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ABSTRACT

The course description of this course can be summarized and classified to two main

branches as the following:

>

MmiPa

Electrical part: Basic concepts: Sl Units, SI prefixes, charge, current, voltage, power,
energy, active elements, and passive elements. Basic laws: ohm's law, conductance,
Node, branch, node, Kirchhoff's current law (KCL), Kirchhoff's voltage law (KVL),
Series resistance, voltage division, Parallel resistance, and current division. Electrical
circuit analysis method and Circuit theorem: Nodal analysis (elimination technique,
Cramer's rule, Super node and inspection method for nodal analysis), mesh analysis
(Cramer's rule and inspection method for mesh analysis), Superposition, Source
transformation, Thevenin's theorem, Norton theorem and Maximum power transfer.
Inductors, Capacitors and Transient circuits: Inductors, Capacitors, First order transient
circuit (Source free R-C circuit, Forced R-C circuit, Source free R-L circuit and Forced
R-L circuit) and Second order transient circuit (R-L-C circuit). Sinusoidal steady state
analysis: Phasors and sin wave, Electrical circuit analysis, Circuit theorems and Average
and RMS.

Electronic part: Semiconductors and diode: Material types and properties of
semiconductors, Doping process, N-type and P-type, P-N junction, Models for diode and
Diode applications (HWR and FWR). Bipolar Junction Transistor (BJT): Basics and
fundamentals, Biasing. Field Effect Transistor (FET): Basics and fundamentals,
Classification, Biasing. Finally operational Amplifier (OPAMP): Basics and
fundamentals, properties of OPAMP and OPAMP applications.
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CHAPTER 1

CIRCUIT VARIABLES AND ELEMENTS

1.1. Basic concepts

The electrical engineering is one of the most important field. First, we need to

understand the basic concepts for electrical circuits.

1.1.1 The international system of units

Here in this subsection, we will state the standard international (SI) units in
electrical part in this course as shown in table 1.1.

Table 1.1. Sl units

Quantity Basic unit Symbol
Time Second S
Length Meter M
Electric current Ampere A
Thermodynamic temperature Kelvin K

1.1.2 The international system of prefixes

As shown in the following table 1.2, the international system of prefixes will be
illustrated.

Example 1.1: estimate the following values in V and A.

V1= 10 KV =10 * 1000= 10000 V.
V2=10 mV =10/1000 = 0.01 V.

I:= 20 mA = 20/1000=0.02 A.

l= 300 nA= 30*10°= 0.0000003 A.
V3= 1 MV =1 *10°= 1000000 V.

2|Page




BS 104 Electronics

Table 1.2. Sl prefixes

Multiplier Prefix Symbol
1018 exa E
1015 peta P
1012 tera T
10° giga G
10° mega M
103 kilo K
10?2 hecto H
101! deka Da
1071 deci D
1072 centi C
1073 milli M
10-° micro u
10°° nano N

10712 pico P
1015 femto F
10718 atto A

1.2. Circuit variables

1.2.1 Electrical charge

The definition of the electrical charge, is an electrical property of the atomic

particles of which matter consists, measured in coulombs (C). Its symbols are Q or q(t).

1.2.2 Electrical current

The definition of the electrical current, is the time rate of change of charge,
measured in amperes (A). Its symbols are | or i(t). In addition to the relation between
electric current and charge is illustrated as the following:

3|Page
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. _dq ot _
i=—and q= ftoldtwherelA—1C/s

As shown in figure 1.1, we found two types in electric current. The first one is DC
current which is a current that remains constant with time. The second one is AC current

which is a current that varies sinusoidal with time.

=1
o
i

o
wn -

C
TN
C

— Direct Curent (DS

Electrical Current (amperes)

ARermabng Currand (ACH

]
ra
L

-1
=1
A

1 148 F

Time (seconds)

Fig. 1.1: DC and AC electric current

1.2.3 Voltage

The definition of the electrical voltage difference between two points is the
energy or work needed to move unit charge from first point to second point, measured in
volts (V). Its symbols are V or v(t). In addition to the relation between electric voltage

and charge is illustrated as the following:

v=% \where1V=11J/C.
dq

1.24 Power

The definition of the power, is the time rate of expending and absorbing energy,
measured in watts (W). Its symbols are P or p(t). In addition to the relation between

power and energy is illustrated as the following:

4|Page
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dw dw d .
=X S, yxi where 1 W=1Js.
dt  dq dt

