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Introduction:

What is Electronics? ﬂ’
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.« Itis the branch of science and Technology o
. which deals with the motion of electrons in
various systems or devices. \
|« Electronics includes devices like |
. diodes,transistors,rectifiers,ete.by these devices
. many systems work efficiently.
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» Analog Electronics are electronics system with a continuously varying signal.

» Digital Electronics are electronics that handle digital signal.

measurements

Factors Analog Digital
Waves Dencted by Sine waves Denoted by Square waves
Signal Continuous signal representing physical Discrete signal representing

discrete time signals
generated by digital
modulation

Data Transmission

Subject to deterioration by noise

MNoise-immune without
deterioration

observational errors

Bandwidth Consumes less bandwidth Consumes more bandwidth
Memory Stored in the form of wave signal Stored in the form of binary
bit
Power Draws large power Draws negligible power
Impedance Low impedance High order of 100 megachm
Errors Analog instruments have considerable | Digital instruments are free

from observational errors




Fundamentals of BJT:

» Few most important applications of transistor are: as an amplifier, as an
oscillator and as a switch.

» BJT is bipolar because both holes (+) and electrons (-) will take part in the
current flow through the device

- N-type regions contains free electrons (negative carriers)

- P-type regions contains free holes (positive carriers)

» From the physical structure, BJTs can be divided into two groups: npn and
pnp transistors.




Transistor Structure

* In diodes there is one p-n junction.

* |n Bipolar junction transistors (BJT), there are three
layers and two p-n junctions.

C (collector) C
Collector (N) Collector (P)
Base-Collector
B Junction n
B
(P) Bage (N) Bage (base) —\ Base-Emilter
Junction u
Enutter
Emtter (N) (P) E (emitter) E
(b) mpn (¢) pnp

Note: Arrow Direction from P to N ( Like Diode)




BASIC OPERATION OF TRANSISTOR

- There are three mode of operations:

Bias Mode E-B Junction |C-B Junction
Saturation | Forward Forward
Active Forward Reverse
Inverted Reverse Forward
active

Cutoff Reverse Reverse

~ If transistor is operating active mode, it can be used as
amplifier.

- The transistor can be used as logical switch if it operates in
cut-off and saturation mode.




Transistor Configuration:

»  Depending upon the terminals which are used as a common terminal to the input and output terminals, the transistors can be
connected in the following three different configuration.

1. common base configuration
2. common emitter configuration

3. common collector configuration

Basic circuit Common emitter Common collector Common base
e
e

=210 2. I I H
Woltage gain high less than unity high, same as CE
Current gain high high less than unity
Fowear gain high modarate modearate
Fhase inversion | yes (aT= Mo
Input moderate = 1 k highest = 300 k lowe = S0
impeaedance
Output moderate = S0k lowe = 300 L2 highest = 1 Meg
impedance




Load Line and Q-point:

A '
Saturation / Load line
point
\\
B
0 Cut'off —» Vegp(volts)

point




When Ve =10

Ic Saturation Reqi
gion
(mA) (transistor “fully-ON7)

60

50 i
Q-point

(active region)

40

Cut-off Region
(transistor “fully-0OFF")

30

20

10 s =0

Vegan Whenlz=10
Vee =Veo




» Load Line:

When a value for the maximum possible collector current is considered, that point
will be present on the Y-axis, which is nothing but the Saturation point.

As well, when a value for the maximum possible collector emitter voltage is
considered, that point will be present on the X-axis, which is the Cutoff point.
When a line is drawn joining these two points, such a line can be called as Load
line.

This is called so as it symbolizes the output at the load. This line, when drawn over
the output characteristic curve, makes contact at a point called as Operating
point or quiescent point or simply Q-point.

» DC Load Line

When the transistor is given the bias and no signal is applied at its input, the load
line drawn under such conditions, can be understood as DC condition. Here there
will be no amplification as the signal is absent.



Q-Point (Static Operation Point)

» When a line is drawn joining the saturation and cut off points, such a line can
be called as Load line. This line, when drawn over the output characteristic
curve, makes contact at a point called as Operating point.

» This operating point is also called as quiescent point or simply Q-point.
There can be many such intersecting points, but the Q-point is selected in
such a way that irrespective of AC signal swing, the transistor remains in the
active region.

» The operating point should not get disturbed as it should remain stable to
achieve faithful amplification. Hence the quiescent point or Q-point is the
value where the Faithful Amplification is achieved.




Applications of BJT

~ Discrete-circuit design.

~ Analog circuits.

~ High frequency application such as radio
frequency analog circuit.

~ Digital circuits.

~ Bi-CMOS (Bipolar+CMOS) circuits that combines
the advantages of MOSFET and bipolar transistors.

» MOSFET: high-input impedance and low-power.

» Bipolar transistors: high-frequency-operation and high-
current-driving capabilities.

e —




Thank you.
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» The analysis or design of any electronic amplifier therefore has two
components: The dc portion and The ac portion

During the design stage, the choice of parameters for the required dc levels will
affect the ac response.

» What is biasing circuit?

This process of selecting proper dc supply voltages and resistance for obtaining
desired operating point or Q point is called as biasing and the ckt used for
transistor biasing is called as biasing ckt.

» Purpose of the DC biasing circuit
 To turn the device “ON”

 To place it in operation in the region of its characteristic where the device
operates most linearly, i.e. to set up the initial dc values of IB, IC, and VCE




» There are four conditions to be met by a transistor so that it acts as a faithful
amplification:

1)Emitter base junction must be forward biased (VBE=0.7Vfor Si, 0.2V for Ge)
and collector base junction must be reverse biased for all levels of i/p signhal.

2) Vce voltage should not fall below VCE (sat) (0.3V for Si, 0.1V for Ge) for any
part of the i/p signal. For VCE less than VCE (sat) the collector base junction is
not probably reverse biased.

3) The value of the signal Ic when no signal is applied should be at least equal to
the max. collector current due to signal alone.

4) Max. rating of the transistor Ic(max), VCE (max) and PD(max) should not be
exceeded at any value of i/p signal.

» Even though the Q point is fixed properly, it is very important to ensure that
the operating point remains stable where it is originally fixed. If the Q point
shifted, the output voltage and current get clipped, thereby o/p signhal is
distorted.



» In practice, the Q-point tends to shift its position due to any or all of the
following three main factors.

1) Reverse saturation current, Ico, which doubles for every 100C raise in
temperature

2) Base emitter Voltage ,VBE, which decreases by 2.5 mV per oC

3) Transistor current gain, hFE or B which increases with temperature.

Important basic relationship

e Vg =0.7V

e Ig=PB+1Ig=zlc
« Ic=PIp




» Different Biasing circuits:
 Fixed bias (base bias)

« Emitter bias

 Voltage divider bias(self bias)
» DC bias with voltage feedback

1)Fixed bias (base bias)
The simplest transistor dc bias configuration.

For dc analysis, open all the capacitance.




In the fig. shown, the single power source (for example,
battery) is used for both collector and base of a
transistor, although separate batteries can also be used.

inpalo=——1
signal ¢,

FIG. 42 FIG. 43
Fixed-bias circuit. DC equivalent of Fig. 4.2.




FIG. 45
Collector—emitter loop.




DC Analysis

Applying KVL to the input loop:  + Voo — Isfe — Vee = 0
Vec = IgRp + VBE
From the above equation, deriving for IB, we get,
Ig =[Vcc—VBE]I/Rp
The selection of Rp sets the level of base current for the operating point.
Applying KVL for the output loop: Ve + IcRe — Ve =0

Vee =IcRe + Vg
Thus,
Vce = Vee - IcRe

In circuits where emitter 1s grounded,
VCE= VE
VBE = VB




Design and Analysis

*  Design: Given — I, I, Vg and Ve, or Ie, Vg and B, design the values of Rp,
R using the equations obtained by applying KVL to input and output loops.

* Analysis: Given the circuit values (Vcc, Rp and Re), determine the values of I, Ic
, Vg using the equations obtained by applying KVL to input and output loops.

*  When the transistor is biased such that Ig i1s very high so as to make I¢ very

high such that IcR¢ drop is almost Ve and Vg 1s almost 0, the transistor 1s
said to be in saturation.

Ic sat= Ve / Re  in a fixed bias circuit.

Verification

* _Whenever a fixed bias circuit is analyzed, the value of I obtained could be
—_ N p—

verified with the value of ICS’at (= Ve / Re) to understand whether the transistor
1s 1n active region. —
* Inactive region,

Icq = (Icsat /2)

/




Merits:

» It is simple to shift the operating point anywhere in the active region by
merely changing the base resistor (RB).

» Avery small humber of components are required.

Demerits:

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

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




» Emitter Bias

e |t can be shown that, including an emitter resistor in the fixed bias circuit
improves the stability of Q point.

» Thus emitter bias is a biasing circuit very similar to fixed bias circuit with an
emitter resistor added to it.

M o—}

FIG. 4.17 FIG. 3.18
B]Tbmcirﬂlil Wilfl Cmerresﬁfof. Dcequ"‘ukn‘ ofFis. 4-17.




FiG. 4.22
FIG. 4.19 Collector—-emitter loop.

Base—emitter loop.




«  Writing KVL around the input loop we get,

Vee =IBRp + VBE + IERE (1)
We know that,
Ig=(PE+DIg (2)
Substituting this in (1), we get,

Ve = IBRB + VBE + (B+1DIBRE
Vee — VBE = IB(Rp + (B+1) RE)

Solving for Ig:
I = (Vcc — VBE) /[(RB + (B+1) RE)]

The expression for Ig 1in a fixed bias circuit was,

Ip=(Vcc — VBE) /Rp

o Ry m the above circuit 15 (B+1)Rg which means that, the emitter resistance that
1s common to both the loops appears as such a high resistance m the mput loop.

o Thus Ri= (+1)Rg ( more about this when we take up ac analysis)




Collector — emitter loop
Applying KVIL.,
Ve =IcRce + Vee + IERE

Ic 1s almost same as I

Thus,

Vee=1IcRe + Veg + IcRg
=Ic (Rc +*Rg) +VcE
Vce =Vcee - Ic Re +Rg)

Since emitter 1s not connected directly to ground, it 1s at a potential Vg, given by,
VE = IERE

Ve=Vcg +VEOR Ve = Vee - IcRe
Also, VB =V —IpBRg OR Vg = Vg + VE




Improved bias stability

« Addition of emitter resistance makes the dc bias currents and voltages
remain closer to their set value even with variation in
— transistor beta

— temperature

Stability

In a fixed bias circuit, Ig does not vary with  and therefore whenever there 1s an
increase in 3, ¢ increases proportionately, and thus Vg reduces making the Q point to
drift towards saturation.In an emitter bias circuit, As [ increases, Ig reduces,
maintaining almost same I¢ and Vg thus stabilizing the Q point against 3 variations.

Saturation current

In saturation Vg 1s almost OV, thus

Vee=Ic (Rc +Rg)
Thus, saturation current

Icsat=Vee/ (Re+Rg)




Contents of this Class:

> Self-bias circuit
» Collector Feedback bias circuit
> Bias Stabilization



\Voltage divider bias (Self-bias circuit)

 This is the most widely used method to provide biasing and stabilization to a transistor.

* In this form of biasing, R1 and Rz divide the supply voltage Vcc and voltage across Rz provide fixed bias voltage Vs at the
transistor base.

* Also aresistance Re is included in series with the emitter that provides the stabilization.

* The voltage divider as shown in the below figure is formed using external resistors R1 and R2. The voltage across R2
forward biases the emitter junction. By proper selection of resistors R1 and R2, the operating point of the transistor can be
made independent of B. In this circuit, the voltage divider holds the base voltage fixed independent of base current
provided the divider current is large compared to the base current. However, even with a fixed base voltage, collector
current varies with temperature (for example) so an emitter resistor is added to stabilize the Q-point, similar to the above
circuits with emitter resistor.

Vee
\’F(.'(': T |
&, il; = Re R,= Res = Vg = Voltage across R,
* Ca < : (ignoring base current)
C ‘ —— | = A.C output signal ’ 1—{
AC”mipiL}:t sngnall 3 .] | - VH = VC'C' - 2
| = ~| (RI+R2)

l Voltage across R, J



\Voltage divider bias (Self-bias circuit)

l Vee l
>
- % G
CE
= == -
C, )/T Vee N
[ ls Vee
A1 |\*
Vo +
V. R =
in Output voltage Vo ——— Rg % lf E
Input voltage o Re § -1 _
2 = I (\‘
v Y

Voltage-divider bias circuit Simplified voltage-divider circuit



Voltage Divider Bias

R R R
VB = VTh = Vee B R =R .IR. = 1™™2
(R1+R2) . IH B (R1+R2) I'Cl)RC
Base-Emitter Loop o C - Vog
B
S /(7 — —[
Vi —IgRp — Vgg —(B+1)[zR; =0 \/Rm e
'V =
or, I, = Von — Vee ™ Isl ? Re
Ry +(B+1)Rg
Collector- Emitter Loop i
N =N A
I =Blg = RBTh ':l(B"‘ 18);5 Vee = Vee = IcRe =IgRg = Ve —1IcRe = (I +15)Rg
For bais Stabilization : Rrh.<< (B+1)Rg \ \V
Th B L




\oltage divider bias (Self-bias circuit)

Circuit recognition: The voltage divider in the base circuit.

Advantages: The circuit Q-point values are stable against changes in hgg.

Disadvantages: Requires more components than most other biasing circuits.

Applications: Used primarily to bias linear amplifier.

Load line Q-point equations (assume
equations: that h.cRg > 10R,):
R2
| Ve Ve =Vec R, +R
C(sat) — R +R 2
c °F Ve =V, -0.7V
VCE(off) :Vcc \V
lg =1 ==
RE

VCEQ :Vcc — ICQ (Rc + RE)



\oltage divider bias (Self-bias circuit)

Merits:
e Unlike above circuits, only one de supply 1s necessary.
e Operating point 1s almost independent of 3 variation.
e Operating point stabilized against shift in temperature.
Demerits:
In this circuit, to keep IC independent of B the following condition must be
met:
Vee Vec
T = BT = B 1+R1/R2 be ~ 1+R1/R2 beq
| (84+1)Reg + Ry || R2 R |

84+ 1)Rg >> R | R

which 1s approximately the case if (



Collector-feedback bhias:

Circuit recognition: The base
resistor is connected between
the base and the collector
terminals of the transistor.

Advantage: A simple circuit
with relatively stable Q-point.

Disadvantage: Relatively poor
ac characteristics.

Applications: Used primarily to
bias linear amplifiers.



Collector-feedback bias:

This configuration shown in figure employs negative feedback to prevent thermal runaway and stabilize the
operating point. In this form of biasing, the base resistor R is connected to the collector instead of connecting

it to the DC source Vcc. So any thermal runaway will induce a voltage drop across the Rc resistor that will
throttle the transistor's base current.

o

i ler + I /,
R,

R g

(a)

(b)



Collector-feedback bias:

le=1.+1;

Vee = 1R +13Rg + Ve Iz =




Collector-feedback bias:
V. :(IC + IB)RC +1,R, +V,,

*Vee | = Vee —Vee
i (hee +DR: + Ry

R
R, i ICQ — hFEIB
AW\ jol—u—o
” b l, / e VCEQ =Vec _(hFE "'1) IsR:
O J EVCC_ICQRC



Collector-feedback bhias:

Q-point relationships:

+\V
| Vcc _VBE

ICQ :hFEIB

; " (h. +DR. + R,
RB

{‘“VVV 0

I Q>;/l

O—|

v

VCEQ EVc:c - ICQ RC

Re
|
|

C

E



Collector-feedback bias:

Merits:

Circuit stabilizes the operating point against variations in temperature and [3
(1.e. replacement of transistor)

Demerits:

In this circuit, to keep Ic independent of f3, the following condition must be
met:

Ve Vi) (Ve Vi)
© b_Rb—I'Rc‘I‘_.SRCN Rc

which 1s the case when



Stabilization:

* Biasing refers to the application of D.C. voltages to setup the operating point in such a way that output signal is undistorted throughout
the whole operation.

