals. The resulting circuit is shown in Fig.
(24).

Fig. (24) circuit to findh,. . Q
, N\
WKT, hfezi Ve = 0 —-—-- (70) @ ¢

The curreny,, V,, flows into shortﬁ(&qit.
Thereforel.=g,, V;, ----- (71) 6b‘

to find I, FROM Fig 24 \QJ

—r [ — L Y
Let Z= il | s 2)
"

T 14+jw(CrtCy) Ty

Now, V, =1, Z

Vp=———2E (73)

T 14 w(CrtCy) T

Substitute Eq. (73) in Eg. (71), we have

- 9m™
Ie = 1421 f (Cq+Cy) T (74)

1

Let fp = 2(Cp+Cy) Ty

----- (75)

Substitute Eq. (75) in Eq. (74), we have
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=_9mlm ______
hfe - 14 (L) (76)
u

|hye| = =2E— - (77)

(L

Jlﬂ <fﬁ>
f 2
In the mid band, f <¢;, As a resul(f—) <<1
B
From Eq. (77), we have
|hfe |mid = I9ImTn = hfemid """ (78)
htemiais also denoted by 16,4 . Q
Substitute Eq. (78) in Eq. (77), §
_ |hfelmid @

|hye| =L -~ (79) Q

L

(L) S‘\
Eq. (79) gives the variation Wthfrequency.
(i) Asfincrease increases and hengle, | decreases.

.. _ _hgemid By
(i)  When f5f, =|hs,| = fﬁ :Td

fp defines the upper 3dB cut-off point for short circuit current gain f5 is also
denoted by h¢.. Eq. (75) can be writteais

1

f= fhre = 2(CatC) Ty (80)

BUtl = Brez ﬁmid Te

1

f5= Fhe = 5o (80)

27t Bmid Te(Cr+Cy)
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fp is calledp cut-off frequency.fz is also the bandwidth for the short circuit
current gainhs,. Fig. (38) shows the variation ¢hs.| with frequency.|hs,|
decreases from its mid band vahjg g with a slope of 20dB/decade.

Expression for gain band width product f+:
fris the frequency at whicth .| =1 or|hg|qs =0dB.

Using this in Eq. (79),

hfemid _
| = =1

. (82) .

NE o
A

6b‘

2
Therefore (1 +j (;—T> ~ I QJ
{77 "

Therefore Eq. (82) be@ﬁes

2
Sincefr >> fp, (}’:—T> >>1
B

hfemid _
I
/g

Or fr=fg hremid =Byiq fp----- (83)

Sincehs,mid is the mid band short circuit current gain gpis the bandwidthfr

1

is called gain-bandwidth product.

Eq. (81) in Eqg. (83),

1 1
21 Bmid Te(CrtCy) 2n(Cr+Cy) Te

fT =.8mid X
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L ow frequency response of FET amplifier:

Consider a coomon source amplifier as shown inZ5g.

- - + - -

Fig 25 Capacitive elements that affect t@&-frequency response of a JFET

amplifiQ
Effect of Cg on Low frequency respgﬁ%\

The lower cut-off frequency of t etwork is shown in fig 26

|_

R o
ﬂu —_— System

Fig 26 Determining the effect of CG on the low-frequency response.
N
fCG - 27t(R5i9+Ri)CG
WhereRi= RG” Rin(gate)

— 1 Vas
Rin(gate)_ | @ |

I;ss = gate reverse current

RG>> R andRin(gate) >> RG

sig
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Thereforef;,. = pa
Gc“ag

Effect of Cc on Low frequency response:

Consider output part of equivalent circuit as shown in Fig 27

I

System —— g R,

Fig 27 Determining the effect of Cc on’t@w—frequency response.

@ *
U\
2n(Ro+R)Cq
Effect of Cson Low frequeo‘&?)nse:

Consider the RC net @ shown in Fig 28 formed hya@d let R, be the
resistance looking in %e source.

o— Td ”RD

Thereforef, . =

Sysem ——

)

Fig 28 Determining the effect of CS on the low-frequency response.

_ 1
Zﬂ(Req)CS

fis

R, = Rs
€4 14+Rs(1+gmra)| (ra+RplIRL)
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1
=Rg ||E
Thereforer; >>R,

High Frequency Response FET amplifier:

Fig. 29 shows CS JFET amplifier with inter electrode capacitances and wiring
capacitances. The capacitorg @nd Gy vary from 1pF, whereas the capacitance
Cgysis smaller ranging from 0.1pF to 1pF.

Q

v, My “ R, g =
-

7/’

Fig 29 Capacitive eleme@uat affect the high frequency response of a JFET
O amplifier

Fig. 30 shows high-frequency AC equivalent circuit. At high frequenciewillC
approach a short circuit equivalent angs Will drop in value and reduce the
overall gain. At frequencies where, @pproaches its short circuit equivalent, the
parallel output voltage Vo will drop in magnitude.

1 W1 w1

Fig 30 High-frequency ac equivalent circuit for Fig. 29.

o ¥,

=+
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Effect of C; on high frequency response:

Fig 31 The Thévenin equivalent circuits for the (a) input circuit and (b) output
circuit.

_ 1
21 (RTRi)C;

in
. Q
WhereRrp; = Rgiy || Rg \N

4
Ci=Cpi +Cys + (1 —Ay)Cyq @

)

Effect of C,0n high frequency resp &

Ju, = Zn(erho)co @6
N

WhereRrp, =74 ||Rp ”RLO

Co=Cyo + Cys + (1 — 1My)Cyq

Multistage Frequency Effects:

For a second transistor stage connected directly to the output of a first stage, there
will be a significant change in the overall frequency response. In the high
frequency region, the output capacitangg must include the wiring capacitance
(Cw1), parasitic capacitance (& and miller capacitance (f of the following

stage. There will be additional low frequency cut-off levels due to thetage,

which will further reduce the overall gain of the system in the region. For each
additional stage, the upper cutoff frequency will be determined by the stage having
the lowest cutoff frequency. The low frequency cutoff is determined by the stage
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having the highest low-frequency cutoff frequency. The multistage amplifier
frequency response is shown in Fig 32.

Q.\

1 Uog scale)

mwliin=iinm)) meNineiin= )

Fig 32 Effect of an increased number of stages on the cutoff frequencies and the

bandwidh.
L

*
Assuming identical stage, for low freque&gion

Since all stages are |dent|cAl,% Ayz,,, = €tc.

Thereforedy jow gyeran, _(‘b
Or Ay lOW(oveTall) — (AV low; 1
Ay mid (overall) AV mia (1 ]];1)

At 3dB frequency

Similarly f2' = v21/n — 1 {2

35



)

Learning

Module 4: Feedback and Oscillator Circuits

Mr. Nataraj Vijapur

Assoc. Professor

Dept of Electronics & Communication Engg

KLE Dr M S Sheshgiri Collegeof Engg & Tech, ¢ Q
Udyambag, Belagavi 590008

Mob: 9845734228 @

Email id: nvijapur @gmail.com \@

SYLLABUS

Feedback concepts, Feed @mnectlon types, Practical feedback circuits, Oscillator
operation, FET Phase shij illator, Wein bridge oscillator, Tuned Oscillator circuits,
Crystal oscillator, UJT 6 ction, UJT Oscillator.

Courtesy:

Robert L. Boylestad and Louis Nashelsky, “Electronics Devices and Circuit Theory”,
Pearson, 1DEdition, 2012, ISBN: 978-81-317-6459-6.

Adel S. Sedra and Kenneth C. SmitNicro Electronic Circuits Theory and
Applications,” Oxford University Press, 5™ Edition, ISBN:0198062257.

J.Millman & C.C.Halkias, “Integrated Electronics”, 2" edition, 2010, TMH. ISBN @7-
462245-5.

U A Bakshi & A P Godse,“Analog Electronics”,1% Edition-2009, Technical Publications,
Pune



2

Learning

Feedback Concepts:

Feedback plays an important role in every system. Majority of practical electronics
systems and circuits employ feedback. Feedback in electronic circuits can be of two types

1. Positive Feedback 2. Negative Feedback

1. Positive Feedback

Here feedback voltage adds to the incoming input OR feedback voltage has same phase
as that of incoming signal. Positive Feedback is used for generation of oscillations. All
oscillators employ positive Feedback. Figure 4.1 illustrates Positive feedback. Any
feedback system comprises of Amplifier and a feedback network. Amplifier amplifies the
incoming signal. Feedback network attenuates the output signal and generates feedback
signal. A- Gain of open-loop Amplifier ard Gain of Feedback network.

N N\
input A X

L+ S‘\&
ﬂ ——
Q0

Figure 4.1 Positive Feed back

» output

2. Negative Feedback

Here feedback voltage subtracts from the incoming input signal OR feedback voltage has
opposite phase as that of incoming signal. Negative Feedback is used for amplification of
input signal. Amplifiers employ negative Feedback. Figure 4.2 illustrates Negative
feedback. Any Negative feedback system comprises of open loop Amplifier and a
feedback network. Amplifier amplifies the incoming signal. Feedback network attenuates
the output signal and generates feedback signal. A- Gain of open-loop Amplifigf¥ and
Gain of Feedback network.



2

Learning

input ——{ A — output

fol—
Figure 4.2 Negative feedback
L 2

Concepts of Negative feedback
A typical feedback connection is shown in #4.3. The input signal Vs is subtracted

with a feedback signal Vf. The diﬁergc& ese signals Vi is the input voltage to the

anplifier. A portion of the amplifier o is connected to the feedback netrk (
which provides a reduced portion of utput as feedback signal at the input.