* Also once selected properly, the Q point should not shift because of change of Ic due to
(i) variation due to replacement of the transistor of same type

(ii)) Temperature variation

Stabilization:

The process of making operating point independent of temperature changes or variation in transistor parameters is known as stabilization.
Stabilization of operating point is necessary due to

* Temperature dependence of Ic

* Individual variations

* Thermal runaway



Temperature dependence of Ic & Thermal runaway

— /6’[3 T (/B T I)ICBD

Icso is strong function of temperature. A rise of 10 0C doubles the Iceo and Ic will increase ( B+1) times of Iceo

The flow of Ic produce heat within the transistor and raises the transistor temperature further and therefore, further
increase in Iceo

This effect is cumulative and in few seconds, the Ic may become large enough to burn out the transistor.

The self destruction of an unstablized transistor is known as thermal runaway.

Stability Factor:

The rate of change collector current Ic with respect to the collector leakage current Icso at constant and Is is called
stability factor, denoted by S.

= Plg + (B + Dlgo (1)
Differentiating equation (1) w.r.t I¢
P 1)
dl. dI. | [ S dl



« Stability Factor §’:- The variation of 1 with Vg is given by the stability factor S defined by the partial derivative:
ol Al

§'=—F ~——
v, AV,

% Stability Factor S":.- The variation of I with respect to 8 is represented by the stability factor, S",
given as:




Stability factor for Voltage Divider Bias

8§ = (p +7,ll) Vi = IgRpy, = Vg = IgRg =0 I ch
- B (=)

dle (1) Vo =Ry — Ve~ +Io)Rg g C e
B
B ¥ W
Differentiating equation (1) w.r.t I d VRN“ —K c
Vi ——
- |
Vi = Ry, — Ve — U +10)Rg El ? e
dlg R,
dl, dl, P
0= R, (=2)+ (1+=B)R, dle Ry +Rg
dl dl R
(trd | =
- E
S=(8+1) (Ry, + Ry) 8= (5 =) 7
R, (f+1)+ R, (,B+l)+R—T”

E

» For stability, S should be small which can be achieved by making Ry/Rg
small. For very small R;/Rg ; S =1 (ideal case)



Thank You.



Contents of the Class:

* Problems on fixed bias, emitter bias, voltage divider bias and collector feedback bias.



Problem:1

For the given fixed bias circuit determine

Iy
' l{'c.
V('{._"‘.
Ve
Vp.
Vr.

T ® o oo




Solution of Problem:1

Vee =Vae 16 V—-0IV 153V
(a) I, =Bt = l =30 A
¢ R, 510kQ  510kQ

(b) = Bly, =(120)(30 4A) = 3.6 mA
(c) vCEQ =Vee —Ig,Re =16V~ (3.6 mA)(1.8kQ) =952V

@) Ve= Ve, =IEEIN

() Vp=Vpe=0.7V
(f) Ve=0V



Problem:2

For the given circuits determine

a /(j.
b. R
G Rg.
d Ver




Solution of Problem:2

(a) Ic=flz=80(40 uA) = 3.2 mA

®) R Voo VeV, 12V-6V 6V
C: = — —

= = 1.875 k€2
[ [ 32mA  32mA

Ve, 12V=-07V 113V
(© Rp=—"= =

= = 282.5 kQ
[y 40 uA 40 uA

(d) Veg=Ve=6YV



Problem:3

For the given circuits determine

a I
b Vere
6P
d. Ky

=
I , ‘ .
= 2.2 k0
+
l Veg =72V B
Ihz EUMA -—



Solution of Problem:3

(a) Ie=Ig—Ig=4 mA-20 uA =3.98 mA =4 mA
(b) Vec=Vep+IcRc=7.2V +(3.98 mA)(2.2 kQ)
=1596 V=16V

o 4.
6] B=E_2T0PR oy a0
[, 20 uA

(d) Rp=—= - >
I, T 20 uA

=763 k2




Problems:4

For emitter stabilized bias determines

a. IB()'
b. Ig,
¢ Ve,
d Ve
e. Vp
L Vo




Solution of Problem:4

(a)

(b)

(c)

(d)

(e)

()

;- VYec—Ver _  20V-07V _ 193V
fo R, +(B+DR, 270kQ+(126)2.2kQ  547.2 kQ
= 35.27 uA

Ie, = Bly, = (125)(35.27 uA) = 441 mA

0

VCEQ = Vee —Ic(Rc+ Rp) =20V — (441 mA)(470 k2 + 2.2 kQ)

=20V—=11797TV
=823V

Ve= Vee—IcRc=20V — (4.41 mA)470kQ) =20V —2.07 V
=17.93V

V= Veec— IpRp =20V — (35.27 uA)(270 kQ)
=20V -952V=1048V



Problem:5

For the given circuit determines
a. R
b. Rp.
C Rg.
d. "'('If-
e Vp

TeV

24V



Solution of Problem:5

(a)

Vee Ve 12V-76V 44V

Rec= = =2.2kQ
[ 2 mA 2 mA
Ve 24V
IEE[C: RE: £ _ - = 1.2 kQ
I, 2mA

VR Ve Ve Ve _12V-07V-24V _89V

I, I, 2 mA/80

Vee=Ve—-Vg=76V-24V=52V
V= VBE+ VE=O7V+24V=3.1V

_25yA

=356 kQ



Problem:6

For the given circuit determines

4

. I
b. ‘("{'. 20 w\‘

(, RB f«.




Solution of Problem:6

V 31V
(a) Ic=Ilg= L= _1 =3.09 mA
R, 0.68 kQ
I-  3.09 mA
f=-C =" T8 _154.5
I, 20uA

(b) VCC: VRC + VCE+ VE
=(3.099 mA)2.7kQ)+73V+2.1V=83dV+73V+21V

=17.74V
© Roe B _Vee Ve =Ve _1774V-07V-2.1V
Iy Ip 20 uA
_ 494V o



Problem:7

For the given voltage divider bias circuit determines

a 130.
h. l(jq.
(3 \"C;.;U.
d Ve
e. Vi
L Vy

62 k2
Ve
Ve _
< C¥&y 3-80
Is-
& "'f
o.1 kL2

D.68 k&2




Solution of Problem:7

LRy = 10R-
(B0)YO0.68 k£2) = 10(9.1 kL2)
54.4 k€2 = 91 k&2 (No!)

(a) Use exact approach:
R =R, || R =62 K2 || 9.1 k€2 = 7.94 kL2
RV i~ 9.1 k€2 Vv
Epp= —2-SS  _ { (IO V) =205V
R, + R, 9.1 k€2 + 62 kL2
P o E,, —Vgg _ 2.05 N —OFV
Po R,, +(B+ DR, 7.94 K2 + (81)(0.68 kL2)
= 21.42 LA
(b) Ie, = ,[-?IBQ = (80)(21.42 «A) = 1.71 mA
(<) v(#E'Q = Vcc — IC‘Q (R + Rp)
= 16 V — (1.71 mA)X(3.9 k€2 + 0.68 k&2)
=8.17 V
(Ad) Ve= Veec— IcRc
= 16 V —(1.71 mA)X (3.9 k&2)
=933V
(e) VeE=IgRgrg = IcRr= (1.71 mA)Y(0O.68 kL2)
= 1.16 V
() Vg Ve+ Vpe=1.16 V 4+0.7 V

1.86 V



Problem:8

For the given voltage divider bias circuit determines

0o
-l
I|-|




Solution of Problem:8

V..—-V I8 V—-12V
(a) Ic= cC €= = 1.28 mA
R, 4.7 kQ

(b) VEZ [EREE [CREZ (128 IHA)( Jl2 ]\Q) =154V
(C) VB:VBE+VE:O.7V+1.54V=2.24V

%
(d) Rlzli: Vo =Vec—Vp=18V-224V =1576V
R
V, 224V
Iy & iy == Y A
i R, 5.6kQ
v 15.76 V
R= % = = 39.4 kQ



Problem:9

For the given collector feedback bias circuit determines

& I,
b, Iy
i |F||:'

+iI6 NV




Solution of Problem:9

(a) [p= Vee Ve V=07V
U OPT R HBR AR, 270kQ +(120)3.6kQ+1.2KQ)
= 18.09 1A
) Io=Plp=(120)(18.09 LA)
217mA

() Ve=Vec—IcRc
=16 V—-(2.17 mA)(3.6 kQ)
=8.19V



Thank You



Contents of the Class:

AC analysis of Transistor
Transistor Hybrid Model
h- parameters

Analysis of the transistor amplifier using h-parameter.



BJT Transistor modelling:
(ac analysis of BJT)

* A model is an equivalent circuit that represents the AC characteristics of the transistor.
* A model uses circuit elements that approximate the behavior of the transistor.

* There are 2 models commonly used in small signal AC analysis of a transistor:

1. 1., model
11. Hybrid equivalent model



Two port device and hybrid model:

For the hybrid equivalent model, the parameters are defined at an operating point.
The quantitiesh;,,h,.o, s, and h,,, are called hybrid parameters and are the components
of a small — s1gnal equivalent circuit.

The description of the hybrid equivalent model will begin with the general two port

system.

1] o0—m8m8m8m—=0 O 2
+ + V,' = h-”[,' T+ h,2V0
¥ V
— ? - I, = hyl; + hyV,
| e—— oo —_— o

Two port System



The parameters relating the four variables are called h-parameters, from the word “hybrid.” The term hybrid was chosen
because the mixture of variables (V and I ) in each equation results in a “hybrid” set of units of measurement for the h-
parameters.

The four vanables hy4, hy,, h,; and h,, are called hybrid parameters (the mixture of
variables in each equation results 1n a “hybrid” set of units of measurement for the h —
parameters).

hy1= h; (1nput resistance)zvi/],
tly,=0

h,, = h,(reversed voltage gain):Vi / v
o
I
h,, = hy(forward current gain)zjo/ /.
L

h,, = h,(output admittanc e)zjo / v
(]



Hybrid equivalent circuit:

hi; — input resistance — h;

hy, — reverse transfer voltage ratio — h,
hy, — forward transfer current ratio — Ay
h>» — output conductance — h,

Hybrid Equivalent Circuit

Vi = hyl; + hiV,

1, = hyl; + hszo




Common Emitter Configuration:

Graphicalisymbol Hybrid Equivalent Circuit



Common Base Configuration:

(a) (b)

Graphical Symbol Hybrid Equivalent Circuit




Essentially, the transistor model is a three terminal two — port 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 letter b is added, and for common emitter and common collector configurations, the
letters e and c are used respectively

Configuration I, L Vi Vo
Common emitter I, B Ve Y
Common base I I Veb Ven
Common Collector | I. Ve Vee

Input and output current and voltage of different transistor configuration in terms of h-parameter
Normally A, is a relatively small quantity, its removal is approximated by A,. and h,.V, =
0, resulting in a short — circuit equivalent.

The resistance determined by 1/1'1 is often large enough to be ignored in comparison to a
- () — ~ e

parallel load, permitting its replacement by an open — circuit equivalent.



Approximate Hybrid Equivalent Circuit:

B C
— E . C
I, I,

E E B p

Approximate Common Emitter Approximate Common Base
Hybrid Equivalent Circuit Hybrid Equivalent Circuit




Analysis of transistor amplifier using h-parameter:

+ Q

Transistor

+
1 l"’

O

o

Two-port system



Analysis of transistor amplifier using h-parameter:

f;
— O p S o
2R h; j : ‘I i
—
—> T B N\, V owt Qume

Substituting the complete hybrid equivalent circuit into the two-port system



Analysis of transistor amplifier using h-parameter:

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

e Current Gain(Ai):]D/ I
L
. W
¢ Voltage gain(Ay )= / V:
L
¢ Input impedance(Z; ):Vi / I
l

e Output impedance(Z,)= Vo / I
0



Fixed-bias Configuration(ac analysis):

Fixed bias configuration

-~

ol

Substituting the approximate

hybrid equivalent circuit into
the ac equivalent network




Z; From Fig.

Z, From Fig.

A, UsingR' =

and

with

so that

A; Assuming that Rp >> h;, and 1/h,, = 10Rc, we find [, = [; and [, = I, =

Z; = Ry|h;,

Z, = Rc||1/hye

1 /hye| R¢, we obtain
V,= LR = IR’
=l IR

I=-—
hie

V:
V, = ~hg h—fzw
e

0]

i

RC Vo
| f—

&

O

hte(RC " l/ hoe)

Va_
Av-—.Vi— I,

hfelpy = hpl;, and so

~

I

A=
;

I

hy




EXAMPLE = Forthe network of Fig.  determine:

a. 7.

b. Z,

c. A,

d. A;
FIG.
Example

Solution:

a. Z; = Rglh,, = 330kQ|1.175kQ

= I, = L171kQ
1 1
b' e — -0 Q
" e 0pAN K

= hLIIRC =50kQ[2.7k0 = 256 kQ = R,
o0e

_ heRc|1/he)  (120027kQ[50kQ)
e he LIT1KQ
d A= hf, =120

= —262.34



\Voltage-divider bias:

For the voltage-divider bias configuration the resulting small-signal ac

equivalent network will have the same as fixed bias circuit, with Rs replaced by

R' = R(|R,.
Ve
I
1
1 3—> 11 -
l_l R
C, 1
gkw
p— -
: |
-
FIG.

Volrage-divider bias configuration.

o

|
—
—_—
Z

:

ol

-



\oltage-divider bias:

Z; From Fig. with Rg = R’.

Zi = Ry|Ry| b
Z, From Fig.
Z, = Re
A,
hie(Rc| 1/ hoe)
T hie
A
he(Ry | Ry)

P Ri| Ry + hy




CE emitter-bias Configuration using r. model:

e |
Br. | Bl

FIG.
r. model for the common-emitter transistor configuration
including effects of r,,.

€ o O ¢

€0 l

re model without effect of
lo



CE emitter-bias Configuration using r. model:

o 8 c
FIG. FIG.

CE emitter-bias configuration. Substituting the r. equivalent circuit into the ac equivalent network



FIG.
Defining the input impedance of a

transistor with an unbypassed
emitter resistor.

Applying Kirchhoff's voltage law to the input side of Fig.  results in
Vi = IbBre + ]eRE
or V.= 1LBr, + (B + DR
and the input impedance looking into the network to the right of Rp is
Vi
Z, = E = Br, + (B + DRg

The result as displayed in Fig. [g] reveals that the input impedance of a transistor with
an unbypassed resistor Ry is determined by

Z, = PBr, + (B + DRg

Because f is normally much greater than 1, the approximate equation is

Zy = PBr, + BRg
and Z, = B(r, + Rp)
Because Ry is usually greater than r,, Eq. can be further reduced to
Zy = BRg

Z; we have

Z; = Ry|z,




Z, With V; set to zero. I, = 0, and BI, can be replaced by an open-circuit equivalent.
The result 1s

Zo = RC
A,
=
b Zb
and V, = —I,Rc = —BIR¢
-z
z,) €
; Vo BRC
with 7, O AN s
' i Zb
Substituting Z, = B(r, + Rg) gives
V, R
A=t €
Vx e + RE
and for the approximation Z;, = BRp.
V, R
A= = =0
Vl RE

Note the absence of B from the equation for A, demonstrating an independence in variation

of B.



Relationship between r. and hybrid model.

hfez Bac To hoe




Unbypassed emitter-bias Configuration analysis using Hybrid model:

» For the CE unbypassed emitter-bias configuration, the small-signal ac model will be the same as re model
analysis , with Br, replaced by hj, and Bl by hplp.

» The analysis will proceed in the same manner as re model analysis.

CE unbypassed emitter-bias configurarion.



Unbypassed emitter-bias Configuration analysis using Hybrid model:

Z;
Zp = hf,_,RE
and Z: — RpllZ;,
Z,
éo - RC
A
% /Iﬁ.’RC‘ lIfi’Rcﬁ
X Z[ hfeRE
R
and A, = —R—C
E
A
A /lfeRB
' Rp + Z,
Zi
or A; = —A, Re




Emitter-follower Configuration(common-collector configuration ):

When the output is taken from the emitter terminal of the transistor as shown in figure, the network is referred
to as an emitter-follower.

The output voltage is always slightly less than the input signal due to the drop from base to emitter, but the
approximation A, = 1 is usually a good one.

The fact that Vo “follows” the magnitude of Vi with an in-phase relationship accounts for the terminology
emitter-follower.

The most common emitter-follower configuration appears in Fig. In fact, because the collector is grounded
for ac analysis, it is actually a common-collector configuration.

The emitter-follower configuration is frequently used for impedance-matching purposes.

It presents a high impedance at the input and a low impedance at the output, which is the direct opposite of
the standard fixed-bias configuration. The resulting effect is much the same as that obtained with a
transformer, where a load is matched to the source impedance for maximum power transfer through the
system.



Rp
I; 5
Vi)
Cl
oV,
#—
Zi
-«
Z[J
FIG.

Emirter-follower configuration.



Analysis of emitter follower using r model:

1L ol
it . — e v
Zh R l‘, o
E
. ¢1¢‘=(/3+1)1b .
? - -
FIG.
FIG Substituting the r, equivalent circuit into the ac

> - - > 1 > > ork - =
Emirter-follower configuration. equivalent network of Fig



Z; The input impedance is determined in the same manner as described in the preceding
section:

Z; = Rp|Z,
with 7, = Br,+ (B + DRy
or Z, = B(r, + Rp)
and Zb = B RE RE,T.tiz:- r,




Z, The output impedance is best described by first writing the equation for the current I,
_VY

-z

and then multiplying by (8 + 1) to establish I,. That is,

I b

V.
L=@B+Dl,=@+ 1)—

Zp
Substituting for Z;, gives
;= (B + l)V,'
‘ Bre F@ i l)RE
I Vi
or =
© IBre/(B+ D] + Rg
but B+ =B
and Pre . Fre_ r
p+1 B :
ré’
NN oV, V
i
+ ‘Ie so that A
S Te S RE
e Zo a §
- If we now construct the network defined by Eq. the configuration of Fig.
y = results.
e To determine Z,. V; is set to zero and
Defining the output impedance for 7. — R " -
the emitter-follower configuration. i 2



Because Rp 1s typically much greater than r,. the following approximation is often applied:

Zy = 1,

Figure 38 can be used to determine the voltage gain through an application of the

Ay
voltage-divider rule:
RpV;
V,, = _EVE
RE = [
V. R
and A, = — = .
Vi RE == I,
Because Ry is usually much greater than r,, Rp + r, = Rg and
V.
A, =—F=1




Analysis of Emitter-follower Configuration using Hybrid Model:

» For the emitter-follower, the small-signal ac model will be the same as re model analysis with Br, = h;, and B = hy,.

» The analysis will proceed in the same manner as re model analysis of emitter follower.

FIG.
Emitter-follower configuration.



Zp = heRg

Z; = Rglz,

Z, ForZ,. the output network defined by the resulting equations will appear as shown in
Fig.

’lie
Z, = Ri|———
or. because | + hgp = hg.
hie
Z, = RE“_
hye
hie
1+ hff
—AA\N °
4
Y
V‘. ;_:' RE Vo =

Defining Z, for the emitter-follower configuration.



A, For the voltage gain, the voltage-divider rule can be applied
B Rp(V)
* Rp+ hie/(1 + hy)

but, since | + hy, = hy,

Vo RE
Ay=—=
Vi Rp+ hi/hy
A;
he, R
A= fe*B
Ry + Z,
Z;
or A,' = —AVR_E




Contents of the Class:

e Cascaded Systems

* Cascode Connection

* Darlington Connection

* Feedback pair

* hybrid pi model

* Junction Field Effect Transistors (JFETSs)



Cascaded Systems:

9

FIG.
Cascaded svystem.



Cascaded Systems:

&

 When two or more amplifier are cascaded such as that appearing
where A, . A, . A,,. and so on, are the voltage gains of each stage

under loaded conditions. That is, A, is determined with the input impedance to A,, acting
as the load on A,,. For A,,. A, will determine the signal strength and source impedance at
the input to A,,. The total gain of the system is then determined by the product of the indi-
vidual gains as follows:

A‘}vl- = Avl .A"z .A‘,'3 R A

and the total current gain is given by

Z,-I
ir — vTR[



THIS IS THE GENERAL FORMULA TO CALCULATE THE CURRENT GAIN USING THE VOLTAGE GAIN AND IS USED EVERYEHERE IN THE JUST PREVIOUS PDF I.E. PDF NO. 6 AND 7.



RC-Coupled BJT Amplifiers:

» One popular connection of amplifier stages is the RC-coupled variety shown in Fig. The name is
derived from the capacitive coupling capacitor Cc and the fact that the load on the first stage is an
RC combination.

» The coupling capacitor isolates the two stages from a dc viewpoint but acts as a short-circuit
equivalent for the ac response. The input impedance of the second stage acts as a load on the first

"l( L

FIG.
R—-C coupled BJT amplifiers.



Cascode Connection:

The cascode configuration has two configurations. In each case the collector of the leading transistor is connected to the
emitter of the following transistor.

The arrangements provide a relatively high-input impedance with low voltage gain for the first stage to ensure the input
Miller capacitance is at a minimum, whereas the following CB stage provides an excellent high-frequency response.

Q
Rg -

N

I o Q,

b1
’ Rg I Ce ik 8 I Cg
FIG.

Cascode configuration.




A Practical cascode Circuits:

Vee — 18 V
R
Ry, 1.8 k2
6.8 k2 1 o V..
| 1] + >
10 uF
b RB
2 “"“ ( = B->= 200)
s k$‘2§ I Bi=P>
V ; © )I - Q,
& S gl
R,,xg
4.7 k2 Ry —te _ >
1.1 k<2 e = 2D N

FIG.
Pracrical cascode circuir for Example 16.



Darlington Connection:

* Avery popular connection of two bipolar junction transistors for operation as one “superbeta” transistor is
the Darlington connection shown in Fig. The main feature of the Darlington connection is that the composite
transistor acts as a single unit with a current gain that is the product of the current gains of the individual
transistors. If the connection is made using two separate transistors having current gains of 3, and f-.

the Darlington connection provides a current gain of Bp = B1B>

*C

Q,

oF

FIG.

Darlington combination.



Emitter-Follower Configuration with darlington amplifier:

e A Darlington amplifier used in an emitter-follower configuration appears in Fig. The primary impact of using the Darlington
configuration is an input impedance much larger than that obtained with a single-transistor network. The current gain is
also larger, but the voltage gain for a single-transistor or Darlington configuration remains slightly less than one.

FIG.
Emirtter-follower configuration with a Darlington amplifier.



Feedback pair:

* The feedback pair connection is a two-transistor circuit that operates like the Darlington circuit. Notice that the feedback
pair uses a pnp transistor driving an npn transistor, the two devices acting effectively much like one pnp transistor. As with
a Darlington connection, the feedback pair provides very high current gain (the product of the transistor current gains),
high input impedance, low output impedance, and a voltage gain slightly less than one. Initially, it may appear that it
would have a high voltage gain because the output is taken off the collector with a resistor RC in place. However, the pnp—
npn combination results in terminal characteristics very similar to that of the emitter—follower configuration. A typical
application uses a Darlington and a feedback-pair connection to provide complementary transistor operation.

B
FIG.

Feedback pair connection.



HYBRID 7~ MODEL

* The last transistor model to be introduced is the hybrid pi model of Fig. which includes
parameters that do not appear in the other two models primarily to provide a more accurate
model for high-frequency effects.

FIG.
Giacoletto (or hyvbrid ) high-frequency transistor small-signal ac equivalent circuit.



r., Fo, rp, and ry,

The resistors r. r,. rp. and r,, are the resistances between the indicated terminals of the

device when the device is in the active region. The resistance r. (using the symbol 77 to agree

with the hybrid 7 terminology) is simply Br, as introduced for the common-emitter r, model.
That is.

I'm = Bre

The output resistance r,, is the output resistance normally appearing across an applied
load. Its value, which typically lies between 5 k{2 and 40 k(). is determined from the hybrid
parameter h,,.. the Early voltage. or the output characteristics.

The resistance rp, includes the base contact, base bulk. and base spreading resistance levels.
The first is due to the actual connection to the base. The second includes the resistance from
the external terminal to the active region of the transistor. and the last is the actual resistance
within the active base region. It is typically a few ohms to tens of ohms.

The resistance r, (the subscript u refers to the union it provides between collector and
base terminals) is a very large resistance and provides a feedback path from output to
input circuits in the equivalent model. It is typically larger than Br,. which places it in the
megohm range.

C.and C,

All the capacitors that appear in Fig. are stray parasitic capacitors between the various
junctions of the device. They are all capacitive effects that really only come into play at
high frequencies. For low to mid-frequencies their reactance is very large. and they can be
considered open circuits. The capacitor C_. across the input terminals can range from a few
pF to tens of pF. The capacitor C,, from base to collector is usually limited to a few pF but
is magnified at the input and output by an effect called the Miller effect.



Blp ot gy V;

It is important to note in Fig. that the controlled source can be a voltage-controlled
current source (VCCS) or a current-controlled current source (CCCS), depending on the
parameters employed.

gm T rﬂ = ——




Hybrid-Pi Model for Low frequency representation of BJT:

B i, iz G Transconductance:
Oo— -—0 Z. -
e O T A
" + g o B
.
Ube ' 8mVbe Yo Uce . w .
B N Input resistance: Rin
3 V. 3
O r O 7'77- - « T o /[’(_')
= 1 C Em
= The hybrid-pi small-signal model is the Output resistance:
s : I +T1
intrinsic low-frequency representation A CE
of the BJT. o 7
= The small-signal parameters are control :

: : Where, V, is Early— Voltage
led by the Q-point and are independent (VA=100\? for npn)

of the geometry of the BJT.



Frequency Response of CE BJT Amplifier

1
€ ogx fxC

Assuming that the coupling and
bypass capacitors are ideal shorts
at the midrange signal frequency,
the midrange voltage gain can be
determined by

(K \NR )

v.mid

A

re

~ In the low frequency range, BJT amplifier has three high-pass RC
circuits, namely input, bypass and output RC circuit, that affect its gain.

»~ The lower cutoff frequency of a given common emitter amplifier will be
given by the highest of the individual RC circuits.

fC-Iow = I\/I'A)((fc-input ’ 1:c-output :fc-bypass ) >




Typical Frequency response

A

(Y

<

(dB)
ug : ' . ' , :
Low-frequency —>1<€ Midband 1< High-frequency band
band
: * All capacitances can be neglected : * Gain falls ofl
* Gain falls off | 4 * | q.l:ia“_:ll:c. l!:‘;"r_l:i”m
due to the effects| \ 3 dB I "" .
K Cors N [ DR T _____ the
and C, | |
I I
I I
| 20 log |A,,| (dB) |
I |
I I
I |
I I
| Y | —
N Ju f(Hz)

(log scale)



Effects of Frequency on Operation of Circuits

= Increase in the number of stages could also affect the frequency response of a
circuit.

» In general, the gain of amplifier circuits decreases at low and high
Jrequencies.

The cutoff frequencies are the frequencies when the power delivered to the
load of the circuit becomes half the power delivered to the load at middle
frequencies.

Voltage gaip

A Vmel—

0.707 Ay~

Bandwidth = f2-f1

e Bandwidth - 2 Frequency
Av, .4 = voltage gain of amplifier at middle frequencies
0.707 Av,_,, = voltage gain of amplifier at lower cutoff frequency and higher cutoff frequency
{ when output power is half the output power at middle frequencies)
f1 = low cutoff frequency Py ey = output power at higher cutoff frequency Vi= input voltage
2= high cutoff frequency Popry, = output power at lower cutoff frequency
Pomid= output power at middle frequencies

(0.707A v Vi)® 0.5 (A Vi)’
Ro = Ro

= 0.5 Pomi

Poawry = Powrry =




Field Effect Transistors (FETs):

* Field effect transistors are unipolar device because current is carried by only one type of carriers (majority
carriers) while BJTs were bipolar.

* FETs are voltage controlled device where output current is controlled by voltage between two terminals gate
and source while BJTs were current controlled device.

FETs are characterized by very high input resistance (in mega
ohm) while BJT have high gain.

(Control current)y Ie

—
L —

FETs are less sensitive to temperature variations and are more easily
integrated on ICs.

Types of FETs:
Junction Field Effect Transistor (JFET)
Metal Oxide semiconductor Field Effect Transistor (MOSFET) lc =Flg




Junction Field Effect Transistors (JFETS):

« Junction field effect transistor (JFET) is a type FET that operates with a reverse biased p-n junction to control current in a
channel.

* Depending on the structure, JFET fall in two categories: n channel and p channel JFET

T Drain (D) ) Dram
Dram

n-channel
p

Gate » L
l > Eepltion L Source
region
Source (§) n-channel JFET

Source

p-channel JFET



Operation of n channel FET:

JFET at Ves=0 and Vbs >0

« JFET has two p-n junction. When Ves=0 , both gate and source are at same potential so depletion region in

low end of each p material is similar.

» The depletion region is wider near the top of both p type material because of higher potential at upper region.

(Upper end of n-channel (drain) is at Vo and lower end (source) is at ground)

» The instant Vs is applied across the channel, the electrons are drawn towards the drain giving drain current.

* As the Vs is increased from 0V to a few V, the current

will increase according to Ohm’s law. I 'y
« As the Vbs approaches to Vp, the depletion width 13;‘3.‘f;“‘_T_ H
increases causing a reduction in channel width. Yy
* The value of Vos (at Ves=0) for which two

depletion region touches is called pinch off voltage _

and denoted by Vr. S S
’ L,

pinch off



JFET at Ves < 0 and Vos >0

A iy (MA) Locus of pinch-off values
I, —_— | —_—
D + Ohmic Saturation Region
Region | Ve —0v
fpss B LT G5 = T
7+
s] [ i
Vig > 1V 5 1
Jipm. Vs =1V
4 f
rdb

F.lN
3 r f ¥
1 -1 r - III- i"'l,r;s = —1 1”.

4 Ve ==3 W
i i L \Ves
2 gl % Vs =—a V=1
-1 JI e =4V =T
0 |5 10 15 20 25 Vos (V)
- Vi, (For Ve = 0 V)

The level of Vesthat results in Io=0 mA is Ves = Vp

Vp is a negative voltage for n-channel and positive for p-channel JFETSs.



Transfer Characteristics

The relationship between I5 and Vgg is defined by Shockley's equation:

2
o [l Vcs) Where Ipge @and Vp are constants
D — *Dss| T Tgr

VP and Vggis variable and controllable

The transfer function curve may be plotted from the characteristic curve, as shown. Notice the
parabolic shape due to the square term relationship between I, and V¢

I, (tmA) A AJ, (mA)
— 10 10

Vs =0V

5
L ¢ 1 | 1 — V8 =
=, _

Ipn=0mA. V¢ = v

Remember that, when Vo =0, [,=1,cc andwhen Vo=V, , [,=0mA



Contents of the Class:

* Biasing of the JFET
1)FET in fixed bias
2)Self-bias

3)Voltage Divider Biasing

* From book- R. L. Boylestad



Basic of Field Effect Transistors (FETs):

* Field effect transistors are unipolar device because current is carried by only one type of carriers (majority
carriers) while BJTs were bipolar.

* FETs are voltage controlled device where output current is controlled by voltage between two terminals gate
and source while BJTs were current controlled device.

FETs are characterized by very high input resistance (in mega
ohm) while BJT have high gain.

(Control current)y Ie

—
L —

FETs are less sensitive to temperature variations and are more easily
integrated on ICs.

Types of FETs:
Junction Field Effect Transistor (JFET)
Metal Oxide semiconductor Field Effect Transistor (MOSFET) lc =Flg




Junction Field Effect Transistors (JFETS):

« Junction field effect transistor (JFET) is a type FET that operates with a reverse biased p-n junction to control current in a
channel.

* Depending on the structure, JFET fall in two categories: n channel and p channel JFET

T Drain (D) ) Dram
Dram

n-channel
p

Gate » L
l > Eepltion L Source
region
Source (§) n-channel JFET

Source

p-channel JFET



Operation of n channel FET:

JFET at Ves=0 and Vbs >0

« JFET has two p-n junction. When Ves=0 , both gate and source are at same potential so depletion region in

low end of each p material is similar.

» The depletion region is wider near the top of both p type material because of higher potential at upper region.

(Upper end of n-channel (drain) is at Vo and lower end (source) is at ground)

» The instant Vs is applied across the channel, the electrons are drawn towards the drain giving drain current.