9

input >G> A —— output

JEE
A%

Figure 4.3 Feedback Amplifier

Overall Gain of the closed loop system shown in the above Figure 4.3 is given by,
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Af denotes the closed loop gain OR gain with feedback

Negative feedback results in reduced gain but results in lot of
improvements:

Advantages:

4. Higher input impedance

2. More stable gain

3. Improved frequency response

4. Lower output impedance . Q

5. Reduced noise @ .

&

Feedback Connection Typ

Depending on Wheth ge OR current is subjected to feedback and feedbacks
mixing at the input, feedb@ cuits are classified into four types:

6. More linear operation

e Voltage-series feedback
e Voltage-shunt feedback

e Current-series feedback
e Current- Shunt feedback
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1) Voltage-seriesfeedback

v, *
A= A v,e R
=
N
Vi=BVo| B=v"

Figure 4.4 Voltage series feedback

Here part of output voltage is fed as input to thafe@ack network; Output of feedback
network mixes in series with the input signal tage. Series feedback connection
increases the input impedance. Voltage feedb at output reduces the output impedance.

Voltage amplifiers employ this feedback co n.
Gain with feedback is given by, g\\
Vo v
Af = P 2)
S

Analysis of Voltage Series F@ To Find Closed Loop Gain
In the above Figure 4.4, O

Q Vi=Vs— Vi........ (3)
Since,

\b= AVi = A(Vs- Vi) = AVs— AVi
Vo = AVs-A(BVo)

then
( BA)Vo = AVs

Therefore, the Overall voltage gain with feedback is

Af=To=_2
VS 1+AB
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I nput impedance of Voltage seriesfeedback

Detailed block diagram of voltage series feedback connection is shown in Figure
4.5

Ry Amplifier

Ry
| — I
L ¥ Rq t o
R Ny v v, gk;,

+

-~
=

LS

-V 4+

Feedback network

+ +
v,=pv.| B 7 e Q
1=PV%l P=v \
Figure 4.5 Voltage serie @ack with more details
Input impedance can be derived as, ‘

li =Vi/ Zi=Vs -Vf{/Zi 6

= Vs-BVo/zZi @
=Vs— BAVi
lizi=Vs - &
Vs =liZi %w =1izi + BAIliZi

Zif =Vs/li
=Zi +BA)Zieorrrrrnn, (5)

Output impedance of Voltage series feedback

The output impedance is determined by applying a voltage V, at the o/p resulting in a
current | , with \{ shorted out (V= 0). Figure 4.6 shows the section of output of
amplifier.
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N, v, v
1 =

Figure 4.6 Network at the output of amplifier with test input V.

The voltage V is then given by

V={Jz& AV
ForVs -0, Vi = -V
Which implies, V= Ig- AVi = IZ,— A(BV)
Rewriting the equation as . Q
V+ BAV = 1Z,

Zof=V//I=ZOI(AS)............... @ Ql.t....(e)

2) Voltage-shunt feedback Config s\m

Here output voltage is fe@ack to feedback network and feedback signal is
connected in parallel with the current source. Shunt feedback connection decreases
the input impedance. Vol edback at output also reduces the output impedance.
Transresistance amplifierémloy ttype feedback connection.

Af=Volls.............. (7)
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i
B=v

Figure 4.7 Voltage shunt feedb&@nfiguraﬁon
Gain with Voltage-shunt feedback Configuratio .
Overall Gain OR Gain with feedback can b&ssed as,
Af =Volls K\
=Ali/(li +If) 6b‘

=Ali/(1i +BVo)

=Ali/(li +BAl) @

Af=— PR QQS)

Input impedance with Voltage-shunt feedback Configuration

To determine input impedance, the Figure 4.7 can be redrawn as,
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*’r=i3".,4

-
'E]r"

L

Figure 4.8 Voltage shunt feedback configuration with details

From, the Figure 4.8,

Zif =Vil Is ’\Q
=Vi/(li +If) @ .

=Vi/(li +pVo)

SN D D) S‘\\

VAT 7ATHE Y Y 9)

=

3) Current-seri%feedba& figuration

Here current from @out is feedback to input. The fed back signal is mixed in
series with the input e@nt. Series feedback connection increases the input impedance.
Current feedback at owtput also increases the output impedance. Transconductance
amplifiers employ this type feedback connection.

Overall Gain or Gain with feedback can be expressed as,
Af=1o /Vs................ (40)
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| =
I ‘-‘T'
1
<l
>
['l-

-+
Ve =pB1) B=Vf

Figure 4.9 Current series f&@ack
Output impedance of current series feedback con’f@{ tion

To determine output impe & the current series feedback
configuration can be drawn as shown in Fi% 710

L Zlof
+ 6 | +
v @ v |Szi To (AD zZo (J v,
- L

R,

O | y

=+

v,=p1] B~Y
Io

Figure 4.10 current series feedback configuration in detall

Output impedance is determined by applying a test signal V to the output ygitioived
out (Vs=0), resulting in a current I, the ratio of V to | being the output impedance. The
circuitry at the output is redrawn as shown in the Figure 4.11

10
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I
Io G Zo

/
-
+
%

Figure 4.11 Output section of current series feedback configuration

With Vs=0,
Vi =V

| =(V/Z0)-AVi ’\Q
=(V/Zo) -AVf @ .

=(V/Z0)-ApI @
N

Zo(4 +A)l =V $\
Z0f=V/II=ZO(1+AP). ... (b&

4) Current-shunt feedbak%figuration

Here cur r@ fed to feedback network. Fed back signal is mixed in
parallel with the inpu@rent source. Shunt feedback connection decreases the input

impedance. Current feedback at output increases the output impedance.This topology is
applied in current amplifiers.

_"-\.
W
T
Lol (=]

Figure 4.12 Current shunt feedback configurations

11
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Here Overall Gain OR Gain with feedback can be expressed as,
fA= 1o /Is

Frequency Distortion with Feedback (Reduction in Frequency Distortion)
« If loop gain A3 >> 1, then closed loop gain becoma&s= 1/p

Thus if the feedback network is purely resistive then closed loop gain becomes
independent of reactive components although amplifier has a reactive response.

Noise and Nonlinear Distortion (Reduction in Noise and Nonlinear Distortion)

Wik Without
feedbackm

— -

T ¥
~

O

h *

\

\

g =

a:

°’=
=3
<
=

bumedd o d U T R W
008 =006 <004 % 002 004 006 008
L pe(V)

l""‘ J y
& g
&~/ |

b
S— -

Fig .13 Reductions in Non-Linear Distortion

Application of negative feedback makes the system more linear. In Figure 4.13, Curve (a)
shows transfer characteristic without negative feedback. Curve (b) shows the curve with
negative feedback of p=0.01. We can see that The amplifier transfer characteristic can

be considerably linearized (through the application of negative feedback). Thus large
changes in open-loop gain (1000 to 100 in this case) give rise to much smaller
corresponding changes in the closed-loop gain We can say that Feedback reduces noise
and non-linear distortion

12
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Effect of Negative Feedback on Gain and Bandwidth

Gain

i) / \
0.7074, \
Ay, /

0.7074,

fie fi fr fiy  Frequency
+ B |

B

Figure 4.14 Effect of negative fee’d\Qon Bandwidth

Negative feedback results in improved Bandwi I the lower cutoff frequency
without feedback then we can see that it is ed. New lower cutoff frequency is

given by \

fir= f/(1+AB)....(12) »s‘\

. If f2 is the upper cutoff frequencyfithout feedback then we can see that it is postponed.
New upper cutoff frequency is gfi y

f=(1+AB)f»_ (13) X0
Thus overall Bandwidthsj Q)roved by Negative feedbag¢kisBnore than B.

Gain Stability with Feedback
Gain becomes more stable with feedback. From equation (4), we can deduce that,

dAf 1 da
AF |~ |1+3A||7
% = |,8iA| |d7’4| for BA >> - (14)

This shows that the Magnitude of the relative change in|§§v|1 is reduced more by the

factor|SA| compared to that of without feedbﬂﬁﬂ). This can be illustrated by the
problem.

13
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Thus effect of negative feedback can be summarized as,

Parameter

Gain with
feedback

Stabilty

Frequency
Response

Frequency
Distortion

Noise and non
linear distortion

Table 1. Effect of Negative feedback

Voltage series Current Series  Voltage Shunt

Decr eases Decr eases Decr eases

Improves Improves ’\Qmproves

L J
Improves Impro @ Improves
Decr eases ;: %reases Decreases

<
Decr ea®\
N\

Decr eases Decr eases

Current shunt

Decreases

Improves

Improves

Decreases

Decr eases

14
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Practical feedback circuits
Voltage-Series Feedback:

Let us study the voltage series feedback by the following circuits shown in Figures
4.15,4.16 and 4.17:

e Series Feedback

Figure 4.15 Practic@

Figure 4.15 shows ET amplifier stage with voltage-series feedback. A
part of the output signal (Yis obtair€d using a feedback network of resistararid R.
The feedback voltages 6 cor?ﬁg d in series with the source sigral V

Without feedback the @Iifier gain is

where R|_is the parallel combination of resistors:

R= RD Ro (Rq + Rp) ----revevveee- (16)

The feedback network provides a feedback factor of

Using the values of Aan@above in Eq. For series feedback gain , we find the gain with
negative feedback to be

15
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Leahhfng

1 _ngL
Ty RIR, e (18)
1+ [Rl T RZ)Im

Af =

If BA >> 1, we have,

Problem.

1. Calculate the gain without and with feedback for the FET amplifier circuit with
the following circuit values: R1 =80 kQ, R2 =20 k2, Ro =10 kQ, RD=10 k€, and
gm=4000 pS .

Solution: . Q
o _ _RRo__ 10 kO 10 kQ) PN
L™ R + R, f + 10kQ
Neglecting the 100-k{) resistance of, ﬂ{ > in series gives
A=—-g.R, =§@0{) X 107 uS)(5kQ) = —20

The feedback factor is 6
xGRy, —20kQ) — 02
G‘A‘l +R, 80kQ + 20kQ '

oA —20 20
F7 1+ BA 14 (02200 5

16
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Voltage series Feedback using OPAMP

Here op-amp is connected in a Non-inverting amplifier mode. Input signal is applied
to Non-inverting terminal. Output voltage is feedback via potential divider network to
inverting terminal. Op-amp amplifies difference between its Non-Inverting and Inverting
terminals.