* As the Vs is increased from 0V to a few V, the current

will increase according to Ohm’s law. I 'y
« As the Vbs approaches to Vp, the depletion width 13;‘3.‘f;“‘_T_ H
increases causing a reduction in channel width. Yy
* The value of Vos (at Ves=0) for which two

depletion region touches is called pinch off voltage _

and denoted by Vr. S S
’ L,

pinch off



JFET at Ves < 0 and Vos >0

A iy (MA) Locus of pinch-off values
I, —_— | —_—
D + Ohmic Saturation Region
Region | Ve —0v
fpss B LT G5 = T
7+
s] [ i
Vig > 1V 5 1
Jipm. Vs =1V
4 f
rdb

F.lN
3 r f ¥
1 -1 r - III- i"'l,r;s = —1 1”.

4 Ve ==3 W
i i L \Ves
2 gl % Vs =—a V=1
-1 JI e =4V =T
0 |5 10 15 20 25 Vos (V)
- Vi, (For Ve = 0 V)

The level of Vesthat results in Io=0 mA is Ves = Vp

Vp is a negative voltage for n-channel and positive for p-channel JFETSs.



Transfer Characteristics

The relationship between I5 and Vgg is defined by Shockley's equation:

2
o [l Vcs) Where Ipge @and Vp are constants
D — *Dss| T Tgr

VP and Vggis variable and controllable

The transfer function curve may be plotted from the characteristic curve, as shown. Notice the
parabolic shape due to the square term relationship between I, and V¢

I, (tmA) A AJ, (mA)
— 10 10

Vs =0V

5
L ¢ 1 | 1 — V8 =
=, _

Ipn=0mA. V¢ = v

Remember that, when Vo =0, [,=1,cc andwhen Vo=V, , [,=0mA



| m p O rta nt Re | a t | O n S h I p . A number of important equations and operating characteristics for the JFET have been

introduced that are of particular importance for the analysis of dc and ac configurations
that will follow.

JFET BJT
Vv 2
S
Ip = Iz)ss(l - v ) = Ic = Bl
P
JFET BIT
D C
‘ID JIC
Ic=0A Vx2 Ip
GO_'_—— ’D-ll).ss(l— ‘(/PS) BO_’_— Ic=Blg

Ves ‘ S Vae =0.7V ‘ %

E
Recall that Vee= 0.7V was (a) (b)
often the key to initiating an analysis of a BJT configuration. Similarly, the condition
Is= 0 A is often the starting point for the analysis of a JFET configuration. For the BJT
configuration, iz is nomally the first parameter to be determined. For the JFET, it is normally

cor FIG.
' (a) JFET versus (b) BJT.



FET Biasing:

* For the field-effect transistor, the relationship between input and output quantities is nonlinear due to the squared term in
Shockley’s equation. Linear relationships result in straight lines when plotted on a graph of one variable versus the other,
whereas nonlinear functions result in curves as obtained for the transfer characteristics of a JFET. The nonlinear
relationship between Ipand Ves can complicate the mathematical approach to the dc analysis of FET configurations.

* A graphical approach may limit solutions to tenths-place accuracy, but it is a quicker method for most FET amplifiers.

The general relationships that can be applied to the dc analysis of all FET amplifiers are

1(; = ()A

and l[) = IS

For JFETs and depletion-type MOSFETs and MESFETs. Shockley’s equation is applied
to relate the input and output quantities:

V(;s'>2
Iy = Ipedd £ = —
D 1)3.5( Vo

For enhancement-type MOSFETs and MESFETsS, the following equation is applicable:

Ip = k(Vgs — Vp)?




Fixed-Bias Configuration:

The simplest of biasing arrangements for the n-channel JFET appears FET configurations that can be
solved just as directly using either a mathematical or a graphical approach. The coupling capacitors are “open
circuits” for the dc analysis and low impedances (essentially short circuits) for the ac analysis.

The resistor Rc is present to ensure that Viappears at the input to the FET amplifier for the ac analysis. For the
dc analysis.

Voo I =0A
VR(} = IR = (0A)R; =0V
RD
5 v
Vio—p—1— h
Cl

FIG.
Fixed-bias configuration.



Fixed-Bias Configuration:

* The zero-volt drop across Rs permits replacing R by a short-circuit equivalent, as appearing in the network of specifically
redrawn for the dc analysis.

Applying Kirchhoff’s voltage law in the clockwise direction of the indicated loop Mo Wing =i
Since VGG is a fixed dc supply, the voltage Vas is fixed in magnitude, resulting in the
designation “fixed-bias configuration.” Ves = —Veo

FIG.
Network for dc analysis.



The resulting level of drain current I, is now controlled by Shockley’s equation:

Vs ) "
[ b 1 n l A\ -
D 1)55( v,

Since VaGs is a fixed quantity for this configuration, its magnitude and sign can simply be

substituted into Shockley’s equation and the resulting level of Ib calculated.

A graphical analysis

A graphical analysis would require a plot of Shockley’s
equation as shown in Fig.

Recall that choosing Ves= V+/2 will result in a drain current
of loss/4 when plotting the equation. For the analysis of this
chapter, the three points defined by loss, Ve, and the
intersection just described will be sufficient for plotting the
curve.

In Fig. the fixed level of Vs has been superimposed as a vertical line at Ves = -Vaa.

At any point on the vertical line, the level of Vasis -Vee—the level of Ipo must simply be
determined on this vertical line. The point where the two curves intersect is the common
solution to the configuration—commonly referred to as the quiescent or operating point.
The subscript Q will be applied to the drain current and gate-to-source voltage to identify
their levels at the Q-point. Note in Fig. that the quiescent level of Ip is determined by
drawing a horizontal line from the Q-point to the vertical Ip axis.

T I, (mA)

Al (mA)

Device
Network .y —1

Q-point
(solution) ™

FIG.

Plotting Shocklev’s eguation.

FIG.
Finding the solution for the fixed-bias
configuration.



The drain-to-source voltage of the output section can be determined by applying
Kirchhoff's voltage law as follows:

+Vps + IpRp — Vpp = 0

and VDS — VDD = IDRD

Recall that single-subscript voltages refer to the voltage at a point with respect to ground.

Vs =0V

Using double-subscript notation, we have

Vbs = Vp — Vs

or Vp = Vpg + Vg = Vpg + OV FIG.
D DS S DS Network for de analvsis.

and Vp = Vps

In addition. Ves = Vg — Vs

or Ve = Vgs + Vs = Vgs + OV
and Ve = Vs

The fact that Vp = Vpg and Vg = Vg is Tairly obvious from the fact that Vg = 0OV,
but the derivations above were included to emphasize the relationship that exists between
double-subscript and single-subscript notation. Since the configuration requires two dc sup-
plies. its use is limited and will not be included in the forthcoming list of the most common
FET configurations.



Determine the following for the network of Fig.

ol6V

§2 k€2

FIG.
Example 1.

Solution:
Mathematical Approach

d.

oS

o

Vess= —Veg = =2V

Vi \2 9V
1 = [DSS(l — ﬂ) IOI]]A( )
Vp

= 10mA(l - 0257 = 10mA(0.75)* = 10 mA(0.5625)
= 5.625mA

Vps = Vop — IpRp = 16V — (5,625 mA)2kQY)
=16V - 1125V = 475V

Vp = Vps = 475V

Vo =Vg= -2V

Ve=0V



Graphical Approach The resulting Shockley curve and the vertical line at Vgg = —2 V

are provided in Fig. It is certainly difficult to read beyond the second place without
A I, (mA)
Ves, = Vo =-2V
Ipgs = 10 mA
8 ¢. Vps=Vpp—IpRp =16V = (5.6 mA)2k(})
i =16V-112V =48V
6
—5————1[)Q=5.6 mA d VD = VDS — 4'8V
4 €. VGZVGSZ -2V
e f. Vg=0V
[ 2 4
!
: 1
| .
4 Y Ves
VP—“SV %):_441 VCSQ: —VGG =2V

Graphical solution for the network



Self-Bias Configuration:

The self-bias configuration eliminates the need for two dc supplies. The controlling gateto-

source voltage is now determined by the voltage across a resistor Rs introduced in the
source leg of the configuration as shown in Fig.

VDD
RD
Do i
C2
\ ) G
i o
C 1
s
RG
RS

JFET self-bias configuration.

DC analvsis of the self-bias
configuration,

For the dc analysis, the capacitors can again be replaced by “open circuits” and the resistor
Ra replaced by a short-circuit equivalent since Ie = 0 A.



The current through Ry is the source current Ig. but Iy = I and

Ve, = IpRs
For the indicated closed loop of Fig. 9, we find that
_VGS - VRS — 0
and VGS - —VRS
or VGS = —IDRS

Note in this case that VGS is a function of the output current ID and not fixed in
magnitude as occurred for the fixed-bias configuration.

Drain Current (Ip) can be calculated from Shockley equation

using mathematical or a graphical Approach.

DC analvysis of the self-bias
configuration.



A mathematical solution could be obtained simply by substituting Eq.

Vs = —IpRs

in Shockley equation. Viss 2
Iy =hgg\ 1 —=—

Vp
_]DRS).’Z
— Ipgs| 1 —
DSS( VP
InR¢\?2
or Ip = 1055(1 =5 M)
Vp

By performing the squaring process indicated and rearranging terms, we obtain an equation

of the following form:
h+Kilp+K,=0
The quadratic equation can then be solved for the appropriate solution for /.




The graphical approach:

* The graphical approach requires that we first establish the device
transfer characteristics as shown in Fig.

Iy — s Vs = —IpRs

|
i
Vp Vp TO Vos

7

FIG.
Sketching the self-bias line. FIG.

Defining a point on the self-bias line.

The quiescent values of Ip and
Vas can then be determined and used to find the other quantities of interest.



The level of Vg can be determined by applying Kirchhoff’s voltage law to the output
circuit, with the result that

VRS =+ VDS = VRD oy VDD = ()

and Yps = Vpp — Ve, — Vg, = Vpp = IsRs — Iy

Ip = I

Vps = Vpp — Ip(Rs + Rp)

VS = IDRS

VG=OV

Vb = Vps + Vs = Vpp — Vg,




EXAMPLE 2

d. VGSQ'
b. Ip,
C. VDS'

Determine the following for the network of Fig.

FIG.
Example 2.



Solution:
a. The gate-to-source voltage is determined by

Vgs = —IpRs

Choosing Ip = 4 mA. we obtain VGSQ = =26V

By using Graphical Method

Vs = —(4mA)(1kQ) = -4V Ip, = 2.6 mA

If we happen to choose Ip = 8 mA, the resulting value of V;g would be —8 V,

= =% A I, (mA) 7, (mA)
{_{,—)_:8_11:/_5:._V€S_—— E_V_ ] 8 A/, (mA)
8 (pss) 3
! 7
NetI 6 "
E Neeeeeeee 5 5
: 4 4
| 3 !
| 5 (’/n,s) ‘ e I“U= 2.6 mA
| 4 ! 2
]
: VCS=OV.ID=0mA | : |
| | | | — - et R G I8, N
-8 .77 6 -5 — - SR O 0 VGS(V) -0 =5 -4 -3 -2 -] 0 Vs (V) 6 -5 4 3 : 2 | 0 r/,;_\-(\/)
Vp V,
(V) ( 2") Vosg =26V
FIG.
Sketching the self-bias line for the network FIG. FIG.
Sketching the device characteristics for the Determining the Q-point for the network of

JFET



From the graphs I, = 2.6 mA Ves, = —2.6V

VDS == VDD - [D(RS i RD)
=20V — (2.6 mA)(1 kQ + 3.3k))

=20V - 11.18V
= 882V
Vs = IpRg
= (2.6 mA)(1 kQ)
=26V
Vo =0V

Vp = Vps + Vg =882V + 26V = 1142V
Vop — IpRp = 20V — (2.6 mA)(3.3kQ) = 11.42V

S
||



Voltage-Divider Biasing:

° Voo ¢ Voo ? Voo
Rl)
R, g R, R, §
oV,
I, = O :’\ =
Vie N G 4V, ] .
4 -+
C
+ + Ve
RZ g R Rs ? ‘/‘; O
= '#
(a) (h)
FIG.
Voltage-divider bias arrangement. FIC. . .
: s Redrawn network Jor dc analvsis.
The voltage Vg, equal to the voltage across Rz, can be found using the voltage-divider rule. RE VDD

"R+R




Applyving Kirchhoff's voltage law in the clockwise direction to the indicated loop

Ve — Vas — Vg =0
and Yos = Vg = Vg,

Substituting Vg, = IgRg = IpRs. we have
Vgs = Vg — IpRs i
For one point ID=0mA i
\

GS GlIp=0mA Sketching the network equation for the voltage-divider configuration,
For the other point. let us now employ the fact that at any point on the vertical axis Ve = OV

and solve for the resulting value of /5

Vas = Vg — IpRs

ov

I
N

; — IpRg

and Ip = —=




Increasing values of R result in lower quiescent values of I and declining values
Of ' VG S-

Once the quiescent values of Ip, and Vg, are determined. the remaining network analy-
sis can be performed in the usual manner. That is.

Vbs = Vpp — Ip(Rp + Rys)

Vp = Vpp — IpRp

Vs = IpRg




Contents of the Class:

* FET small signal modelling
-Fixed bias
-Voltage divider bias

Book-R L Boylestad



JEET small-signal Model:

» Field-effect transistor amplifiers provide an excellent voltage gain with the added feature of a high input impedance.
* The FET can be used as a linear amplifier or as a digital device in logic circuits.
* FET devices are also widely used in high-frequency applications and in buffering (interfacing) applications.

* Whereas the voltage gain of an FET amplifier is generally less than that obtained using a BJT amplifier, the FET amplifier
provides a much higher input impedance than that of a BJT configuration.



JEET small-signal Model:

* The ac analysis of a JFET configuration requires that a small-signal ac model for the JFET be developed.

» The gate-to-source voltage controls the drain-to-source (channel) current of a JFET.

| control variable

constants } T

Transcoductance(gm)

* The change in drain current that will result from a change in gate-to-source voltage can be determined using
the transconductance factor g in the following manner:

Alp = gm AVgs

_Alp
Em = AV




Mathematical definition of gm

If we therefore take the derivative of I with respect to Vg (differential calculus) using
Shockley’s equation, we can derive an equation for g, as follows:

a4, ]
o Vel ™\ Vp

gm = dVGS
d VGS)2 VGS] d ( Vcs)
= Ipss—| 1 - =2 = Upg|1 -2 |—1 -2
DSSdVGs( o) T Weldvs\ W

PR R (R (B
= [ (- P PO (A
2”’“[ o e Vodes) 20|, 10 v

|/ Vp

and

Em
AVes

Bm =28 K e AVWs

Alp

(= Slope at O-point)

0 Vs

FIG.
Definition of g, using transfer characteristic.



* Pluggingin VGS =0V into the below Eq. results in the following equation for the maximum value of gm for a JFET in

which IDSS and VP have been specified:
o — 3-’:}55‘ i II*“'r:;s}
il |'|'|_.r|!_.| .II"IP

_ 2pss - 0]
Em I V[» VP ]
_ 2pss
Em | VPI




Input impedance Zi of JFET:

The input impedance of all commercially available JFETs is sufficiently large.

Z;(JFET) = = Q)

For a JFET a practical value of 10" Q (1000 M) is typical, whereas a value of 10'* ()

to 10" Q) is typical for MOSFETSs and MESFETS.

Output impedance Zo Of JFET:

Z,(JFET) = ry = L = L
Box Yas

_ AVpg

L

A -’D Vizg=constant

The parameter yos is a component of an admittance equivalent circuit, with the
subscript o signifying an output network parameter and s the terminal (source) to which it
is attached in the model.




lID“TlA)

VGs= 0 \’
AV
rg= L‘\A‘IDS Vs =constantat—| V
D /
\ o Q-point / -1V
e e—— — ]
. 7 J/ \AID
AVps
-2V
0| Vs (V)
FIG.

Definition of ryusing JFET drain characteristics.

The output impedance is defined on the characteristics of Fig. as the slope of the
horizontal characteristic curve at the point of operation. The more horizontal the curve, the
greater is the output impedance.