Op-amp

1~ +

Here,

*
Figure 4.16 Voltage serie%ﬂack using OPAMP

Gain of feedback network is given R ¢11))

1+R2

Voltage Series Feedback Emm&)llower:

Q e

-

Figure 4.17 Voltage Series Feedback Emitter Follower

17
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The emitter-follower circuit of Fig. 4.17 provides voltage-series feedback. The signal
voltage \is the input voltage VResistor R acts as feedback resistor and also as a
output resistance. The output voltagesubtractsn series with the input voltage. The
amplifier, as shown in Fig. 4.18, provides the operation with feedback.

The operation of the circuit without feedback provides V9, so that

Vs
Vo hfe IpRE _ hfe RE(h_ie) _ hfe Rg

== == — p e (22)
and
Vf
=—=1...... 22
Vo (22)

The operation with feedback then provides that,
_Vo_ A _ hfeRg/hie  _ hfeRg
Af = Vs 1+BA  1+(D)(hfe Rg/hie)  hiethfeRg @\Q

for hee Rp >> hy, @Q *
L

A

R

Current-series feedback: 6
Let us study the current ser)'Q dback by the following circuit shown in Figure 4.18.

QO

+Ver

1.5+

B
L

Figure 4.18 Practical Current series feedback

Transistor amplifieis an example of Current series feedback. Resistor R
acts as a feedback resistor as it is common to input and output sections of amplifier. Here
Effective voltage at input increases/decreases depending on feedback voltage. This
effective voltage at input further alters the input current in proportion which brings
changes in output voltage in proportion.

18
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Figure 9 AC equivalent of amplifier without feedback

Io hfe Ib
= —= e e (23
Vi hieRe ( )
14 —IoR
ﬁ:%:%:—Re .......... (24)

Zi = Rg||(hie + Re) = h}y

Z0=Rc
The input and output impedances are calc as specified in summary table :

Jif = 2014 BA) = . 1+h,:Re)=$%\+ ceRen....... (25)

Zof = Zo(l Rc 1+ > (26)
le
The voltage gain A with fe@?&c IS
A = IO)R _AfRe = —reRE 07
”f_v vs Vs C_fczhle+hfeR -+ (27)

Voltage-shunt Feedback:

Let us study the Voltage-shunt feedback by the circuit shown in Figures 4.20 and 4.21.
In Figure 4.20Voltage-Shunt Feedback is demonstrated using op-amp. Here op-amp is
connected in a Inverting amplifier mode. Input signal is applied to Inverting terminal.
Output voltage is feedback via potential divider network to the Non-inverting terminal.
Op-amp amplifies difference between its Non-Inverting and Inverting terminals. Output
voltage is fed back in parallel with the input.

19
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P |
Figure 4.20 Voltage Shunt Feedback using OPAMP

The constant-gain op-amp circuit of Figure 4.21 provides voltage-shunt
feedback. Referring to Figure 4.21 and the op-amp ideal characteridtiesO, \f = 0,
and voltage gain of infinity, we have

The gain with feedback is then s\&
Af = Vo Vo‘>‘ A 1 - _p
f=1 1+pA_ g~ °

s
This is a transfer resistance&i&a more usual gain is the voltage gain with feedback,

Ot

Voltage-Shunt Feedback using FET

+* ‘v’rc

Ry

Tir Ll

Figure 4.21 Voltage Shunt Feedback using FET

20
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The circuit of Fig. 4.21 is a voltage-shunt feedback amplifier using an FET. Resistor R
acts as a feedback resistor and is present between Drain and Gate of FET. Output voltage
is fed back in parallel with the input.

with no feedback, #= 0.

Vo
A= I_l = —gmRpR;
The feedback is
_ Lk _1
Vo Rf
With feedback, the gain of the circuit is
Vo A —9gmRpR —9gmRpRsR
Af = — = = ImToTs = “ImTpTTE (28)

I 1+ BA 1 RpR
SR 1 () CamRoRy), Q\* ImRofts
F \

L 2
The voltage gain of the circuit with feedbac&@@n

Vols —g Rp (1
o= = - (R ) e (29)
—g. RyR
Im D % COgm Ro) B 30)

Rf + gmR K’ ImRpRs
Current shunt feedbacQO

Let us study the Current-shunt feedback by the circuit shown in Figures 4.22. In the
circuit of Figure 4.22 two transistor amplifiers are cascaded to have more current gain.
Feedback from' transistors Emitter to*itransistors Base.

At input side Elsl.............. (31)

21
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Figure 4.22 Current Shunt Feedback using transistors

Stability problem in feedback amplifiers ¢ Q
Usually both Amplifier and feedback network eactive in nature, Then, Closed loop

transfer function is given by @
A(s \
Af (s) = () Where&%w,

1+ AG)B(s) 6

In Negative feedbal eedback network produces signal which is 180°
out of phase with input.

At a Cer Qquency, the total lophase shift becomes 180°, Therefore
net phase shift will be 3 herefore Loop Gain becomes,

L(jo)=A(jo)S(jw)=-1

The feedback is thus positive and the amplifier, itself, becomes unstable

and begins to break into oscillations due to positive feedback. If the amplifier oscillates at
some low or high frequency, it is no longer useful as an amplifier. Proper feedback-
amplifier design requires that the circuit will be stable at all frequencies, not merely those
in the range of interest. Otherwise, a transient disturbance could cause a seemingly stable

amplifier to suddenly start oscillating. The conditions of instability can be studied using
Bode plots shown in Figure 4.22.

22
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Stability study using Bode Plots
|AB] dBA

CGain margin

0 : Lizo ¢ o

w (log scalz)

I
|
|
x 0 = e
~ | w (log scale)
s o |
= —90° — |
—go |
A B () 2
53
. . -
5 =270 — Phase margin
—360°

*
Figure 4.22 Stability studwag Bode plots
*

<

Here loop gain AP is plotted agra tion of frequency for one example of
closed loop transfer function. Jf &n of unity and phase shift of 180° occurs

at same time then there is th
margin represents the a
stability is maintained.

phase shift can be chan while stability is maintained.

QO

23

f instability at corresponding frequency. Gain
by which the loop gain can be increased while
se/margin represents the amount by which the loop
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Oscillators

Oscillators are the electronics circuits which generate voltages of desired frequency
amplitude and shape. Oscillators can be classified based

« Based on output waveform

Example: Sinusoidal, Square wave or saw-tooth etc
« Based on circuit components

Example: RC Oscillator, LC Oscillator and Crystal Oscillator etc
+ Based on range of frequency

Example: Audio frequency Oscillator, Radio Frequency Oscillator
etc

» Based on presence of feedback
Oscillators with feedback circuit and without feedback.
Barkhausen criterion . Q
Any oscillator comprises of two stages: \

*
e The Amplilfier stage @@

e A feedback network xo
For any oscillator to generate and suw scillations Barkhausen criteria needs to be
satisfied. Barkhausen criterion st% at to sustain oscillations,

e The total phase shift rc@ e loop should be 360° or 0°.

e The product of op gain of the amplifier and the feedback network should
be unity.

Oscillations start with %se voltage and are sustained at a frequency at which
Barkhausen criteria is satisfied.

180° Phase Shift . v,
e
Vi=0;
No input signal e

.
=]

Feedback /
acts on input

180° Phase Shift

Figure 4.23 Barkhausen Criteria
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As shown in the figure 4.23, The output of inverting amplifier is given by

LOOP GAIN A

Depending on the value of loop gain AP, the circuit generates oscillations
as shown below.

If | AB | >1 circuit generates oscillations of growing type as shown in Figure 4.27

by,
=
By

Figure @621 |

O

If | AB | =1 the circuit @ates oscillations of fixed amplitude as shown in Figure 4.28

AL .

Figure 4.28 | 8| =1

25
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If | AB | <1 the circuit generates oscillations of decaying nature as shown in Figure 4.29

Figure 4.29 |8 |>1

Types of Oscillator Circuits
e FET Phase shift oscillator

e Wein bridge oscillator Q
*
e Tuned Oscillator circuit

e Crystal oscillator @ ¢

e UJT Oscillator. s\&
Phase-Shift Oscillator b‘
Phase shift osci I@consists of an amplifier and Phase shift network
constituted by RC elemené own in Figure 4.30.

QO

»
I It It
it 113 It
c c C
R R R

+

Feedback network

Figure 4.30 Phase shift oscillator feedback network
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In phase shift oscillator,
» The amplifier and a feedback network consisting of RC Sections are present
* The RC networks provide the necessary phase shift for a positive feedback.
* The values of the RC components determine the frequency of oscillation:
Frequency of generated oscillations is given by,

F——1

<

>

> R R
>

Nem
AA
W
L
O

A A A st

- -
Fi 4.31 FET phase shift oscillator

A practical version of ase-shift oscillator circuit is shown in Figure 4.31. The circuit
is drawn to show clearly the amplifier and feedback network. Here FET amplifier
introduces 180° phase shift. The 3 RC sections further introduce 180° phase shift. Total

phase shift around the loop is 360° ensuring Positive feedback. The amplifier stage is self
biased with a capacitor bypassed source resigtan®Ra drain bias resistop RThe FET
device parameters of interest argand g . From FET amplifier theory, the amplifier
gain magnitude is calculated from

|A| = ngL """" (35 )

resistance of Rand g ,

Let us assume that the input impedance of the FET to be infinity. This assumption is
valid as long as the oscillator operating frequency is low enough so that FET capacitive

27
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impedances can be neglected. The output impedance of the amplifier stage given by R
should also be small compared to the impedance seen looking into the feedback network
so that no attenuation due to loading occurs.

f__ 1
27+/6RC (37)

Wien-Bridge Oscillator

Chutput
sinusoidal
signal

_vl:t'

1
* S48
\ TR Oy RO,

L 2
Figure 4.32 Wein\%&oscillator

Wien-Bridge Oscillator circuit use%absp-amp and RC bridge circuit, with the oscillator

frequency set by the R and C co ents of bridge. Note that in basic bridge connection.
Resistors Rand R and cap i% nd G form the frequency-adjustment elements,
and resistors Rand R, for t, Of the feedback path. The op-amp output is connected
as the bridge input at p a and c. The bridge circuit output at points b and d is the

input to the op-amp. Q
Neglecting loading effects of the op-amp input and output impedances, the analysis of
the bridge circuit results in

By Ry Gy ()
Ry Ry, G
and,
1
Jo = SAVRCRG [ (39)

If, in particular, the values arggR R = Rand G = G, = C, the resulting oscillator
frequency is

28
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and also,
R3/R4=2  -----eeemee- (41)
Thus a ratio of R3 to R4 greater than 2 will provide sufficient loop gain for the circuit to

Oscillate at the frequency calculated using eqn.)( 40

RC Phase shift Oscillator
1. Circuit is simple to design.
2. Can produce output over audio frequency range.
3. Produces sinusoidal waveform.
4. 1t is a fixed frequency oscillator. Cannot achieve a variable frequency.

*

N\

Tuned Oscillator Circuits *

* Tuned oscillators use a parallel LC r ant circuit (LC tank) to provide the
oscillations. Frequency range fr% to several GHz.

» Frequency of generated oscill is given by,

5. Frequency stability is poor due to temperat@aging etc...

%: m ....... (41)

Figure 4.33 Basic form of LC oscillations

Basic form of LC oscillator circuit consists of an Amplifier and a feedback network
consisting of LC resonant circuit. In the feedback network, either L or C is broken down
into two impedances Z1 and Z3. Depending on the arrangement we have two types of
tuned oscillator circuits.

Colpitts Oscillator— The feedback network consists of two inductive and one
capacitive impedances.
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Hartley Oscillator— The feedback network consists of two inductive and one
capacitive impedances

Colpitts Oscillator Circuit

VDD

Rg

c, - Ca

21 .\Q

Figure 4.34 Colpittwal ator

A practical version of an FET Colpitts ’&ﬂator Is shown in Figure 4.34. The circuit is
basically the same form as shown i nant oscillator circuit with the addition of the
components needed for dc bias ofth T amplifiere FET amplifier introduces 180°

phase shift. The LC feedback ne urther introduces 180° phase shift. Thus, Total

phase shift around the loop is 3%' uring Positive feedback.

The oscillator frequency @ found to be

f =—— ... 42

° 2z /LC,, “2)
Wher@eqzi
C,+C,

Hartley Oscillator:

A practical version of an Hartley oscillator is shown in Figure 4.35. The circuit is
basically the same form as shown in resonant oscillator circuit with the addition of the
components needed for dc bias of the BJT amplifier. Here BJT amplifier introtR@ces
phase shift. The LC feedback network further introduces 180° phase shift. Thus, Total

phase shift around the loop is 360° ensuring Positive feedback.
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Tank circuit

||

Figure 4.35 Transistorized Hartley Oscillator

The oscillator frequency can be found to be

1 -(43) ’\Q

f°=27r\/L C Q"
eq

where,

Leg=L +L,+2M --mmmmmmeev (44) ‘\&
To sustain oscillations the desire e of hfe is given by,
b L1+ M

fe= 1o m

Figure 4.36 FET Hartley Oscillator Circuit

An FET Hartley oscillator circuit is shown in Fig.4.36. The circuit is drawn so that the

feedback network conforms to the form shown in the basic resonant circuit. Note,
however, that inductors L4 and L2 have a mutual coupling M, which must be taken into
account in determining the equivalent inductance for the resonant tank circuit. Here FET
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amplifier introduces 180° phase shift. The LC feedback network further introduces 180°
phase shift. Thus, Total phase shift around the loop is 360° ensuring Positive feedback.
The frequency of oscillations is then given by equation (43) and (44).

Frequency stability of L C oscillator

1. Due to change in temperature values of L and C in tank circuit changes. This
affects frequency of oscillator.

Due to change in temperature transistor parameters are also affected.
Variation in power supply affect the frequency of oscillator.
Aging of circuitry also affects the frequency of oscillation.

a DN

Change in Q affects the internal resistance of tank circuit. This affects frequency
of oscillations.

6. The internal capacitance of transistor also aff@the frequency of oscillations.
*

N\

Crystal Oscillators .

The Quartz, Tourmaline and Rochelle sal @Jlt piezo-electric effect. This means under
the influeence of mechanical stress, oltage gets generated across opposite faces of

crystal. Conversely, if electric poten applied across the crystal, it vibrates causing

mechanical distortion in the crystal sh€et. This mechanical vibration generates electrical
signalat constant frequency. Cr, as greater stability in holding its frequency. Out of

Quartz, Tourmaline and Ro alt, Rochelle salt exhibits high piezo-electric activity

and Rochelle salt are mechanically weakest. They break easily. Tourmaline is the
strongest of three but i @ expensive. Quartz crystal is the compromise between the
two, it is naturally av@le in abundant quantity and exhibits reasonably good piezo-

electric activity. Quartz Crystals are used in all ratio frequency oscillators and filters.
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AC Equivalent Circuit:

I - Holding plate
I:'-I"_rﬂill slab
T
O\Q

Fig. 4.37 AC equivalent circu@(trystal Oscillator

-

For the practical views, Crystal is cut @ctangular slab and is held between two
mechanical plates.When the crystal t vibrating it is equivalent to parallel plate
capacitor, i.e., a dielectric medium ( | slab) present between two metallic plates of

the capacitor. This is representedﬁ apacitgne C
When the cryst rating there are internal frictional loss which is

denoted by resistance “R”. Th of crystal corresponds to its inertia represented by
“L”. The stiffness of cryst. enoted by “C”. This forms a series RLC circuit and

corresponding series Q\ nt frequency is

1
$ B s
r 2 r—-—L c | (46)

Actually frequency of generated oscillations is inversely proportional to
thickness. There exists a parallel resonant circuit also. This is formed due to the presence
of inductor L and capacitance Ceq. At parallel resonant frequency, impedance is
maximum. It is given by,

1

fP:an ........

where,
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c - S
]q - C,%C

Actually fr and fp are very close to each other. The graph of impedance vs Frequency is
as shown in Figure 4.38.

1zl

1
o £ £z v
(Series resonance) {Antiresonance) \

Figure. 4.38 Imped@bf a crystal oscillator

Crystals can be used in both series anﬁ{&ai:el resonant mode to generate oscillations.

Series Resonant Crystal Oscillator%' JT

Here Crystal is connected i f@oack path of the amplifier. The voltage feedback from
collector to base is a n@ when the crystal impedance is minimum (in series-
resonant mode). The r g circuit frequency of oscillation is set by the series-resonant
frequency of the cryst he resistance R and RE provide DC bias while Capacitor

Ce is emitter bypass capacitor. RFC coil provides for dc bias while decoupling any ac
signal on the power lines from affecting the output signal. The resonant frequency is
given equation (46 The crystal oscillator provides good frequency stability i.e., the
oscillating frequency is not affected by supply variations, temperature and transistor
parameters.
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Figure 4.39 Series Resonant Crystal Oscillator using BJT

Series Resonant Crystal Oscillator using FET ’\Q

Here Crystal is connected in feedback path (@"amplifier. The voltage feedback

from Drain to Gate is a maximum when t rystal impedance is minimum (in series-

resonant mode). The resulting circuit f e of oscillation is set by the series-resonant
frequency of the crystal. RFC coll pr or dc bias while decoupling any ac signal on

the power lines from affectlng th (%ut signal. Changes in supply voltage, transistor

device parameters, and so o no effect on the circuit operating frequency. The
resulting circuit frequency @Iatlons Is set by the series-resonant frequency of the
crystal. The resonant freq S given equatioi (46

Q

'F.lm

g

{ * Chsrprr
£

10}

]
i
XTAL C

il

Fig 4.40 Series Resonant Crystal Oscillator using FET
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Parallel Resonant Crystal Oscillators

Crystal is connected as a inductor in the modified Colpitts oscillator circuit. At the
parallel-resonant operating frequency, a crystal appears as an inductive reactance of large
value. The resulting circuit frequency of oscillation is set by the parallel-resonant
frequency of the crystal. The resistance IR and RE provide DC bias while Capacitor

Ce is emitter bypass capacitor. RFC coil provides for dc bias while decoupling any ac
signal on the power lines from affecting the output signal. The resonant frequency is
given equation (47

Vee

Output

- C,’

TAL

Figure. 4. 44 P s%l Resonant Crystal Oscillator

\Qz

Miller’s Crystal Oscil Iatoro

The Hartley oscillator be modified using crystal at one of the inductors of the tank
circuit. The crystal behaves as inductor “L” connected to base and ground. The internal
capacitance of transistor acts as capacitarar@ G of the tank circuit. The crystal
decides operating frequency of oscillator. A tuned LC circuit in the drain section is
adjustedto the crystal parallel-resonant frequency. The resonant frequency is given
equation (4Y.
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Output

Fig. 4.45 Millers Crystal Oscillator

Unijunction Transistor

The Unijunction Transistor (UJT) has three termi% an emitter (E) and two bases
(B1and B). The base is formed by lightly dop ype bar of silicon. Two ohmic
contacts Band B are attached at its ends. T, itter is of p-type and it is heavily
doped; this single PN junction gives the dev name. The resistance between B1 and
B2 when the emitter is open-circuit is call r-base resistance. The emitter junction is
usually located closer to base-2( {gan base-1(B1) so that the device is not
symmetrical, because symmetric it does not provide optimum electrical
characteristics for most of the apphcations (Refer Figure 4.46).

The schematic diagram ol for a unijunction transistor represents the emitter
lead with an arrow, showin irection of conventional current flow when the emitter-
base junction is conducti current. A complementary UJT would use a p-type base and

an n-type emitter, an@ tes the same as the n-type base device but with all voltage
polarities reversed.

The structure of a UJT is similar to that of an N-channel JFET, but p-type (gate)
material surrounds the N-type (channel) material in a JFET, and the gate surface is larger
than the emitter junction of UJT. A UJT is operated with emitter junction forward- biased
while the JFET is normally operated with the gate junction reverse-biased. It is a current
controlled negative resistance device.