JFET AC Equivalent Circuit:

Go o D
So c §
FIG.
JFET ac equivalent circuit.
o = 2pss Vas
m val Vp The equivalent circuit is simply a current source whose magnitude is

controlled by the signal Vgs and parameter gm—clearly
a voltage-controlled current source parallel with output impedance rd.

Zo(m=f‘=;;=-’%
AV
‘ Alp Viy=constant




AC analysis of JFET: 1)Fixed-Bias Configuration

The approach parallels the ac analysis of BJT amplifiers with a determination of the important parameters

. ’ G,
of Zi, Zo, and Av for each configuration. v \i
|
gm and rd are determined from the dc biasing arrangement
_—’
Z
Xc, =0 X =00
/ 2
1)
/ 3
V, o / o I 2 oV, F'G.
L JFET fixed-bias configuration.
—_ Re; & ZmVor :b - Rp —~~—
Z, < o Z,
Battery Voo Battery Vpp
replaced by i replaced by
short S short
FIG.

Substituting the JFET ac equivalent circuit unit into the network

(I D
O ’ -0
+ + | +
Z < Z
Ty Rg Ve ‘ EmVes :: a Rp 7 Wy
= = 5
l‘f
FIG.

Redrawn network



Input impedance Zi of JFET:

+ ¢

ol

+e0
<

o |

the infinite input impedance at the input terminals of the JFET.

Output impedance Zo Of JFET:

Zy Setting V; = 0V as required by the definition of Z, will establish V; as 0 V also. The
result is g,y = 0 mA. and the current source can be replaced by an open-circuit equiva-

lent The output impedance is
Z, = Rp||ra
! °P
2mVey=0mA ry Rp 7
It . -
FIG. .

Determining Z,..



Ay Solving for V,inFig.  we find
Vo= -gmvgs(" d"RD)

and V, = "gmvi("d"RD)
so that
Vo :
Ay = 3 = —gn(ral|Rp)
Ifry = 10R),
V,
Ay = Vo = —&mRp
i rg=10Rp

S




EXAMPLE 'The fixed-bias contiguration of Example 1 had an operating point defined by
Vgs, = —2V and Ip, = 5.625 mA, with Ipss = 10 mA and Vp = —8 V. The network is
redrawn as Fig. with an applied signal V. The value of y,; is provided as 40 uS.

Determine the voltage gain A,.
Determine A, ignoring the effects of r .

a. Determine g,,.
b. Find rd-

c. Determine Z;.
d. Calculate Z,,.

e.

f.

Ci . +
) IDSS = [0 mA
+ ) Vp=—8V
<3e— "n
v. —> Z,

Q

FIG.
JFET configuration for Example



Solution:
_ 2pss  210mA)

: = = = 25mS
T 8V .
Vs, (—2V)
2m g,,,o(l v, ) 25mS(l 8 V)) 1.88 m
1 | =
b. ry = ST 25kQ

c. Zi=Rg=1MQ

d. Z, = Rp|lra = 2k [|25kQ = 1.85kQ

e. Ay = —gn(Rp||rs) = —(1.88 mS)(1.85 kQ2)
= —3.48

f. Ay = —gnRp = —(1.88 mS)2k) = —3.76

As demonstrated in part (f). a ratio of 25 k{2:2 k) = 12.5:1 between r; and R, results
in a difference of 8% in the solution.



Voltage Divider Bias:

G
1l
1
+
@ =
-

FIG. FIG.
JFET voltage-divider configuration. Network of Fig. ~ under ac conditions. Redrawn network



Zy R,; and R-> are in parallel with the open-circuit equivalence of the JFET, resulting in

| Z; = R || R> |

Zy Setting V; — OV sets V,; and g,,V,s to zero. and

I Z, = rallRp I

For ry = 10R.

| Zo = Ro | Vio

rag=10Rpo

Ay
Ves = Vi
and Vo = _gmvgs("d" Rp)
V, —2mVeslral||Rp)
so that A, = 2 = = d" D
Vi Vgs
Vo
and Ay = 4~ = —2mlral| Rp)
i
Vo
If ry = 10Rp. A, = 7‘ = —p.Rp
i r=10R,,




Contents of the class:

 Common-Source (CS) Self-Bias Circuit

* Effect of R.and R« in JFET amplifiers

* Cascade Configuration of JFET Amplifier

* Frequency response of an amplifier-Bode plot

* RC-Coupled amplifier and its low frequency response.

Reference:Electronics devices and circuit Theory by R L Boylestad



Common-Source (CS) Self-Bias Circuit - Bypassed Rs

* This is a common-source amplifier configuration, so the input is on the gate and the output is on
the drain.

* There is a 180° phase shift between input and output.

Vob

Bypassed Rs

S

o |

>
—r

40
+ Q)
4 0




Common-Source (CS) Self-Bias Circuit - Bypassed Rs

Input impedance:

Z; =Rg i s
o * 2 > 4 O
+ + +
Output impedance: — e
‘/'- / R( ‘/L'A‘ ‘ g,nvg“. § rd g Rl) ‘¢ ‘ A"
Zy,=1q||Rp
P =\ it : °
Z,=Rp -
° rqa >10R
Voltage gain:

Ay =—-gm(rg || Rp)

Ay =—-gmRp

l'd ZIORD



Common-Source (CS) Self-Bias Circuit - Unbypassed Rs

Removing Cs affects
the gain of the circuit.

Vob

+ 0
—

>

4 0

ol
I4—AW—
e

ol

Rp
p &
T
'S It o I}
G al—
S -
7




Common-Source (CS) Self-Bias Circuit - Unbypassed Rs

Input impedance:

'O

+0

o]

. R G
Z; =Rg + &
Z,; Vg:
Output impedance: v R,
Lo =Re ry >10R
P s
Voltage gain:
Va gmRD
Av - V- - RD + RS
; 1+g,Rg +
rq
A e ‘70 L ngD
v = | rag ZIO(RD +Rs)

V; 1+gmRs



Effect of R. and R« in JFET amplifiers:

R VDD
44‘1 - m“ym‘
Rp
Z;
A,‘ == _AW‘E[—
2 o

i = ‘,’” = V,- ; V,,, = ( R,’ )( R[_ )‘
MWW W Ri + R4 /\R. + R,/ ™

The greatest gain of an amplifier is the no-load gain.
The loaded gain is always less than the no-load gain.
A source impedance will always reduce the overall
gain below the no-load or JFET amplifier with R;, and R,.
loaded level.




The load resistance appears in parallel with the drain resistance and the source
resistance Rsigappears in series with the gate resistance R. For the overall voltage gain the
result is a modified form of

V,
Ay = ﬁ = —gnlra| Rp| Ry

The output impedance is the same as obtained for the unloaded situation without a source
resistance:

Z, = ry|| Rp
The input impedance remains as
Z=Rg
For the overall gain A‘,s,
o Xols
“" Rg + Ry,

JFET amplifier with R, and R;.

439

of

L

the ac equivalent circuit for the JFET.

L



and

" G% [ e
Rc‘f‘ngg

[Feutimolin

which for most applications where R => Ry, and R |R; << ryresults in

Ay = —gnlRp “ Rp)

If we now turn to the two-port approach for the same network, the equation for the overall
gain becomes

R; Ry
Ay = Ay = - R
T R R Rk Ro[ gnlra|| Rp)]
but R, = RD" s
RL (r d " R D)(RL)
so that Ay, = R+ Rolra [~en(ral| Rp] = —gni s+ Ro) + K,

and Ay, = —gnlra| Ro| R)

+ ¢

ol




Cascade Configuration of JFET Amplifier:

s
+Voo

N
o —
L

—i
i

Cascaded FET ampilifier.

The output of one stage appears as the input for the following stage. The

input impedance for the second stage is the load impedance for the first
stage.

The total gain is the product of the gain of each stage including the
loading effects of the following stage.

‘41' = A1’|A1'3 = {_gm[Rm][_Eijﬂg) = EIFHEIFFJRH]RH;




Frequency response of an BJT amplifier :

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

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

At low frequencies the coupling and bypass capacitors lower the gain.

At high frequencies stray capacitances associated with the active device lower the
gain.

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



Frequency response:

Bandwidth -

A\’mid
0.707A,,_,,

Low-
frequency

(Parasitic capacitances

of network and active
devices and frequency
dependence of the gain of
the transistor, FET, or tube)

7

High-frequency

| o~

10 S 100 1000 10.000 100.000 fu

Gain versus frequency, RC-coupled amplifiers

A Bode plot indicates the frequency response of an
amplifier.

The horizontal scale indicates the frequency (in Hz)
and the vertical scale indicates the gain (in dB).

I MH=z 10 MHz f(log scale)

—
;

oV,

o

-—f'\

I
1ot

Fig: Common emitter Single stage RC-Coupled Amplifier

| < +




* Frequencies: The mid-range frequency range of an amplifier is called the bandwidth of the ampilifier.

bandwidth (BW) = f, - f;

* The bandwidth is defined by the lower and upper cutoff frequencies.

* Cutoff-any frequency at which the gain has dropped by 3 dB.

V7
(A= | v |
- Bandwidth (Parasitic capacitances
of network and active
(Ce: Cylor Cp) devices and frequency
\ — dependence of the gain of
the transistor, FET, or tube)

b

High-frequency

| TS

10 £, 100 1000 10,000 100,000  f,; 1 MHz 10 MHz f (log scale)

Vad

0.707A,,,,

Low-

frequency




BJT Amplifier Low-Freguency Response:

At low frequencies, coupling capacitor (Cs, Cc) and bypass
capacitor (Ce) reactances affect the circuit impedances.

Coupling Capacitor (Cs)

The cutoff frequency due to Cscan be calculated by

1

| fy. =
Mt = eRC " 2m®R, + Ry)C,
where
R; =Ry [| Ry || Pre

3 H = network

~ -

G,
| | R

'Jf\-, DT_—.— -—.- l =
I
i T
R,
% — System
Ny

’
Q ‘4!



Coupling Capacitor (Cc) :

The cutoff frequency due to C_. can be calculated with

1

f S W e
LC 2R, +Ry)C, ‘(T(
where
Rl
Ry, =R¢ (|1, g
o5
\1
11 +
R,
[ v 2
{"I:_ + + -
v, N\,
| gﬂ, v, | [Z
K - J_— e
|T11|.‘v:'rLin
f !
l' 2aRC




Bypass Capacitor (C:):

The cutoff frequency due to C; can be calculated with
g = Rl
LE ™ onR Cp ’
-
where

r

Ry
Re =Rg [[( B +Te)

o ‘/I'

and

R; =R [| Ry [|R;




BJT Amplifier Low-Frequency Response:

-6 dB/octave

4

- 12 dBfoctave —

"
TT T T T T T 1T T

The Bode plot indicates that each capacitor may have a different

cutoff frequency.
It is the device that has the highest lower cutoff frequency (fL) that
dominates the overall frequency response of the amplifier.




Roll-Off of Gain in the Bode Plot

The Bode plot not only
indicates the cutoff
frequencies of the various
capacitors it also indicates
the amount of attenuation
(loss in gain) at these
frequencies.

The amount of attenuation

is sometimes referred to as
roll-off.

The roll-off is described as
dB loss-per-octave or dB
loss-per-decade.

-15

-27

Ay
“n-aLaa) Decade Bode plot
) - i)
. . Jig
0.1 [ / 10 100 \,’ 71000
-3dB
= 20 dB
B / -6 dB/octave
= - 12 dBjoctave

\

Midband
level

S (log
scale)



FET Amplifier Low-Frequency Response

At low frequencies,
coupling capacitor (C,
Cc) and bypass capacitor
(C,) reactances atfect the
circuit impedances.




Coupling Capacitor (C)

The cutoff frequency due to
C can be calculated with

1

fic=

27'/'(Rsig +R;)Cq

where

oV,



Coupling Capacitor (C,)

Voo
The cutoff frequency due to
C. can be calculated with

fLC — 1 \= Z‘ -
22(R,+R1 )Cc , ‘ DA %
R

where - l ¢ %ns
R, =Rp ||rg '




Bypass Capacitor (Cy)

The cutoff frequency due to

Cg can be calculated with Rp
f ) 4
— 1 i,
157 2R o Cs — R
+
Vs G
where ‘@ .

1
gm



FET Amplifier Low-Frequency Response

The Bode plot indicates that
each capacitor may have a
different cutoff frequency.

The capacitor that has the
highest lower cutoff
frequency (f;) is closest to the
actual cutoff frequency of the
amplifier.

Actual frequency response

~12 dB/octave
~40 dB/decade



Thank you.
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Frequency response of an Amplifier

Frequencies: The mid-range frequency range of an amplifier is called the bandwidth of the ampilifier.
bandwidth (BW) = f; — I

The bandwidth is defined by the lower and upper cutoff frequencies.
* Cutoff-any frequency at which the gain has dropped by 3 dB.

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

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

Y.,
A= | V:
- Bandwidth (Parasitic capacitances
of network and active
(Ce- Clor Cp) devices and frequency
Aynia \ dependence of the gain of
0.707A the transistor, FET, or tube)

v d

Low- High-frequency

frequency I \

10 fr 100 1000 10,000 100,000 fu | MHz 10 MHz }(log scale)

Vmid




BJT Amplifier High-Frequency Response
Miller Capacitance:

* Any p-n junction can develop capacitance.

In a BJT amplifier, this capacitance becomes noticeable across:

*The base-collector junction at high frequencies in common-emitter BJT amplifier configurations
*The gate-drain junction at high frequencies in common-source FET amplifier configurations.

* These capacitances are represented as separate input and output capacitances, called the Miller Capacitances.

Miller input capacitance:

I G,
The Miller effect input capacitance is defined by (— ¢
2 e
C”r. = (I - .41-:'1:( 5 3
V
] ] ] Vijoges et .'h-:v?' !
Note that the amount of Miller capacitance is m - = i
dependent on inter-electrode capacitance from input

to output (Cr) and the gain (Av).



Miller output capacitance:

1
Cy =11 ——]C

If the gain (Av) is considerably greater than 1, then

Cy

¥

E{:}-

+9
+ O

ol

ol




BJT Amplifier High-Frequency Response

Capacitances that affect the Ve
high-frequency response are

* Junction capacitances
(“beﬂ (“IJC‘J (“re , — V,
\ G |
—it |
* Wiring capacitances i
1 A R, Cw 2% R; §
(“wiﬂ (“wu | |
: |
V, f\, i
- v v

* Miller capacitance

Network of Fig with the capacitors that affect the high-frequency response.



BJT Amplifier High-Frequency Response: e £

* B
’\, § Bl
|
Input Network (fui) High-Frequency Cutoff
1
fyi = ;
ZﬂRThi(,i
where gk'
Rni =Rs[IRy [|Ry || R; A%_“ : |
and " 3V § |
C.,=C, +C,. +Cy v v w

— (:“'i + (:be + (1 — A‘_ )(:bc




Output Network (fuo) High-Frequency Cutoff :

fHO = ! ;\‘I_W §y R, ?::r 18 ' r. Rg p?\ -
ZT[RThOCO _’ - ‘ l J ’
where ‘
Rtno = Rc IRy || T
and §"
Co =Cwo +Cee +Crpo " |




At the high-frequency end, there are two factors that define the —3-dB cutoff point:
the network capacitance (parasitic and introduced) and the frequency dependence

Of hﬂ( B)

40 dB

h,. (or B) Variation

1 Il'f(| .'hﬂ,l

L Midband value for /i,

} —3aB {

30dB [—

20 dB

10dB

Ih]"l= 1

N oaB
-3 dB

—10dB

—2(1) dB

L Midband value for /iy,

The hy, parameter (or 3) of a
transistor varies with
frequency

1
fg =
P 2P miar e (Cpe + Cre)

=

'hjbl

9
IB‘(""].-)
1

|
5fp
1

0.1 MHz

1.0 MHz

10.0 MHz

100.0 MHz




BJT Amplifier Frequency Response

A A,
A“m.d JB
f fi f fu, /B
10 e 100 “f¢ | kHz 10 kHz 100 kHz \l MHz / 10 MHz 100 MHz
i+t t i t i t ; —t f 1 t >~
0 f”./ S (log scale)

-5

-10

-5 [+

20

BW

! -6 dB/octave

)"

o

+20 dB/decade

- 12 dB/octave

Note the highest lower cutoff frequency (f;) and the lowes? upper cutoff
frequency (fy) are closest to the actual response of the amplifier.