37


https://en.wikipedia.org/wiki/Doped
https://en.wikipedia.org/wiki/N-type_semiconductor
https://en.wikipedia.org/wiki/P-type_semiconductor
https://en.wikipedia.org/wiki/Schematic_diagram
https://en.wikipedia.org/wiki/JFET
https://en.wikipedia.org/wiki/Negative_resistance

2

Learning

PN B2
,Bz Junction

B
E (Baser) . Channel
: o—|P

(Emitter) Emitter E
N
B-
®(Base:)
B-
UJT : Simplified
Symbol Construction Equivalent Circuit

Figure 4.46JJT Transistor
The device has a unique characteristic that when it is triggered, its emitter current

increases regenerativaly until it is restricted by r power supply. It exhibits a
negative resistance characteristic and so it can t%\ ployed as an oscillator.UJT has a
instrinsic stand-off ratio denoted by, @ .

RBl

Wheren is termed as intrinsic sta% io with values between 0.4 to 0.6
|

The UJT is biased with tive voltage between the two bases. This causes a
potential drop along the | of the device. When the emitter voltage is driven
approximately one diode °%ge above the voltage at the point where the P diffusion
(emitter) is, current wil to flow from the emitter into the base region. Because the
base region is very lightly doped, the additional current (actually charges in the base
region) causes conductivity modulation which reduces the resistance of the portion of the
base between the emitter junction and the B2 terminal. This reduction in resistance means
that the emitter junction is more forward biased, and so even more current is injected.
Overall, the effect is a negative resistance at the emitter terminal. This is what makes the
UJT useful, especially in simple oscillator circuits.
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Figure 4.47 UJT Characteristics

Unijunction as a Relaxation Oscillator

*
The unijunction transistor can lbsa relaxation oscill&&& shown by the basic circuit in

Figure 4.48. Resistor{Rand capacitor €are the fiMing components that set the circuit
oscillating rate. The oscillating frequency m% calculated using Equation (44) shown
below. Which includes the unijunction §&s r intrinsic stand-off ras a factor (in

addition to R and G ) in the oscillato ting frequency.

. 1 Coynn(d9)
°_T_W

Figure 4.48 UJT as a Relaxation Oscillator

Capacitor C1 is charged through resistor R3 toward supply voltage Vs . As long as the
capacitor voltage ¥ is below a stand-off voltage §V) the unijunction emitter lead
appears as an open circuit. When the emitter voltage across capacitor C1 exceeds this
value %, the unijunction transistor conducts discharging into the capacitor. The signal at
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the emitter is a sawtooth voltage waveform which represents capacitor charging and
discharging action. Base 2 is a signal representing sudden discharge of capacitor voltage.

Capacitor
Waveform
-
tis)
Vaa L Sawtoothed Waveform
I
|
I Yoltage
I across Fy
I
|
0
UJT Oscillz
Figure 4.50 Waveforms of UJT as a |on OscHIator

6
x &

QO
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5.1 Introduction

When the power requirement to drive the load is in terms of several Watts rather than
mili-watts the power amplifiers are used. Power amplifiers form the last stage of
multistage amplifiers. If we consider the example of Public address systems where,
microphone output or a CD player output is to be driven across loudspeakers then these
signals undergo series of small signal amplifiers. The output of small signal amplifiers
intern acts as input to Power amplifiers. The output of Power amplifier drives the
loudspeaker.

Electrical
] Signal
Audio
signal Microphone mV Small signal | V Power _—
— (Transducer) > Amplifier »  Amplifier o
stages stage

\

Figure 5.1 Public dré}s Systems

The power amplifier makes use of transistors for signal amplification.
Power amplifiers are classified depend the operating point (Q point) of operation
and nature of output waveforms the ‘\ ce. Basically, amplifier classes represent the
amount the output signal variation % ne cycle of operation for a full cycle of input
signal. Power amplifiers are clas as CLASS A, CLASS B, CLASS AB, CLASS C
and CLASS D Power ampllfler

Q POWER |
" [ AmPUFIER |

MPLIFIE g
R "“

&
CLASS D

— e

CLASS AB CLASS C

CLASS A HAEEB

Figure 5.2 Classification of power amplifiers

5.2 Classification of Power Amplifiers:

5.2.1 CLASS A Power Amplifier

Here the Q pt & input signal are selected such that the output signal is entire 360
amplified version of the input. This power amplifier is widely used for amplification of
audio signals. Here Q pt is selected such that both Po&itNegative half cycle of the

4
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ac input are amplified. The efficiency of class A Power amplifies is between 25% to
50%.

Operating Curve

Operating
Foint

[ Class & Amplifier Classification }
Input
C:-——-[ Signal |
[ ¢ Q
L——-—J \
<
Figure 5.3 CLA SQ er Amplifier
5.2.2 CLASS B Power Amplifier

Here Q pt & input signal arg cted that output signal is obtained for only one

half of input signal. Usually clas operation is very much necessary for large signal
amplification. Here Q pt is_s e x-axis. To have full cycle output, two class B
operations—one to provi t on the positive output half-cycle and another to
provide operation on the@aﬂve output half-cycle are necessary. The combined half-
cycles then provide ut for a full 360° of operation. This type of connection is
referred to as push-p peratlon which is discussed later in this section. Efficiency of
class B power ampllflers is more than 75%.

Operating Curve

Area o oupn [\

Signal

Input
Signal

Figure 5.4 Class B Operation
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5.2.3 CLASS AB Power Amplifier

Here Q pt & input signal are selected such that output signal is obtained for more than
180 but less than 360The ‘Q’ pt of class AB amplifiers is above the x-axis but below

the midpoint of operation. Efficiency of class AB power amplifiers is more than class A
& less than class B.

Operating Curve

Unused W~~~ pm ~~——
Area Output
Signal

Figure

5&&@133 AB Operation

5.2.4 CLASS C Power amplifiers t

Here ‘Q’ pt & input signal are ted such that output signal is present for less than
1800 of input cycle. Clas ower amplifies are not suitable for audio frequency
amplification. These are @ful in tuned circuits of all communication transmitters &

receivers. Q

Operating Curve

Unused

Area Output Signal

less than 1807

A

Input
Signal

Figure 5.6 Class C operation
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5.2.5 CLASSD power amplifiers

The class D amplifiers make use of digital signals to provide power amplification.
The major advantage of class D operation is that the amplifier is on (using power) only
for short intervals and the overall efficiency can pradiyidoe very high, as described in
the next sections.

5.3CLASS A Power amplifiers

Class A power amplifiers can be classified as Directly coupled CLASS A power
amplifiers & transformer coupled CLASS A power amplifiers

5.3.1 Directly coupled class A power amplifiers

The Figure 5.7 shows directly coupled class A amplifier. Where load resistance
Rc to be driven is present at collector of the tragsistonamplifier. The Common Emitter
Amplifier Circuitry is modified to act as class A povN mplifier.
*

SR ::“%‘6@
TR

- =
Figure 5.7 Directly coupled Class A Power Amplifiers Figure 5.8 Output Characteristics

The design equations are shown as below:

VcelgRe-Vee=0

S "
lcq =Blp - pa] 72

VeelcRe-Vee=0

VCEQ: Vee — [ Rp-m-=mm=rmmmmmmmmmmmmemcem e (3)
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Derivation of Efficiency of Class A Power Amplifier

Output Power:

The ac power delivered to the load can be expressed in a number of ways. The ac power
delivered to the load,Rmay be expressed usings signals as

Pac =M= IPRL  —--mmmmmmmmmmmmeeeeeeee (4)
Where \l & I are the rms values of the output voltage
! I A
IEI — i — max min (5)
J2 242 . Q
N . AN

=5 @ ®

2
Pae = Vele = V""I'" = Im R‘r‘ = ‘Vv& ----------------- (?)
2 2 é /
I nput Power : @

The power to an amplifi@ provided by the DC supply. With no input signal, the dc
current drawn is the Qg r bias currenfy. ITherefore power then drawn from the
supply is

DC power Pgy. = Voo loo (8)

Efficiency can be expressed as,
n=Output Power/Input Power

= Pac/Pdc
n= & _ (Vmax_vmin)(I max_ l min) """"""""""""""""" (9)
I:)dc &/CC l CQ

To derive maximum efficiency, it is assumed that Class A is operating at its Full
efficiency, the voltage and current waveforms are as shown in figure 5.9.
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Figure 5.9 Output characteristics at maximum efficiency

We can observe from the above diagram that,
For maximum efficiency,

Vmax :VCC & Vmin =0 (10)‘\0
ImaxZZICQ&Imin:O _____________________________ .@)‘

Therefore, maximum efficiency,

Voo 2l $\
IR | 7 S —— b‘ ---------- (12)
8\/CC|CQ 6

Advantages of directly coupl&:' A amplifier,

1. Circuit is simple to ign.
2. Usedasaudio signal amplifier.
3. Lesscostly.

Disadvantages:

1. Efficiency is less

2. Transistor’s output impedance is large.

3. Typical load impedance is very low (loud speakers having resistances only from
5-16Q) therefore, Impedance mismatch exists and maximum power transfer
cannot be achieved. Efficiency islimited to 25%.

Problems

1) A class A power amplifier operates from a DC source and applied sinusoidal signal
generates a peak 9mA. Calculatg,|Vceq, Poc, Pac, n

Assume B=50, Vge =0.7V. It is given that applied signal generates peak base current of
9mA .
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To calculate DC Power,

Applying KVL to BE loop we get,

Vcc-lgRe-Vee=0 @
lp = “TEE =12 87mA S‘\&

B

ICQ :,3132643.5mA
\@

KVL to CE loop,

Vee-lcRe-Vee=0

VCEQ— VCC - ICRC —9 @
Therefore DC input power, Bc=Vclco
Poc=12.87W

AC output power= %kys.R.
2
=Icrvs-Rc
It is given that,
lbm— 9mA.
ien=Bipm

Icnm45mA

|2CRMS_453’”A —=0.3184

Pac=(0.318X16=1.618W

n= PACXlOOO/ =228 _ 1257%
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5.3.2 Transformer Coupled Class A Power Amplifier

Disadvantages associated with directly coupled class A amplifier can be over-
come by my making use of transformer at the output. In case of directly coupled class A
amplifier output impedance of amplifier is large. The typical loads such as loudspeaker
have very low inputmpedance 5 to 16Q, due to this impedance mismatching maximum
power transmission to the load cannot be achieved. If transformer is used as a impedance
matching device then maximum power transfer to the load and efficiency of up to 50%
can be achieved.

&

Figure 5.10 Transf oupled class A Power amplifier

I mpedance transfor mation ps@y of the transformer

O Ny N,y

T
|

R

Figure: 5.11 Transformer windings

NN
=

We know thatTurns ratio, n=ﬁ = (13)
Also, =04 (14)
1 Iz
At secondary, load resistance can be expressedalvé,R— — —(15)
2
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Reflected impedance at thside of the transformer can be expressed as
RIL:II/—ll
_(z)2

(M) = (E)ZRL

It can be seen that impedance at theyé&s reflected at the® by the square of
turn’s ratio. This makes impedance matching possible.

DC operation: Applying KVL to CE loop, we get In an ideal transformer, there is
no primary drop. Thus the supply voltage appears as the collector-emitter voltage of the
transistor. Winding offers no resistance.

Voo =Vee (17’)$
When the values of the resistancgdrd are known, the base current at the
operating point may be calculated by the e

| = VBE Y \\ .................... (18)

ac
O loadline  9¢ loadline (V.. = Vi) b
L 'é 7
_________ S K
H
E | it ks
3
g i Q %,
.......... -1+
Collector cuuem/ © ! kg,
signal 4
R
4 a .
T
Vo :V HVows -
" WVeeo

Collector voltag

'
1 Collector voitage
£ variation

Figure 5.12 Output Characteristics of transformer coupled Power A Power
Amplifiers

Efficiency of transformer coupled Class A Power Amplifier can be expressed as,
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. (g)power Pac
Efficiency n= 7% = e (19)
(E)power Ppc
DC Power, Bc=Vcc*l CQ ~mmmmmmmmmmmmmme - (20)
AC Output power can be derived as,
. 2 14
PAC(pr|marY):|12RMSRIL:V1;:+LS = VleMsllRMS:VlT:I.IITI; = % .............. (21)
2
PAC(ZO):IZZRMS-RL:VZ}:ZIS = Varmslzrus
Vom Iom _ Vamlaom
'7—2_ . E —_ —2 ............................. (22)
Assuming lossless Transformer, ¢ Q
AC power at 3=AC Power at 2 @ ¢

PA(;(].O): P/_\c(zo) &
Pacmax =VPZIPP C. b‘

=(Vcemax-Vcemin)(lemax-lem @

_(2Vcc—0)(2Ice—0) O

=YecleQ (23)

current and voltages as shown in Figure 5.13.
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|
i ;"—"i, Iun;ﬁnq l=— dc loadline
b quladline
I I
— .:,_U_t.: ________
+ ! :
L :
+l- V_-—-—:- 2
ol w_ Weea = ¥,

Figure 5.13 Output Characteristics of transformer coupled Power A Power
Amplifiers at maximum efficiency

*
Maximum efficiency of class A amplifier can be exp&d as
*

(2Vee—0)(2Ico—0)
Nmax = ce . €Q # ........ (24)
P

1) A transformer coupled class @er has a loudspeaker of 8Q connected across its
secondary. The Q pt of coll urrent is 140mA. The turns ratio of the transformer is
3:1. The collector supply e is 10V. If the transformer is lossless, calculate power
delivered to the % of the sformer, rms load current, rmfSciirrent 1 and power
dissipation. The powe@ﬂvered to the load is 0.48W
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Solution:

It is given that, Re(sec)=0.48W,do=140mA, R-8Q
N2 /N1=1/3=V2/V1=I1/12

Transformer is lossless,

Therefore, Rc(19=Pac~=0.48W

Vaorms®
PAC(SeC)T

VzRMS:1.96V

We know thatZ2RMs —
Virms Np

N;

VlRM5:1'95*3:5.88V

IZRMS:VZRL:VIS = 0.245A

Output Power, Bc=Vcclco ®§

=10*140*181.4W

N

Therefore, Efficiencynzii
D

Cc
048
=34.29% O’\'
Power dissipation Q

It is the amount of power that is dissipated as heat across the power amplifier.
PDZPDc-PAC =1.4-0.48=0.92W

In Class A power amplifier, maximum power dissipation occurs when applied AC signal

is zero. Bma—Poc=Vcdlco

Drawbacks of Class A power amplifier

e Less Efficiency of 25-50%.
e Power dissipation is high, therefore less reliability.

e Directly coupled class A power amplifier cannot be employed to drive low

impedance loads such as loud speaker.
e Total harmonic distortion is very high.

e The output transformer is subjected to saturation problem due to the dc

current in the primary.
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5.4 Class B power amplifier

In class B power amplifier, output waveform is present only fof d8@he input cycle.

This is because Q pt is biased at x-axis, therefore negative half cycle is clipped and only
the Positive half cycle appears at the load. If we make use of 2 class B amplifiers, each
for 180 conduction, than full power will be applies to the load. There are 2 categories of
class B amplifiers. (i) Transformer coupled Push-Pull class B Power Amplifier and

(i) Complimentary Symmetry Class B Power Amplifier

i) Transformer coupled Push-Pull class B Power Amplifier

Push-Pull Power Amplifier: These make of two identical npn or pnp transistors whereas
complementary symmetry makes use of 1 pnp and 1 npn transistors. As shown in the
Figure 5.14, push pull PA makes use of two centre tapped transformers, one is called as
driver transformer as it drives input to the circuitry, another is a output transformer which
acts a impedance matching device and couples the power to the load. The center tapped
end of the driver transformer is connected to the und and the center tapped output
transformer is connected ta:¥ The 2 transistorsl@g"I hould be both either pnp or

npn. During positive half cycle end A becomes_Positive with respect to end B, therefore
Q: gets forward biased and, Qets reverse bias€d; Qonducts and Positive half cycle is
connected to the load by making use of o@ ransformer. During negative half cycle,
end B becomes positive with respect . reforge®s forward biased and; Qets
reverse biased. £onducts and negaitiv If cycle is connected to the load by making
use output transformer. Amplified &J) appears for entir 8bhe input cycle.

Figure 5.14 Class B Power Amplifier
Derivation of efficiency of Class B Power Amplifier

We know that Efficiency of Power Amplifier can be expressed as,
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DC Operation

Applying KVL to output,

Vee-Vee=0

Therefore; \ec=VeE .vvviviiiiiiiiiieiins (26)

DC load line is straight line as shown in the output characteristics.

Here each transistor conducts only for half cycle. Therefore it can be treated as half wave
rectifier.

Poc=Vcdpe=Vec Z’M @ ................... (27)

Current flowing through half wave rectifier iscl therefore overall DC curren{sd:ZITM
Output power, Ec(lo):VRMs| RMS

Virms® _ ]2 R = Vim Iam _ Veaylim
RLI RMS™L NG \/E’\< %

o
R(27)= Varmsl2rms @ ¢
V_ZRMS_|2 V2M12

Ry, msRL=
For a lossless transformer, b‘
o\_ O\_Veplpp__Vpp (VPP Qvm)? _ VM
Pac(1)= Pac(27) 8 8 . 8RL 2R,

Efficiency: o’\'
n=Pac/Pdc Q
M o)

n_ _r VM
ZVCCW 4Vce

For max efficiency:
Vm=Vce

wVcc

T’MAX —_K 78 55%

Power dissipation of class B power amplifier

_2Veclm VM2

We know that Power dissipationy#FPpc-Pac =——— R
L

2
pp=Yecm Ym~ (28)

TRy, 2Ry,
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To calculate the condition for max power dissipatioc%gi% =0
M

_2Vece _ 2Vm
O TL'RL ZRL
V_M _ 2Vcc
Ry, - TR},
Therefore VM = ZV“ is the condition for max power dissipation.
Sub VM— in (28)to get max power dissipation

_2Vec  2Vec  2Veenz 1
PD_ TRy, * T ( T ) 2TRy,
_VZcc _4V?cc
_TL'ZRL T[ZRL
Therefore, Maximum Power dissipatiomwRx = ZVZRCC ———————— (29)
. - . - - ZCC ’
Power dissipation of each transistor 5;15—2 ............ \ ..... (30)
TR,

Problems: @ )

1) Calculate the efficiency of class B w or a supply voltageseE¥4V with the
output load of i) Y(p)=22Vii) VL(p)—

Solution: Efficency, (in=78. 5( )— 8
Vm=6V, (ii) n =78.5*6/24= 196

2/24)=71.95%

2) For a class B amplifier Xﬂ'ng a 20 V peak signal to a 16Q2 loud speaker and a
power supply of ¥c= ﬁ:alculate DC input power, AC output power and its
efficiency. ¢

Solution: W=20V; R =

2VecVm_2+30%20

DC |nput power =23.87W
TRL m*16

PA(;— _12 5W

n=—==>52.37%

3) For a class B PA using a supply voltage £330V and driving a load of ilR16 Q,
determine max power dissipation and power dissipation of each transistor
Solution: Maximum efficiency, ¥c=Vu

Poc(max)=—cc ZVeclm _ 3581

Ry,

PAc(max)=— = 28.125W

PD(max)— = 11.396W
Each tranS|stor Ffmax)=5.698W



2

Learning

i) Complimentary-Symmetry Class B Power Amplifier

Complimentary-symmetry makes use of npn and pnp transistors. Compared to a push pull
configuration, this circuitry provides many advantages.

1) No transformers are used; hence circuitry is less bulky and less costly.

2) Matched pair of npn and pnp are used in common collector configuration. CC
configuration has high input impedance; therefore impedance matching is achieved in the
circuitry itself.

3) Frequency response is improved as transformers are absent.