FET Amplifier High-Frequency Response

Capacitances that affect the
high-frequency response are

* Junction capacitances
C ng’ Cds

gs’

* Wiring capacitances
C CWO

wi?

1\
]
NN
=

» Miller capacitances




Input Network (fy;) High-Frequency Cutoff

1
tgi = ,
Z“RThiCi
Ci = CVVi +Cgs +C1Vli
i S B B e 3
Cyi =(1-Ay)Cgq @ % l HoF ksl &
Rppi = Rsig IRG %+ = l e




Output Network (f,,) High-Frequency Cutoff

Co = CWo + Cds + CMO

1 R (‘= |
Cavio =|1——|C .
Mo Av od ., N }

Rtho =Rp [|RY, || 1g

\l
n

A A
=

< +

|



Multistage Frequency Effects:

* Each stage will have its own frequency response, but the output of
one stage will be affected by capacitances in the subsequent stage.

* This is especially so when determining the high frequency response.
For example, the output capacitance (Co) will be affected by the
input Miller Capacitance (Cwmi) of the next stage.



Multistage Amplifier Frequency Response:

) Ay
fi= 18
Vol -1 : X
~3dB 7 Nx [ (log scale)
L~V ™ N
fa _( El,’rl _ I)f -6dB /
H B H -9 dB y / |
128} / |
15dB - / | \ n=|
-18dB NG,
n=2 =
n=3 7 n=3
h K I 2 A4

(n=1)(n=2)(n=3) n=3)n=2)(n=1)

Effect of an increased number of stages on the cutoff frequencies and the bandwidth.

Once the cutoff frequencies have been determined for each stage (taking into
account the shared capacitances), they can be plotted.

Note the highest lower cutoff frequency (f;) and the lowest upper cutoff
frequency (fy) are closest to the actual response of the amplifier.



Classification of Amplifiers |

Power Amplifier
Type af Type. of : Classification Freque.ncy of
Signal Configuration Operation
Small Common Class A Direct Current
Signal Emitter Amplifier (DC)
Large Common Class B Audio
Signal Base Amplifier Frequencies (AF)
Common Class AB Radio
Collector Amplifier Frequencies (RF)
Class C VHF, UHF and
.. SHF
Amplifier

Frequencies




Classification of Amplifier:

® Before proceeding with the concept of
feedback it is useful to classify amplifiers
into 4 basic categories based on their input
& output signal relationships.

O Voltage amplifier

O Current amplifier

O Transconductance amplifier
O Transresistance amplifier



CLASSIFICATION OF AMPLIFIERS

Voltage Amplifier- An amplifier provides a voltage output
proportional to the voltage input and the proportionality
factor does not depend on the magnitudes of the source
and load resistance

* Current Amplifier- An amplifier which provides an output
current proportional to the signal current .

= Transconductance Amplifier- An amplifier in which, the
output current is proportional to the signal voltage,
independent of the magnitudes of source and load
resistance.

= Transresistance Amplifier- An amplifier in which output
voltage is proportional to the signal current of the
magnitudes of source and load resistance.



FEEDBACK IN AMPLIFIER

FEEDBACK : Itis a process in which a portion of the output energy (voltage or current) is
transferred to the input of the system. Feedback in amplifieris of two types:

+» Positive, Direct or regenerative feedback
+* Negative, Inverse or Degenerative feedback

Positive feedback : If the feedback energy is in phase with the input energy, it reinforces or enhances
the inputsignal energy, thenit is called positive feedback.

Negative feedback : When the feedback energy is in out of phase (180° pha he input energy,
it reduces ordiminishes the inputsignalenergy, the feedbackis called | \[E-E0 =60k 04

Classification of Feedback

Voltage Feedback : It is the feedback in which the feedback energy is proportional to the output
voltage of the amplifier.

Current feedback : It is the feedback in which the feedback energy is proportional to the output
current of the amplifier.

Compound feedback : It is the feedback in which the feedback energy is partly proportional to the
output voltage of the amplifierand partly proportional to the outputcurrent.



Feedback Concept:

A typical feedback connection is shown in Fig.The input signal Vs
iIs applied to a mixer network, where it is combined with a
feedback signal Vf. The difference of these signals Vi is then the
Input voltage to the amplifier. A portion of the amplifier output Vo
Is connected to the feedback network, which provides a reduced Ioput + v, ) ' Oup

portion of the output as feedback signal to the input mixer = signat "<~ | o signal)
network. -

Feedback amplitier



Negative feedback:

The effects of negative feedback on an amplifier:

Disadvantage

Lower gain

Input v

Advantages signal -

Higher input impedance
More stabl@n

Improved frequency response
Lower output impedance
Reduced noise

More linear operation

Feedback amplifier

(output
O signal)



Contents of the Class:

* Feedback Connection Types

* \Voltage series feedback

* Current series feedback

* \Voltage shunt feedback

* Current shunt feedback

* Transfer gain

* Input-output resistance or impedence

* Referred Book:- R L Boylestad



Feedback Connection Types:

* There are four basic ways of connecting the feedback signal. Both
voltage and current can be fed back to the input either in series or

parallel. Specifically, there can be:
1. Voltage-series feedback
2. Voltage-shunt feedback
3. Current-series feedback
4. Current-shunt feedback



|+

c) d)

Feedback amplifier types: (a) voltage-series feedback, Ay = V,/V: (b) voltage-shunt feedback, Ay = V,_/I:
(¢) current-series feedback, Ay = 1,/V . (d) current-shunt feedback, Ay = 1,/1..

In the list above, voltage refers to connecting the output voltage as input to the feed-
back network: current refers to tapping off some output current through the feedback
network. Series refers to connecting the feedback signal in series with the input signal
voltage: shunt refers to connecting the feedback signal in shunt (parallel) with an input
current source.



Series feedback connections tend to increase the input resistance, whereas shunt feedback
connections tend to decrease the input resistance.

Voltage feedback tends to decrease the output impedance, whereas current feedback tends to increase the output impedance.
Typically, higher input and lower output impedances are desired for most cascade amplifiers.

Both of these are provided using the voltage-series feedback connection.
We shall therefore concentrate first on this amplifier connection.

Gain with Feedback

The gain without feedback. A. is that of the amplifier stage. With feedback g, the
overall gain of the circuit is reduced by a factor (1 + BA).



Voltage-Series Voltage-Shunt Current-Series Current-Shunt

Gain without foedback A Vo Vo L L
Vi 1; Vi 1;
Roedback B Yr i X 4
v, v, A A
Gain with feedback Ay Yo Yo Lo L
V' I’ V‘ I’

£l

| S+
St

A
+ %
v, < Re I V. Re
— — —
=> =

I

a) b)
7, Fy=Ty
—_— —_—
~
—
«) «d)
Feedback amplifier types: (a) voltage-series feedback, Ay = V_/V . (b) voltage-shunt feedback, Ay = V_ /I :

(¢) currenit-series feedback, Ap = 1,/ V(d) current-shunt feedback, A = o



Voltage-Series Feedback Figure shows the voltage-series feedback connection with
a part of the output voltage fed back in series with the input signal. resulting in an over-
all gain reduction. If there is no feedback (Vy = 0), the voltage gain of the amplifier
stage is

A — VO — VO
Vi Vi
If a feedback signal Vyis connected in series with the input, then
Vi= Ve = V¢
Since o = AV; = A(Vy — Vp = AV, — AVy = AV, — A(BV))
then (1 - BA)V, = AV,

so that the overall voltage gain with feedback is

Vo A
V. 1+ BA

Af=

Equation shows that the gain with feedback is the amplifier gain reduced by the factor
(1 + BA). This factor will be seen also to affect input and output impedance among other
circuit features.



Voltage-Shunt Feedback The gain with feedback for the network of Fig. s

Vo _ AL _ AL _ Al
I, L+ L+BV, I+BAI

A
1+ BA

Af




Input Impedance with Feedback:

Voltage-Series Feedback A more detailed voltage-series feedback connection is shown

The input impedance can be determined as follows:
. S Vs — Vs _ Vs — BV, _ Vs — BAYV;
' Z; Z; Z; Z;

I; Z; = Vy — BAV;

= I;Z; + BAV; = I,Z; + BAI;Z;

in Fig.

o
|

V,

L= Zi + (BAZ; = Z(1 + BA)
i

The input impedance with series feedback is seen to be the value of the input impedance

without feedback multiplied by the factor (1 + BA). and applies to both voltage-series
configurations.

and current-series

Zir Amplifier Zog
. L + "z, = )
Va ’\I L& S Zi ’\I AV, Vo Zy
-V, +— 5 l >—
Feedback network v,
A= 7‘ 5 V" _ A
+ + v, F= Vv, 1+BA
Vv, Vv, y Vv, 2%
Ao BV, B = v, o

Voltage-series feedback connection.



Voltage-Shunt Feedback A more detailed voltage-shunt feedback connection is shown
in Fig. The input impedance can be determined to be

Volrage-shunt feedback connectior.

Vi Vi Vi
/ i (o If I; + BV,
_ Vi/l;
LI;/I; + BV,/I;
Z; Zi
Y 1+pA




Output impedance with Feedback:

Voltage-Series Feedback The voltage-series feedback circuit of Fig. provides suffi-
cient circuit detail to determine the output impedance with feedback. The output imped-
ance is determined by applying a voltage V. resulting in a current /. with V; shorted out
(Vy = 0). The voltage V is then

V=17, + AV;
For ‘/S = 0, Vi _‘/f
so that | %4 IZ, — AVy = IZ, — A(BYV)

Rewriting the equation as
V + BAV = IZ,
allows solving for the output impedance with feedback:

|4 Zo
Z e
LI 1 + BA
Equation shows that with voltage-series feedback the output impedance is reduced

from that without feedback by the factor (1 + BA).



Current-Series Feedback The output impedance with current-series feedback can be
determined by applying a signal V to the output with V; shorted out, resulting in a cur-
rent /. the ratio of V to 7/ being the output impedance. Figure shows a more detailed

Current-series feedback connection.



connection with current-series feedback. For the output part of a current-series feedback
the resulting output impedance is determined as follows.

connection shown in Fig.
With V; = 0,

Vi:

==

summary

Voltage-Series

Vi
B 7 S T G
75 S 7
Z(1 + BA =V
| %4
Zofz_i'zzo(1 +BA)

Current-Series

Effect of Feedback Connection on Input and Output Impedance

Voltage-Shunt

Current-Shunt

Zir Z{1 + BA)

(increased)
Z,

1 + BA

(decreased)

Zof

Z{1 + BA)
(increased)
Z,(1 + BA)

(increased)

Z;

1 + BA
(decreased)
Z,
1+pA
(decreased)

Z;
1 + BA
(decreased)

Z(1 + BA)

(increased)




Frequency Distortion with Feedback:

If the feedback network is purely resistive, then the gain with feedback will be less
dependent on frequency variations. In some cases the resistive feedback removes all
dependence on frequency variations.

* If the feedback includes frequency dependent components (capacitors and inductors),
then the frequency response of the amplifier will be affected.

Noise and Nonlinear Distortion:

The feedback network reduces noise by cancellation. The phase of the feedback signal is often

opposite the phase of the input signal.
e Nonlinear distortion is also reduced simply because the gain is reduced. The amplifier is
operating in midrange and not at the extremes.



Bandwidth with Feedback:

Feedback increases the bandwidth of an amplifier.

3

A

A
0.707A,
Ag :
0.707A, i '
fir h 5 Sy
B -

Frequency

B,



Gain Stability with Feedback:

Gain calculations with feedback are often based on external
resistive elements in the circuit. By removing gain calculations
from internal variations of P and g, . the gain becomes more
stable.

Phase and Frequency Considerations:

At higher frequencies the feedback signal may no longer be out of phase with the
input. The feedback is thus positive and the amplifier, itself, becomes unstable



Practical Feedback Circuits:

v,
: A== —taks
Voltage-series Feedback: i
L
A = v = _-ﬂmﬂé-
E

where R, is the parallel combination of resistors:

Ri = RoRo(Ry + Ry) 9

The feedback network provides a feedback factor of Ry
2 ‘il' - R, Vv

"V, Ri+R: +

v, QR

. TS —Emi1 - b
! I + BA | + |RR [(Ry + R3) oy 3
If BA == 1, we have
R‘ + Rz FET amplifier stage with voltage-series feedback




Voltage-Shunt Feedback

For a voltage-shunt feedback amplifier, the output voltage is fed back in
parallel with the input.

R"
R, V'V
B ¥ A VA ¥ a— :
7,
R, —— _
V| —M—<>—- ,i L J ® ‘,u
—_—V l. = Yi — +

|
. @
ime Il

The feedback gain is given by

R,

Ag =—
f Ri




Current-Series Feedback

+Veo
For a current-series feedback
amplifier, a portion of the Re
output current is fed back in §

Rg
series with the input. C,
L
=
-+ .: 1
v, N\, +
- Vy Rg
To determine the feedback gain: - - _
Io A _hfe/hie _hfe

A — —— —
7 v, 1+A

—

—hge hje +he Rg
h;c + Rg




Current-Shunt Feedback

For a current-shunt feedback amplifier, a portion of the output
current is directed back in parallel with the input.

—n —_—
I P
I S I
The feedback gain is
given by:
I = ‘ I
i | B |







Contents of the Class:

* The basic operational amplifier (OPAMP)
* Inverting Amplifier

* Non Inverting Amplifier

* Unit Follower

* Summing Amplifier

* Referred Book:- R L Boylestad



Operational Amplifiers:

* An operational amplifier, or op-amp, is a very high gain differential amplifier with high input impedance and
low output impedance. Typical uses of the operational amplifier are to provide voltage amplitude changes
(amplitude and polarity), oscillators, filter circuits, and many types of instrumentation circuits. An op-amp
contains a number of differential amplifier stages to achieve a very high voltage gain.

Input | ——+
Noninverting input

v,
—
v O
I

Output

Input2 —— =
Inverting input

FIG. 1

Basic op-amp.

Ay

FIG. 2

Single-ended operation

e

Single-ended input operation results when the input signal is connected to one input with
the other input connected to ground.



(a) (b)

FIG.3
Double-ended (differential) operation.

In addition to using only one input, it is possible to apply signals at each input—this being when two separate signals are applied to the inputs, the difference signal
a double-ended operation. being Vii- V.. is amplified.



Av

N

Vi,
Vi 2 \ \//\
FIG. 4 FIG.5
Double-ended input with double-ended output. Single-ended input with double-ended output.

LK

FIG. 6 FIG. 7
Differential-output. Differential-input, differential-output operation.



FIG. 8

Common-mode operation.

When the same input signals are applied to both inputs, common-mode operation results,
Ideally, the two inputs are equally amplified, and since they result in opposite-polarity signals at the
output, these signals cancel, resulting in 0-V output. Practically, a small output signal will result.

Common-Mode rejection

A significant feature of a differential connection is that the signals that are opposite at the
inputs are highly amplified, whereas those that are common to the two inputs are only
slightly amplified—the overall operation being to amplify the difference signal while
rejecting the common signal at the two inputs. Since noise (any unwanted input signal) is
generally common to both inputs, the differential connection tends to provide attenuation
of this unwanted input while providing an amplified output of the difference signal applied
to the inputs. This operating feature is referred to as common-mode rejection.



OP-AMP Basics: o gt ——— 3

Op-amp ——— Output

An operational amplifier is a very high gain amplifier having very high input impedance Noninverting input —————— 4
(typically a few megohms) and low output impedance (less than 100 ohms). The basic

circuit

is made using a difference amplifier having two inputs (plus and minus) and at least one

output. As discussed earlier, the plus (1) input produces an output that is in phase with

the signal applied, whereas an input to the minus (2) input results in an opposite-polarity R
output.

Basic op-amp.

applied between input terminals sees an input impedance Ri that is typically very high.
The output voltage is shown to be the amplifier gain times the input signal taken
through an output impedance Ro, which is typically very low. An ideal op-amp circuit, as
shown in Fig. would have infinite input impedance, zero output impedance, and infinite
voltage gain.