:""II""I:E

Vin _['
'ﬁ—vm
Figure 5.15 Complimentary Symmetry Class B Power Amplifier
Operation:

The basic circuitry of Complimentary-symmetry configuration is driven by dual power
supply of +Vcc and-Vcc. Here Q1 is an npn and Q2 is pnp transistor. During Positive
half cycle Q1 gets forward biased and conducts when input voltage becomes >0.7V, Q1
conducts and Positive half cycle appears across the load. During negative half cycle Q2
gets forward biased when the applied voltage becomes more negative than -0.7V, Q2
conducts and negative half cycle appears across the load, therefore output is present for
entire 360 of the input cycle.
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There are 2 disadvantages associated with circuitry
1) Circuitry requires dual power supply.
2) Cross over distortion is present in the output.
Crossover distortion:
VR,
Crossover
f,f’ distortion
— -F r
Qz '
Figure 5.16 Cross over d| n Class B Power Amplifier
In both transformers coupled push nd complimentary symmetry configurations
distortion is present at the zero gs of the half cycle. This itself is termed as cross
over distortion. In class B, T S no biasing done to ensure that transistor are on
before an AC signal is app plcally transistors require a forward bias of 0.7V to

turn on, therefore none of@ nsistors are on during zero crossing of half cycle.

Elimination of Cross o istortion:
To eliminate cross over distortion, some modifications are done in the basic circuits of

class B ampilifier circuit.
i) Transformer coupled Push-pull Configuration:

+ a +Vipe

Figure 5.17 Transformer coupled Class B Power Amplifier free from Cross over distortion

[4
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Here push pull configuration is modified with the biasing circuitry so that it is free from
cross over distortion. The forward bias of base to emitter junctions for both the transistors
is provided by making use of a diode. The voltage drop across diode is equal to cut-in
voltage of both the transistors. Therefore both the transistors conduct for full cycle
making the circuit free from distortion.

Shift in Q pt: Due to forward bias supply Q pt shifts upwards on the DC load line
characterizes. The circuit operation will be class AB instead of a class B operation. But
shifts in Q pt can be neglected as it is very small.

e

0
Figure 5.18 Change in Output teristics of Class B Power Amplifier
5.4.1 Complimentary- etry Circuitsfreefrom crossover distortion:

Here, Complimentary-Symmetry circuit is modified so that it is free from cross over
distortion. The transistor Q1 should be provided with 0.7V across to its Base to emitter
terminals and Q2 is -0.7V. This can be achieved by making value of resistances adjusting
such that voltage drop across R2 is 1.4V therefore both the transistors conduct for full
cycle eliminating cross over distortion at the output. The circuitry is show in Figure 5.19.

It has a disadvantage with respect to change in temperature i.e. as the temperature
increases, resistance associated with R2 increases and behavior of base to emitter
junctions of Q1 and Q2 is opposite to it. This can be further nullified by making use of 2
diodes. The behavior of diode and p-n junction with respect to temperature and other
external factors remains same. The modified circuitry is shown in Figure 5.20.
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*+Vee

Vin

:"'vg_n_

Figure 5.19 Class B Power Amplifier free from cross-over distortion

-
vee

Vin

a=Vcee
Figure 5.20 Modified Class B Power Amplifier free from cross-over distortion
Complimentary—symmetry circuit with single supply version

The drawback of dual power supply of Complimentagmmetry configuration can be
removed by making use of single supply. But fixed power supply of VCC is shared as
VCC/2 by both the transistors.

o4V eg

Figure 5.21Complimentarysymmetry circuit with single supply version
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Quasi — Complimentary Push pull configuration

+'U'm
]

x
R
I—

Figure S@i Complimentary Push pull configuration

In order to provide highsvcurrent output Complimentagmmetry configuration can be
modified by making use of additional npn transistors. So the above circuitry shows Quasi
— Complimentary configuration where high gain npn transistor Q1 and Q2 are connected
in a Darlington Configuration providing high current output during Positive half cycle.
Q2 and Q4 forms a feedback pair providing high current output during negative half
cycle. This is the most popular circuit of class B configuration.

Note: The formula derived for push pull configuration is applicable to all the circuits of
class B amplifiers. In case of single supply version Vcc should be considered as Vcc/2 in
all calculations.

1) Calculate output power, power dissipation, power handled by each transistor and
circuit efficiency for an input of +12Mus
Solution: Peak input voltagev2 Vrus=v2*12=17V, Vcc=+25V,R=40

DC input power, Bc=Vcclpe ;@:ZV;T{?VM:W.&W
L

2
AC output power, EC:ZTM = 36.125W
L

PD:PDC' PAC:31- 625W
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Power handled by each transistos/2P=15.8W
n=-4€x 100% = 53.4%

DC

2) For the same circuit shown calculate maximum input power, max output power and
power dissipation

Max input power, Wy=Vcc
2
= 99.46W

2
Pac=—7 = 31.654W
L

Power dissipation, g&-Pac=21.335W

5.5 Distortion in Power amplifiers

Any amplifier is subjected to three types of distortions,

1) Amplitude distortion 2) Frequency distortion and ?@ase distortion.
*

Typically power amplifier should be free from all t distortions, human errors are not
sensitive to phase of the signal, therefore P distortion can be neglected as well as
frequency distortion. Amplitude dlstortlo ajor source of distortion in power

amplifiers. \
Amplitudedistortion (Harmonic Dlst x

It is caused due to harmonics nt in the output signal. Hence it is referred to as
harmonic distortion. If the d freq component is coswt, the output contains
harmonics which are multip undamentals at freq ‘w’ i.e. output contain cos 2wt,
COS3Wit........ cosnwt. Refe ure 5.23. As the order of harmonic increases with coswt,
the amplitude of har@q’cs decreases. Therefore net output is resultant of all these
harmonics.

Harmonic distortion caused by tharmonic component can be expressed as

D= 4 1009 — — — — — — — — (31)

|A44]
Where A is the amplitude of the"hharmonic component and.4s the amplitude of

fundamental harmonic component.
The amplitude distortion due to"“2 harmonic component can be expressed as

D, :Az: «100% — — — — — — — — (32)
1
Where A is amplitude of 2 harmonic component..

Harmonic distortion caused by all the harmonics can be expressed as

D=(/DZ + D2 + ---D2) * 100% — — — — — (33)
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. Figure 5.17 Harmonic

component of 2.5V, har mponent of 0.25 and third harmonic component of
0.1V 4" harmonic compon 5. Also calculate total harmonic distortion

Solution: We know th¢ nic distortion caused Bgomponent |sM * 100%

|41

Distortion caused by" ponen\\A—I * 100%

1
i) D2=0.25/2.5*100% =0.1=10%
i1)D3=0.1/2.5*100%=0.04=40%
iii)D4=0.05/2.5-100%=0.02=20%
Total distortion is given by,
D=(y/DZ + DZ + - D2) * 100%=,/(0.1)2 + (0.04)% + (0.02)2=0.1095*100%=10.95%

1) Calculate harmonic dlstort% ponent for an output signal having fundamental
0

5.5.1 Analysis of 2" harmonic Distortion

2"4 harmonic component has the largest amplitude of all others harmonics these is the
major source of harmonic distortion. Harmonics are introduced due to non-linear

behavior of transistor as shown in figure 5.18. Transistor is a non-linear device. Output
guantity Ic can be related tg Wising the relation given by,

=G+ Gpi fpr---mrmmmrmmmemmeenmeee (34)
where, G1 and G2 are constants of proportionalitand j are instantaneous collector
and base currents respectively. Letli,cosWt---------------------- (35)
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Linear

Non-Linear

0 ~ Ig
Figure 5.18 Non-linear behavior of transistor

i =Gy (Imcoswt)+G(l ncoswtf-----(36)
2 2
=Gl mcoswt+—G221M + —GZZIM cos2wt

ic=Apt+A1coswt+AC0S2Wt-------- {37)
ic=lcotAotAicoswt+Acos2wt---(38)

Where AO is a constant which indicates a rectifying terncoswt is the derived
fundamental component,goswt is the derived harmonic component which needs to be
calculated since the transistor is DC biased, the collector current can be expressed as in
eq(37. Collector current can be represented as sh@the figure 5.19.

Fig@g Collector current waveform

Put wt=0 in eq(37)

lemax=lcqtAotAr+As------------ (39)
Putting wt=
ic=lcgtAg-Ag--------------- --(40)
Putting wtt
lemin=lcqtAo-Art+Ag--------m--m---- (41)

lemax-lemin=8A1

A :ICMAX_ICMIN

2
lemax Hemin=2A0 +2lcot2A2
WKT at Wtr-;f

lc=I co— I CQ+A0

lemax Hemin=4A2+2lcq
A2:ICMAX+IC;VIIN+21CQ e (42)
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Harmonic distortion can be expressed as
Icmax*ticmINt2Icq
D,= M2l :
27 a4, Icmax—IcMIN
2

1
_sUcmax+Iemin)—Icq

D,

Icmax—IcmIn

In terms of collector voltages harmonics distortion can be expressed as

Z v -v
DZ:Z(VCEMAX+ cemin)—Vege (44)

Vecemax—VceMIN

Power output due to harmonics:
The input power can be expressed as

2
Pi:VRMSIRMS:VIV;IM = @ ————— (45)

Where, }, is peak value of current. The fundamental components power can be expressed

2
asR= - — - - (46),

Where A is the amplitude of fundamental com}gn nt. The output power gxlud
fundamental component and all the harmon@ Therefore total output power can be

expressed as @
_AfR: | A3Ry ARRL \

Po +=t 4t
2R2 jz A2 ? A% v
— ARy 41,43 L AN
SRl Ch b Rl R
P=(1+DZ + D + --- + D§ 6

e R 0 [ ——— -

Where By is harmonic dis Sﬁodue td"nharmonic distortion and D is total harmonic
distortion. 6

Problem Q

Q) For an harmonic distortion reading=D.1, D;=0.02, =0.01 with fundamental
component of current as 4A and a load resistance of 8Q, calculate power output due to
harmonics, fundamental power and total harmonic distortion.

Solution: h=A;=4A, R=8Q

Po=Py(1+D%)

P=(1+D3 + D2 + --- 4+ D?)=(0.1¥+(0.02¥+(0.01¥=0.0105
Po=211(1.0105)2%=64.67W

)

5.6 Class C Power Amplifiers

In class C operation, the transistor is biased well beyond cutoff , therefore collector
current flows for less than 18@esulting in an output of all small pulse, therefore class C

is not suitable for audio frequency amplification instead it is employed as stable
frequency generator in all communication transmitter and receivers. Efficiency of class C
power amplifies is nearly 100%. The tuned LC circuit acts as a load for a class ¢ power
amplifiers. Class C amplifiers produce series of pulses including fundamentals and

4
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harmonics. LC circuit takes only fundamental frequency and results into oscillations;
therefore output is far from harmonics.

+Vee

l. T (.

|
_"VRR * Q
Figure 5.20 Class C P%}mplifier

5.7 Class D Power Amplifier: @
Class D power amplifierm use of digital techniques to provide

amplification for Analog Signals. T Class D power amplifier switches are shown in
Figure 5.22. Figure 5.21 show%ve block diagram of Class D Power Amplifier.

Comparator compares instqnt s saw tooth waveform amplitude with input signal. If

difference is positive comp output switches the Class D power amplifier. Amplifier
output will be Pulse Wh@vl" be on as long as comparator output being positive
difference. This outpug@ to low-pass filter which recovers the original signal back.

Baw roothi
genesmiir

Lanyens digial
bk 10 sigusodda

Lrm -jhrcs

Filaes ——F,

Cnmpemi ——= Anydilig ——
| _T +

Figure 5.21 Block Diagram of Class D Power Amplifier

—————  Fewdhack -
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Input

Figure 5.22 Class D Power Amplifier Switches

. Sawtooth (chopping) waveform

put wavelform

| Digital waveform

Figure 5.23 Class D Power Amplifier Waveforms
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6 Voltage Regulators

6.1 Introduction

Voltage regulators are the important constituents of any power supply. All the Regulated
DC Power supplies and Switched-Mode Power supplies make use of voltage regulators.
Voltage regulator is used for two reasons:-
1. To regulate or vary the output voltage of the circuit.
2. To keep the output voltage constant at the desired value in-spite of variations in the
supply voltage or in the load current.

Figure 6.1 shows the block diagram of typical Power supply. apubltage is stepped
down by making use of Transformer. Full wave rectifier converts the incoming ac into a
pulsating DC. Further filter smoothens out the pulsating DC. This Pulsating DC is
regulated by making use of IC regulator. Output of regulator is a constant DC which is
fed to load.

A A AAAA MNNN
\/ \/ Jl e |
\ | \ \@

|'| —-I'— ; “ :
Transformer Rectifi Filter IC regulatoe Load

— 2,

230\ rms &

Fi .1 Block diagram of Power Supply

6.2 Seriesvoltage regulator

Here the control element transistor/control element is connected in series with the
input. Output is fed back to a sampling circuit which samples a part of output and
couples it to comparator. Comparator compares the reference voltage with output of
sampling circuit. If the output voltage increases, the comparator circuit provides a control
signal to cause the series control element to decrease the amount of the output voltage
there by regulating the output voltage
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o ELEMENT .
CONTROL
SIGNAL SAMPLING
CIRCUIT
REFERENCE COMPARATOR| FEEDBACK
VOLTAGE CIRCUIT

Figure 6.2 Block diagram of series voltage regulator
Courtesy: www.CircuitsToday.com
6.2.1 Simple Series Voltage Regulator Circuit

Here transistor is in series with the load. Such a gir%s also named an emitter follower
voltage regulator. It is called so because the trafsiStor used is connected in an emitter
follower configuration. The circuit consists of ®§ansistor and a zener diode. As
shown in the figure below, the collector a tter terminals of the transistor are in

series with the load. Thus this regulator name series in it. The transistor used is a
series pass transistor. Circuitry is sh vx igure 6.3.

The output of the rectifier tha ered is then given to the input terminals and
regulated output voltage Vout i tained across the load resistofhR reference
voltage is provided by the zen@ e and the transistor acts as a variable resistor, whose
resistance varies with the o fNg conditions of base current. The main principle behind
the working of such a reg r'is that a large proportion of the change in supply or input
voltage appears acrosﬁ ransistor and thus the output voltage tends to remain constant.
The output voltage can‘thus be written as,

Vout=VzZ—Vee.coovvvineennnnn. (48)
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Figure 6.3 Simple Series Voltage Rfﬁl/ator Circuit
t

When the input supply voltage Vin increases the oltage Vout also increases. This
increase in Vout will cause a reduced voltage cé;e’ ansistor base emitter voltage Vbe as
the zener voltage Vz is constant. This reducti@s ga 8auses a decrease in the level of
conduction which will further increase the@ector-emitter resistance of the transistor
and thus causing an increase in the siStor collector-emitter voltage and all of this
causes the output voltage Vout to re& hus, the output voltage remains constant. The
operation is similar when the inpu voltage decreases.

An improved series r% r circuit is shown in Figure 6.4. Resistors R1 and
it, With Zener diode providing a reference voltage, and

R2 act as a sampling circu)%‘b
transistor Q2 then contro@O ase current to transistor Q1 to vary the current passed by
utput voltage constant

transistor Q1 to maint%

Figure 6.4 Improved Series Voltage Regulator Circuit
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6.2.2 Series Voltage Regulator Circuit using op-amp

Here Zener diode provides a constant reference voltage at non-inverting
terminal of op-amp. Output voltage is sampled via potential divider network and is fed to
inverting terminal. Depending on variation in output voltage the output voltage of op-
amp changes and tosn transistor’s control voltage changes. This ensures constant
output voltage (Refer Figure 6.5).

\Y

Vv
Y out

\Y

J.0

Figure 6. Series Voltage Regulator

6.2.3 Over-current protect] \

Figure 6.6 shows hoV?e series stabilizan be protected against excessive current
being drawn by the load. This will prevent damage to the supply in the event of too much
current being drawn from the output, or even a complete short circuit across the output
terminals. Two components have been added, Q2 and Rp. The resistor Rp is a very low
value When the load current rises above a predetermined value, the small voltage
developed across Rp will become sufficient to ®Q&hon. AsQ2 is connected across the
base/emitter junction of the main control transi€dy the action of turning2 on will

reduce the base/emitter voltageQ@if by an amount depending on the amount of excess
current. The output current will not be allowed to increase above a predetermined
amount, even if a complete short circuit occurs across the output terminals.
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Figure 6.6 Current-Limiting Voltag’@Iator Circuit

*
6.3 Shunt Voltage Regulator %Q

The block diagram of a discrete transi Ox?
As the name says the voltage regul IS provided by shunting the current away from
the load. The control element shu t&‘part of the current that is produced as a result of
the input unregulated voltage t is given to the load. Thus the voltage is regulated
across the load. Due to the ¢ in load, if there is a change in the output voltage, it
will be corrected by givin@f{g back signal to the comparator circuit which compares

nt voltage regulator is given in Figure 6.7.

with a reference voltage gives the output control signal to the control element to
correct the magnitude@ signal required to shunt the current away from the load.

+
Vin Rseries M V°“‘Evtoad
O— WA * O
UNREGULATED I Lioad
INPUT Shumt gl 0
CONTROL <

CONTROL STGMAL SAMPLING 2 Rioad

ELEMENT CIRCUIT l

REFERENCE COMPARATOR| "2t

VOLTAGE CIRCUIT

Figure 6.7 Block Diagram of Shunt Voltage Regulator
Courtesy: www.CircuitsToday.com
If the output voltage increases, the shunt current increases and thus produces less load
current and maintains a regulated output voltage. If the output voltage reduces, the shunt
current reduces and thus produces more load current and maintains a regulated constant

4
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output voltage. In both cases, the sampling circuit, comparator circuit and control element
plays an important role.

6.3.1 Simple Shunt Voltage Regulator Circuit

The circuit consists of an NPN transistor and a zener diode along with a series resistor Rs

that is connected in series with the input supply. The zener diode is connected across the
base and the collector of the transistor which is connected across the output. The circuit

consists of an NPN transistor and a zener diode along with a series resistor Rs that is

connected in series with the input supply. The zener diode is connected across the base
and the collector of the transistor which is connected across the.output

The output voltage to the load is given by,

‘egulated
upply)

Fig .8"Simple Shunt Voltage Regulator Circuit

6.3.2 Improved Shunt Voltage Regulator Circuit

The circuit of Figure 6.8 can be improved as shown in Figure 6.9. As the output voltage
tries to change, the current shunted by transistor Q1 is varied to maintain the output
voltage constant. Transistor Q2 provides a larger base current to transistor Q1 so that
larger load current can be handled.
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Figure 6.9 Improved Shunt Voltage Regulator Circuit

6.3.3 Shunt Voltage Regulator using op-amp

Here Zener diode provides a constant reference voltage at non-inverting terminal of op-
amp. Output voltage is sampled via potential dividgr network and is fed to inverting
terminal. Depending on variation in output voltage tléutput voltage of op-amp changes
and inturn transistor’s control voltage changes. ThiS\nsureS constant output voltage
(Refer Figure 6.10). @ ¢

Vn (= VL)

Ry
iRL
> ¢

+

x“'_. A
>
Ry

v v v

Figure 6.10 Shunt Voltage Regulator using op-amp
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6.4 Switching Regulators

Switching regulators make use of power electronics devices to provide a
constant and efficient dc supply. Basically, a switching regulator passes voltage to the
load in pulses, which are then filtered to provide a smooth dc voltage. Block diagram of 3
terminal switching voltage regulators is shown in Figure 6.11.

Load current
It
+ IN oUT +
Unregulated dc Voltage
input voltage Re
: gulator AD
V, Regulated dc LO
GND

output voltage

!

i

= >
Figure 6.11 Block diag@ﬁwitching Regulators

QO
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