The ac equivalent circuit of the op-amp is shown in Fig. As shown, the input signal ‘f § : % YaVa 1' ‘\d %‘ AdVa ‘J-J

(a) (b)

AC equivalent of op-amp circuit: (a) practical; (b) ideal.



Op-Amp Gain:

Op-Amps have a very high gain. They can be connected open-loop or
closed-loop.

* Open-loop refers to a configuration where there is no feedback
from output back to the input. In the open-loop configuration
the gain can exceed 10,000.

* Closed-loop configuration reduces the gain. In order to control
the gain of an op-amp it must have feedback. This feedback is a
negative feedback. A negative feedback reduces the gain and
Improves many characteristics of the op-amp.

— v,



Inverting Op-Amp:

* The basic circuit connection using an op-amp is shown in Fig. The circuit shown provides operation
as a constant-gain multiplier. An input signal V1 is applied through resistor R1 to the minus input.

* The output is then connected back to the same minus input through resistor Rf.

* The plus input is connected to ground. Since the signal V1 is essentially applied to the minus input,
the resulting output is opposite in phase to the input signal.

Figure shows the op-amp replaced by its ac equivalent circuit.

Basic op-amp connection.



— AN
Rl Ro
Vi —AAN— v,
VI Rf A‘U‘fl
+
e— Je_
(a)
AN N
R
! R, =0 R, R,
Vi — AN ——
R| Vl V, e AUV, — Vo
V' R' o — AvV,
(b) (c)

Operation of op-amp as constant-gain multiplier: (a) op-amp ac equivalent circuit; (b) ideal op-amp
equivalent circuit; (c) redrawn equivalent circuit.



Using superposition., we can solve for the voltage V| in terms of the components due to

each of the sources. For source V; only (—A,V,; set to zero),
Ry
V,- — ﬁvl
For source —A, V; only (V) set to zero).
Vi, — R—(—AvV;)
= Ry, — Ry
The total voltage V; is then

Vi =V Wi T g
e > =V + ——————
: = = R, + Rf R, + Ry
which can be solved for V; as
R
Vl' — 8 Vl

IfA, = 1 and A, Ry == Rp as is usually true, then

Ry
Vi — AR, Vi
Solving for V,/V,;. we get
Vo, —ANG —ARyVa Rr v,
Ve - W5 002020 W Al W Ry WV
so that
Mo Rf
Vi Ry

The result in Eg. shows that the ratio of overall output to input voltage is dependent only
on the values of resistors R1 and Ri—provided that Avis very large.

R,

(_Av Vi)



Unity Gain

If Rf = R, the gain is
Ry
Voltage gain = — = —1
R,
so that the circuit provides a unity voltage gain with 180° phase inversion. If Rris exactly
R,. the voltage gain is exactly 1.

Constant-Magnitude Gain

If Ry is some multiple of R, the overall amplifier gain is a constant. For example, if
Ry = 10R,, then

: Ry

Voltage gain = —— = —10
Ry

and the circuit provides a voltage gain of exactly 10 along with a 180° phase inversion
from the input signal. If we select precise resistor values for Rrand R, we can obtain a wide
range of gains. the gain being as accurate as the resistors used and is only slightly affected
by temperature and other circuit factors.



Virtual Ground:

The output voltage is limited by the supply voltage of, typically, a few volts. As stated
before. voltage gains are very high. If, for example, V, = —10V and A, = 20,000, the
input voltage is

—V 10V
V, = A = 30,000 0.5 mV
If the circuit has an overall gain (V,,/V)) of, say. 1. the value of V| is 10 V. Compared to all
other input and output voltages, the value of V; is then small and may be considered O V.
Note that although V; = 0V, it is not exactly O V. (The output voltage is a few volts
due to the very small input V; times a very large gain A,.) The fact that V; = 0V leads to

the concept that at the amplifier input there exists a virtual short-circuit or virtual ground.

Ry
V) — AW ——=
R,
M — |,
f"'
AN
R
f R=0
V) —AAN——— A
R, ’
Vi Ri== —AL.VJ-
| I




The concept of a virtual short implies that although the voltage is nearly O V|, there is no
current through the amplifier input to ground. Figure  depicts the virtual ground concept.
The heavy line is used to indicate that we may consider that a short exists with V; = 0V
but that this is a virtual short so that no current goes through the short to ground. Current
goes only through resistors R| and Ry as shown.

Using the virtual ground concept, we can write equations for the current / as follows:

O 74
R, Ry
which can be solved for V,,/V;:
Yo %
Vi R,
R, Ry
— NN AN\ 3
S—— —_—
/ 7
V] ‘ ‘/": O V O
1, =0
A

Virtual ground in an op-amp.

VAW

W



Inverting Amplifier:

Ry
V, = —V
o R] 1
PN
Ry
Vi —AAN—————— —
R,
, Ry .,
Op-amp — e+ V,=— E L

EXAMPLE 5 If the circuit of Fig. 34 has R} = 100 k() and Ry = 500 k{1, what output

voltage results for an input of V| = 2 V?
Solution:
Ry 500 k()
Eq.(8): V,=—7V, =— 2V)= -10%
2k Yo ="M = 100k "



Noninverting Amplifier:

Vi +

V,= (1 +%)\/,

(a) (b)

Non-inverting constant-gain multiplier.

R,
Vg = Ry + Ry Vo EXAMPLE = Calculate the output voltage of a noninverting amplifier (as in Fig. ) for
; ; : values of V| = 2V, Ry = 500k(), and Ry = 100 k().
which results in ~
Solution:

V, R +R; Rs ( Rf) ( 500kQ>

= = Vo=|1+—Vy=1{1+ 2V)=6(2V)= +12V
Vi R ! R ¢ R, I 100 k() Y =N




Inverting/Noninverting Op—Amps

Inverting Amplifier Noninverting Amplifier
— Ry Ry
Vo = Vi V, =0+ —)V
o R, o ( Rl ) 1
A A Vi th
| Ry
Op-amp —e—V,
v, =
R, -
Op-amp . —— 2
NN




Unity follower:

The unity-follower circuit, as shown in Fig. provides a gain of unity (1) with no polarity
or phase reversal. From the equivalent circuit it is clear that

Op-amp
Vi=0 v
— V
V, vy
j- {
(a) (b)

(a) Unity follower; (b) virtual-ground equivalent circuit.



Summing Amplifier: |, - —(ﬁvl Y i@)

R, R, R;
; AAN R,
1 R

VI —vav—i' d RM_, Rf

R, 5
vt ‘ ‘vl;:\, AN I

R,
L,v.‘ —M_J Op_amp — — V” 0

N vy v: A\ vs
I | |

(a) (b)

(a) Summing amplifier; (b) virtual-ground equivalent circuit.

The circuit shows a three-input summing amplifier circuit, which provides a
means of algebraically summing (adding) three voltages, each multiplied by a constant-gain

factor. Using the equivalent representation shown in Fig., we can express the output
voltage in terms of the inputs as

R R R
V= —-(—’vl r v+ s
R, R, Ry .

In other words, each input adds a voltage to the output multiplied by its separate constant-gain
multiplier. If more inputs are used, they each add an additional component to the output.



EXAMPLE 7 Calculate the output voltage of an op-amp summing amplifier for the fol-
lowing sets of voltages and resistors. Use Ry = 1 M{} in all cases.

a. Vi =+1V,V, =+2V, V3 =+3V,R; = 500kQ, R, = 1 MQ, R; = 1 MA).
b. V; = —2V,V, =43V, V; = +1V,R; = 200kQ, R, = 500kQ, R; = 1 MQ.

Solution: Using Eq. (11), we obtain

[ 1000k 1000 k) 1000 kQ) |
. V.=l ¢+1V)+ —(H#2V) + —(+3V
Vo= "1%00k0 'V * 1000k %Y T Toooka 2V
=—[RAV)+12V)+13V) = =7V
[ 1000 kQ 1000 k) 1000 kQ) i
. Vv.=——2V)+ ——H3V) + ————(+1V
b- Vo _200kQ( 2V) SOOkQ( 3V) IOOOkQ( 1 )_

=—[5(-2V)+23V)+ 1(1V)]= +3V






Contents of the Class:

* Integrator

* Differentiator

» Off-set error voltages and currents

* Frequency Parameters

 measurement of OPAMP parameters and its frequency response
 Active filters

* Referred Book:- R L Boylestad



Integrator:

If the feedback component used is a capacitor, as shown in Fig. the resulting connection is called an
integrator.

The virtual-ground equivalent circuit shows that an expression for the voltage
between input and output can be derived in terms of the current| from input to output.

1 1

XC = —=—
JjoC  sC
where s = jw is in the Laplace notation.” Solving for V,,/V, yields
v V. -V,
F=—l=_—2=_"0 — Vv,

R Xc 1/sC

Vi, —1

Vi sCR

This expression can be rewritten in the time domain as

1
Volt) = "E/vl(f) dt

Equation shows that the output is the integral of the input, with an inversion and

scale multiplier of 1/RC. The ability to integrate a given signal provides the analog computer
with the ability to solve differential equations and therefore provides the ability to

electrically solve analogs of physical system operation.

Integrator.

— V,

R X¢
Il
— AN [t
1 I
V=0V
r L 1
(b)



Differentiator:

AN ————
R
dv(f) vy (1) It =
"()(I) — —RC C
dt Op-amp —— v, (1)

+
where the scale factor is -RC. ‘

Differentiator circuit.



OP-AMP SPECIFICATIONS—DC Offset Parameters:

Offset Currents and voltages

Although the op-amp output should be 0 V when the inputis 0 V, in actual operation there is some offset voltage at the output. For
example, if one connected 0 V to both op-amp inputs and then measured 26 mV/(dc) at the output, this would represent 26 mV of
unwanted voltage generated by the circuit and not by the input signal.

Since the user may connect the
amplifier circuit for various gain and polarity operations, however, the manufacturer specifies
an input offset voltage for the op-amp.

The output offset voltage can be shown to be affected by two separate circuit conditions:
(1) an input offset voltage Vin and (2) an offset current due to the difference in currents
resulting at the plus (+) and minus (—) inputs.

“R' _I— Rf
Input Offset voltage Vio
The manufacturer’s specification sheet provides a value of Vio for the op-amp. R;
— AN
Solving for V,,, we get R,
V, =V, A V. A -L- -
o-— Y10, T = Y10 ‘ . - v, A —e—V,

| + A[R /(R + Rp] A[Ri/(Ry + Rp] | [= (1 + X))
. ) . _ = R 10
from which we can write i + !

VIO
R, + Rf
V,(offset) = Vio——— Rc
R, Operation showing effect of input offset voltage V.




Output Offset voltage due to input Offset Current lio

Ry
R AN
f
NN
R,
R, ) + N =
— IIBRI
£ i
° Vo R('
+
Re o +
L P -1
- IB ==
Redrawn circuit

Op-amp connection showing input bias currents.
An output offset voltage will also result due to any difference in dc bias currents at both inputs. Since the
two input transistors are never exactly matched, each will operate at a slightly different current.

Replacing the bias currents through the input resistors by the voltage
drop that each develops as shown in Fig.




the resulting output voltage. Using superposition, we see that the output voltage due to
input bias current /{p, denoted by V. is given by

R¢

Va =IlgRc|1 + —

R,

whereas the output voltage due to only /1. denoted by V. is given by

i N Ry
Vo = Ip Rl(_R_l>

for a total output offset voltage of

+ — 4 + Ry - Ry
V,(offsetdueto Ijgand I1g) = I1p R\ 1 + R_ — I'p R,R—
1 1
Since the main consideration is the difference between the input bias currents rather than
each value, we define the offset current /i by
o =1Is — Im
Since the compensating resistance R is usually approximately equal to the value of R,.
using R~ = R, in Eq. (17), we can write
V (offset) = Ifp(R; + Rp — Ip Ry
= IfgRy — Iz Ry = Ry(I1g — I'p)

resulting in

V, (offset due to I1p) = Iio Ry




Total Offset Due to Vjp and /iy Since the op-amp output may have an output offset volt-
age due to both factors covered above, the total output offset voltage can be expressed as

IVO(offset)| = IVO(offset due toV10)| + IVo(offset due to Ilo)l

The absolute magnitude is used to accommodate the fact that the offset polarity may be
either positive or negative.



Frequency Parameters:

An op-amp is a wide-bandwidth amplifier. The following affect the bandwidth of the op-amp:
e Gain

e Slew rate

Gain and Bandwidth

, -
0.707Ayp e

The op-amp’s high frequency response is limited by
Internal circuitry. The plot shown is for an open loop

gain (AoL or Avp). This means that the op-amp Is operating
at the highest possible gain with no feedback resistor.

In the open loop, the op-amp has a narrow bandwidth. , | S
The bandwidth widens in closed loop operation, fe i i
but then the gain is lower. ’

the unity-gain frequency and cutoff frequency are related by

fi = Avpfc

Equation shows that the unity-gain frequency may also be called the gain—bandwidth
product of the op-amp.




Slew Rate (SR):

Slew rate = maximum rate at which amplifier output can change in volts per
microsecond (V /us)

Vo v/ ith 7 i
S Wil 1n (s
A B 7

SR =

The slew rate provides a parameter specifying the maximum rate of change of the output
voltage when driven by a large step-input signal.«If one tried to drive the output at a rate

of voltage change greater than the slew rate, the output would not be able to change fast
enough and would not vary over the full range expected, resulting in signal clipping or
distortion. In any case, the output would not be an amplified duplicate of the input signal if
the op-amp slew rate were to be exceeded.



Maximum Signal Frequency

The maximum frequency at which an op-amp may operate depends on both the bandwidth
(BW) and slew rate (SR) parameters of the op-amp. For a sinusoidal signal of general form
v, = K sin(27ft)

the maximum voltage rate of change can be shown to be
signal maximum rate of change = 27fK V /s

To prevent distortion at the output, the rate of change must also be less than the slew rate.
that is,

2nfK = SR
wK = SR
so that
SR
= e Hz
w = S rad/s
K




General Op—Amp Specifications

Other ratings for op-amp found on specification sheets
are:

* Absolute Ratings
* Electrical Characteristics
* Performance



Absolute Ratings

These are common
maximum ratings
for the op-amp.

Absolute
Ratings

Maximum

Supply voltage

Internal power dissipation
Differential input voltage
Input voltage

622V
500 mW
630V
615V




Electrical Characteristics

TABLE 13.2 mA741 Electrical Characteristics: Vo = =15V, T, = 25°C

Characteristic MIN EYP MAX Unit
Vio Input offset voltage | 6 mV
1o Input offset current 20 200 nA
Iy Input bias current 80 500 nA
Vier Common-mode input voltage range +12 *13 V
Vom Maximum peak output voltage swing +12 +14 v
Ayp Large-signal differential voltage amplification 20 200 V/mV
r; Input resistance 0.3 2 MQ
r,, Output resistance 75 Q
C; Input capacitance 1.4 pF
CMRR Common-mode rejection ratio 70 90 dB
I Supply current 1.7 2.8 mA
Py, Total power dissipation 50 85 mW

Note: These ratings are for specific circuit conditions, and they often
include minimum, maximum and typical values.



CMRR

One rating that is unique to op-amps is CMRR or common-mode
rejection ratio.

Because the op-amp has two inputs that are opposite in phase
(inverting input and the non-inverting input) any signal that is common
to both imputs will be cancelled.

Op-amp CMRR is a measure of the ability to cancel out common-mode
signals.



Differential and Common-Mode Operation:

* op-amp, is the circuit’s ability to greatly amplify signals that are opposite at the two inputs while
only slightly amplifying signals that are common to both inputs.

* An op-amp provides an output component that is due to the amplification of the difference of the
signals applied to the plus and minus inputs and a component due to the signals common to both

inputs.

* Since amplification of the opposite input signals is much greater than that of the common input
signals, the circuit provides a common-mode rejection as described by a numerical value called
the common-mode rejection ratio (CMRR).

Differential Inputs

When separate inputs are applied to the op-amp. the resulting difference signal is the dif-
ference between the two inputs.

| %4

€

d — vt'l o Vl'v




Common Inputs

When both input signals are the same. a common signal element due to the two inputs can
be defined as the average of the sum of the two signals.

Vc = %‘(V," L3 Viz)

Output Voltage

Since any signals applied to an op-amp in general have both in-phase and out-of-phase
components, the resulting output can be expressed as

Vo = AgVy + AV,

where V; = difference voltage
V. = common voltage
A, = differential gain of the amplifier
A, = common-mode gain of the amplifier



Common-Mode Rejection Ratio

Having obtained A; and A, (as in the measurement procedure discussed above). we can
now calculate a value for the common-mode rejection ratio (CMRR), which is defined by
the following equation:

Ay
CMRR = —
A

C

The value of CMRR can also be expressed in logarithmic terms as

A
CMRR (log) = 20 1og,0A—" (dB)
C




Active Filters

Adding capacitors to op-amp circuits provides external control of the
cutoff frequencies. The op-amp active filter provides controllable
cutoff frequencies and controllable gain.

* Low-pass filter
* High-pass filter
* Bandpass filter



Low-Pass Filter—First-Order

VIV,

- T ~20 dB/decade
Op-amp Output (V)
R,

AN +
o e 1

I ' ¥ Jon
=

The upper cutoff frequency
and voltage gain are given

by: fom 1

Ry
= Ay =1+—
Zﬂ'RlCl Rl



High-Pass Filter

—20 dB/decade
‘ —~40 dB/decade

opamp —1— v, e
/

: +
%R, Joo




Bandpass Filter

There are two cutoff
frequencies: upper and
lower. They can be
calculated using the same
low-pass cutoff and high-
pass cutoff frequency
formulas in the
appropriate sections.

A (mid) — -~

High-pass section

20 dB/decade

Jor

-20 dB/decade

Low-pass section






Contents of the Class:

* Class —A large signal amplifier

* Transformer coupled audio amplifier,
* Class-B push-pull amplifier.

* higher order harmonic generation,

* Referred Book:- R L Boylestad



Power Amplifiers:

Definitions

In small-signal amplifiers the main factors are:

* Amplification
* Linearity
* Gain

Since large-signal, or power, amplifiers handle relatively large
voltage signals and current levels, the main factors are:

* Efficiency
* Maximum power capability
* Impedance matching to the output device



Amplifier Types

Class A
The amplifier conducts through the full 360° of the input. The Q-point is
set near the middle of the load line.

Class B
The amplifier conducts through 180° of the input. The Q-point is set at
the cutoff point.

Class AB
This is a compromise between the class A and B amplifiers. The
amplifier conducts somewhere between 180° and 360° . The Q-point is
located between the mid-point and cutoff.

Class C
The amplifier conducts less than 180 of the input. The Q-point is located
below the cutoff level.

Class D
This is an amplifier that is biased especially for digital signals.



Class A Amplifier

The output of a class A amplifier
conducts for the full 360° of the
cycle.

The Q-point is set at the middle of
the load line so that the AC signal
can swing a full cycle.

Vo
)

Power supply
level

Full 360° output swing

Class A
dc bias
level

ov =g

Remember that the DC load line
indicates the maximum and minimum
limits set by the DC power supply.



Class B Amplifier

A class B amplifier output
only conducts for 180° or
one-half of the AC input
signal.

D-point

VCr

o

A
180° output
Class B / SWihs
dc bias
level
\

oV I L anlt §

The Q-point is at 0V on the
load line, so that the AC
signal can only swing for
one-half cycle.



Class AB Amplifier

This amplifier is a compromise between the Ic
class A and class B amplifier—the Q-point
is above that of the Class B but below the
class A.

The output conducts between 180° and
360° of the AC input signal.




The output of the class C
conducts for less than 180° of the
AC cycle. The Q-point is below
cutoff.

— VCE

‘e D-Point



Amplifier Efficiency

Comparison of Amplifier Classes

Class
A AB B C* D
Operating cycle 360° 180° to 360° 180° Less than 180° Pulse operation
Power efficiency 25% to 50% Between 25% 78.5% Typically over 90%

(509%) and 78.5%

“Class C is usually not used for delivering large amounts of power, thus the efficiency is not given here.

Efficiency refers to the ratio of output to input power. The lower the amount
of conduction of the amplifier the higher the efficiency.



Series-Fed Class A Amplifier

Vee
This is similar to the /Load
small-signal amplifier Io * R/
. : R
except that it will handle 2
: C {
higher voltages. The ' # Divias
transistor used is a high- " transistor

power transistor.



Series-Fed Class A Amplifier

A small input signal
causes the output voltage

to swing to a maximum of e
V..and a minimum of O0V.
The current can also

swing from OmA to I, N
(Vec/Ro) i

Output

current swing
N Output
voltage swing




Series-Fed Class A Amplifier

Input Power

The power into the amplifier is from the DC supply. With no input
signal, the DC current drawn is the collector bias current, I.

Piae) = Veclco

Output Power

2
VZCE(p-p)
SR

Vv 2(C?(rm:rj.)
Rc

or

P{}{ﬂ{') = Pﬂ(ﬂf) -

Efficiency

o(ac)

x 100

%on =

i(ac)



Transformer-Coupled Class A Amplifier

This circuit uses a

transformer to couple to Ry §
the load. This improves

the efficiency of the Class v, —)—*

A to 50%. C




Transformer Action

A transformer improves the efficiency because it is able to transform
the voltage, current, and impedance

Voltage Ratio

Current Ratio
I, Ny

L N

Impedance Ratio

Vi

+ VCC

T N,:N?
Rs ‘1 "é 1;=

i

&

Ry
Vo



Transformer-Coupled Class A Amplifier

DC Load Line

As in all class A amplifiers
the Q-point is established
close to the midpoint of the
DC load line.

AC Load Line

The saturation point (I,..)
is at V_/R'; and the cutoff
point is at V, (the secondary
voltage of the transformer).
This increases the maximum
output swing because the
minimum and maximum
values of I~ and V. are
spread further apart.

3 IC (A)

ac load line

dc load line

-+ 05 '-/ R",)
045 12 mA
Al 10 mA
0.35 - —
Collector m ‘ :
current signal 03— Operating point
Y 025 SmA
I/
© 0.2 4 mA
0.15 —
O. l | N \
| T
0.05 ) 4 la 0 mA
L I I ! ! N\ | .
0 5 10 | 15 20 25 Veg (V)

jo——=4Vp™"1

|

|

|

VCEQ= VCC =12V |

|

|

Collector voltage
variation



Transformer-Coupled Class A Amplifier
Signal Swing and Output AC Power
The voltage swing:
Vcep-p) = YCEmax — YCE min

The current swing:

IC max -~ IC min

The AC power:

(VCEmax o V'I'CIEmin )(ICmax o ICmiu )
8

Pﬂ(ac) =



Transformer-Coupled Class A Amplifier
Efficiency
Power input from the DC source:

Pi(dc) = VCCICQ

Power dissipated as heat across the transistor:

Note: The larger the input and output signal. the
lower the heat dissipation.

Po = Piac) — Poqao)

Maximum efficiency:

2 v T
°%mn = 50 VCEmax - VCEmin Note: The larger Vg, and smaller Vg, ... the
on= 7 closer the efficiency approaches the theoretical

. 7 ]
CEmax + YCEmin maximum of 50%.



Class B Amplifier

In class B, the transistor is
biased just off. The AC signal
turns the transistor on.

One-half
[ circuit
The transistor only conducts
when it is turned on by one- V; [\ —
half of the AC cycle. \/
Ol‘}e-hfﬂf
In order to get a full AC cycle Gl

out of a class B amplifier, you
need two transistors:

* An npn transistor that provides the
negative half of the AC cycle

* A pnp transistor that provides the
positive half.




Class B Amplifier: Efficiency

The maximum efficiency of a class B is 78.5%..

P
%n = o@e) 100
Pjcac)
.2
Vce
maximum P, = —
o(dc) ZRL

- - l-'r — T
For maximum power, V=V

Z‘ICC ] - Z‘FZCC

maximum Pi(dc) = Vec(maximumIg.) = VCC[ —

JTRL



Transformer-Coupled Push-Pull
Class B Amplifier

The center-tapped
transformer on the input
produces opposite
polarity signals to the
two transistor inputs.

L:Q.

Biasing network =

The center-tapped T .

transformer on the =

output combines the two — =

halves of the AC B | Comion el

waveform together.



Class B Amplifier Push-Pull Operation

* During the positive
half-cycle of the AC v
input, transistor Q, P
(npn) is conducting
and Q, (pnp) is off.

Q,

Biasing network -

* During the negative P i
half-cycle of the AC H :

input, transistor Q,
. . D B — —— - N A Vg » _;
(pnp) 1S Conductlng Phase-splitting Push-pull circuit Push-pull output Load
5 input transformer connection transformer
and Q, (npn) is off.

Each transistor produces one-half of an AC cycle. The transformer combines the
two outputs to form a full AC cycle.



Crossover Distortion

A Lg
If the transistors Q, and Q, do
" . ; Crossover
not turn on and off at exactly s
: ) distortion
the same time, then there is a /

gap in the output voltage.

L |



Amplifier Distortion

If the output of an amplifier is not a complete AC sine wave,
then it is distorting the output. The amplifier is non-linear.

This distortion can be analyzed using Fourier analysis. In
Fourier analysis, any distorted periodic waveform can be
broken down into frequency components. These

components are harmonics of the fundamental frequency.



Harmonics

Harmonics are integer multiples of a fundamental frequency.

If the fundamental frequency is SkHz:

1°* harmonic 1 X SkHz
224 harmonic 2 X 5SkHz
34 harmonic 3 X 5kHz
4™ harmonic 4 X SkHz
etc.

Note that the 15 and 3"? harmonics are called odd harmonics and the
224 and 4™ are called even harmonics.



Harmonic Distortion

According to Fourier
analysis, if a signal is not
purely sinusoidal, then it
contains harmonics.

0

AV

- A~

Distorted sinusosdal signd

LV Vy sin wr
(fundamental sinusoidal component)

'
/

-V, cos 2ot

(second harmonic component )

wt \ / or

Visin 3an
(third harmonic component)

i
AN\

. W6,
P

NV vV V wm

0
\ !

Vy sin @t
~Vycos 2w
/ -

Vy sin 3

ot



Harmonic Distortion Calculations

Harmonic distortion (D) can be calculated:

A—“xl{}{]

% nth harmonic distortion = %D, = \
21

where
A is the amplitude of the fundamental frequency
A is the amplitude of the highest harmonic

The total harmonic distortion (THD) is determined by:

% THD = /D3 + D3 + D3 +---x100



Class C Amplifiers

A class C amplifier conducts for less
than 180°. In order to produce a full
sine wave output, the class C uses a
tuned circuit (LC tank) to provide
the full AC sine wave.

Class C amplifiers are used
extensively in radio communications
circuits.

+Vee

RFC

—Vas



Class D Amplifier

A class D amplifier amplifies
pulses, and requires a pulsed
input.

There are many circuits that
can convert a sinusoidal
waveform to a pulse, as well
as circuits that convert a
pulse to a sine wave. This
circuit has applications in
digital circuitry.

Sawtooth (chopping) wavetorm

\ LA q




Problems on Op-Amp:

* Ref. Book- R L Boylestd



Problem-1:

What is the output voltage in the circuit

250 k€2

20 kQ
V=15V — AW =




Solution:-1

R 250 kQ
Vo=- (1.5V) =-18.75 V

V= ——
| R, 20 k€




Problem-2:

What input voltage results in an output of 2 V in the circuit




Solution:-2

R

VO — ——f‘/] T
Rl

2V
vl:




Problem-3:

1.What output voltage results in the circuit for an input of V1=-0.3 V?

2.What input must be applied to the input of Fig to result in an output of 2.4 V?

A"
360 k2

12 k€2




Solution:-3

R 360 kQ
Vo= 13-L W= lg (0.3 V)
R 12 kQ
= 31(-03V)=-9.3V
R 360 kQ
Vo= l+_F v1: Bk v1=24V
R 12 kQ
2
vi= 22V 7742 mv

31



Problem-4:

Calculate the output voltage developed by the circuit of Fig. for Rf = 330 k().

Vl = +O.2 V
V,=-05V

Vy=+08V

St

22kQ

3

12kQ




Solution:-4

R, R, R
V= = e T e L
R R ° R
330 kQ 330 kQ 330 kQ
= - (02 V) + (~0.5 V)+ (0.8 V)
33kQ 22 kQ 12kQ

—[10(0.2 V) + 15(=0.5 V) + 27.5(0.8 V)]
~[2V # (<15V)+22V)
[24V-75V]=-165V




Problem-5:

Find the output waveform

0.1 pF

n




Solution:-5

1
Vvo(t) = ——— v, (1)dt
RE 1

= — l 1.5 dt
(200 k€2)(0.1 uF)

=—-50(1.5t) = -T75¢




Problem-6:

Calculate the output voltage for the circuit

V=15V

+

20 k€2

100 kQ

— |/



Solution:-6




P rO b | e m - 7 : Calculate the output voltage, Vo

V, =01V
20kQ
ANA——4
S+ B 10kQ
| —— AAA——

20 kQ2




Solution:-7

v = l+4001\'9 (0.1 V)- —100 k€

20kQ ) 20 kQ
= (2.1 V)(=5) + (—-10)(0.1 V)
=—105V-1V=-115V

100 k€
+ -

10 kQ

(0.1 V)



P O b | em —8 " Calculate Vo in the circuit

600 kQ
AN
15 kQ
30 kQ
MN——1
30 kQ
20mV —pt——— VW ——
— A
15kQ




Solution:-8

( ,_ 200 k
V== i (25 mV) + i (=20mV) - i
[5 kQ 30 kQ 30 k€
300 kg€
it = = i (=20 mV)
135 kQ

=—[40(25 mV) + (20)(=20 mV)](=10) + (=20)(=20 mV)
-[1V-04V](-10)+04V
6V+04V=64V



Problem-9:

Calculate the total offset voltage for the circuit of Fig. for
an op-amp with specified values of

iInput offset voltage Vo= 6 mV and input offset current lo=
120 nA.

2kQ

200 kQ

2kQ

~AWV



Solution:-9

%
V(): l+_ VIO+I[ORf
R, ‘

’7 -
15 Al (6 mV) + (120 nA)(200 kQ)
2 kQ
= 101(6 mV) + 24 mV
=606 mV +24 mV =630 mV




Problem-10

Determine the cutoff frequency of an op-amp having specified values B, = 800 kHz and
AVD = |50 V/mV.



Solution:-10

fi =800 kHz
B fi 800 kHz

- =53 Hz
A, 150x10°




Problem-11

Determine the output voltage for the circuit

300 kQ

V=2V

V|=1V




Solution:-11

10 kQ 150 k&2 + 300 k2 v 300k$2v

10kQ+10 kQ 150 kQ 150k 2
=053)Y1V)-22V)=15V-4V==225V

R R, + R4 R4
T e
s R| + R3 R l Rp_ :
R,
e ARG

Subtraction circutt.



Problem-12

Calculate the CMRR (in dB) for the circuit measurements of Vy = I mV.V, = 120mV.
Ve=1ImV,and V, = 20 uV.




Solution:-12

V. 120 mV

g= = =120
V, 1mV
2

A.= V. = il =20x 107

V. 1ImV

| A 120
Gain (dB) = 20 loe—£~ =201lo
B 52010~

=20 log(6 x 10°) = 75.56 dB



Problem-13

For an op-amp having a slew rate of SR = 2.4 V /us, what 1s the maximum closed-loop volt-
age gain that can be used when the input signal varies by 0.3 Vin 10 us?




Solution:-13

SR 24 Vlus
CAV/Ar 03 V/10 us

Act = 80



Problem-14

Calculate the input and output power for the circuit of Fig.
The input signal results in a base current of 5 mA rms.
Rp
1.2kQ
Vo

¢,

11

| p =40

100 pF

.||-—Q°—



Solution:-14

— VvV -0.
I = Yog —Vog 1SV 0TV _i445.mA
R, 1.2 kQ

ICQ = ,BIBQ =40(14.42 mA) = 576.67 mA
P;=Veely = Vcclcg = (18 V)(576.67 mA)
=104 W

IArms) = Blp(rms)
= 40(5 mA) = 200 mA

P,= I:(rms)R- = (200 mA)*(16 ) = 640 mW