When the current enters through the positive terminal of an element the relation is

p = +vi but if enters through the negative terminal of an element the relation is p = -vi

(power absorbed = - power supplied) as shown in figure 1.2.

p==vi p=—-u

Fig. 1.2: The difference between power absorbed and power supplied

1.25 Energy
The definition of the energy, is the capacity to do work, measured in joules (J). Its
symbols are W or w(t). In addition to the relation between power and energy is illustrated

as the following:
t t .
w = ftopdt = ftov*ldt

Example 1.2: Calculate the energy were consumed in three hours when 200 W electric
bulb

w = p*t =200 * 2 * 3600 = 1440 kJ is the same w = p * t = 200*2 = 400 Wh.
1.3. Circuit elements

Circuit elements are the main parts in any electrical circuits and are classified into

two types as the following subsections and figure 1.3:

5|Page
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Circuits
elements

Active passive
elements elements
dependent independent Resistor Inductor Capacitor
source source
S
Voltage Current voltage Current
controlled controlled controlled controlled
voltage source voltage source current source current source
| Active Elements | | Passive Elements |

: % v % | # | R L ; %
(a) (b) ()

(d) (e) (69) @)

* A dependent source is an active
element in which the source quantity
is controlled by another voltage or
current.

* They have four different types: VCVS,
ihd d D i CCVS, VCCS, CCCS. Keepin minds the
ndependent Dependant signs of dependentsources.

sources sources

Fig. 1.3: circuit elements
1.3.1 Passive elements

Many components are considered as passive element such as resistor, capacitors,
inductors and etc...

6|Page
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1.3.

1.4.
1.4

Electronics

2 Active elements
Many components are considered as active element such as voltage and current
source. We can state the four important dependent type:
» voltage controlled voltage source
» current controlled voltage source
» current controlled current source

» voltage controlled current source

Basic laws and definitions

1 Ohm's law and conductance

Ohm's law states that the voltage v across a resistor is directly proportional to the
current i flowing through the resistor. That is mean v a i where v =1 * R. Where the
resistance of an element denotes its ability to resist the flow of electrical current, it is
measured on ohms (Q).Where the resistance of any material with a uniform cross-
sectional area A depends on A and its length , as shown in figure 1.4. We can represent

resistance as measured in the laboratory, in mathematical form R=pL/A,

Material with
resistivity p

Cross-sectional
area 4

Fig. 1.4: Resistor and its circuit
where p is known as the resistivity of the material in ohm-meters. Good
conductors, such as copper and aluminum, have low resistivity, while insulators, such as
mica and paper, have high resistivity. Table 1.3 presents the values of for some common
materials and shows which materials are used for conductors, insulators, and

semiconductors. We have special cases asshown in figure 1.5, when an open circuit is

7|Page
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found that is mean R = oo and when an short circuit is found that is mean R = 0. On the
other hand, conductance is the ability of an element to conduct electrical current, it is
measured by moh (v) or Siemens (S) and G =i * v. Now we can say p = Vi = i’R = V¥R =
v2G = i?/G.

Table 1.3. Some of material resistivity

\ECITELS Resistivity Usage

Copper 1.72*108 Conductor
Teflon 3*10% Insulators
Silicon 6.4*10? Semiconductor
Germanium 47*102 Semiconductor

"
1l
(=]
=
1]
L=}
=]
1l

Fig. 1.5: Short circuit and open circuit

Example 1.3: The essential component of a toaster is an electrical element (a resistor)
that converts electrical energy to heat energy. How much current is drawn by a toaster

with resistance 10 Q at 110 VV?
Answer: 11 A.

Example 1.4: In the circuit shown in the following figure, calculate the current i, the
conductance G, and the power p.

8|Page
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Answer:

i =Vv/R =30/5*10% = 6 mA
G=ilv=1R=0.2mS

P =v*i =180 mW

1.4.2 Node, loop and branch
As shown in the figure 1.6, we will present some definitions:
» Branch: represents a single element such as a voltage source or a resistor.
» Node: is a point to connect between two or more branches.

» Loop: is any closed path in the electrical circuit.

b
50 b AN
. ~ sQ /0
’ a an
e - S VY s
I - '} 3 <
0v(Z) 2Q = 3Q (1) 2A < 30 3
J l ’ x.%.{:\' II"‘- / ;
P N AN
) c ’ 10V \:— —

Fig. 1.6: Branch, Node and Loop

Example 1.5: Determine the number of branches and nodes in the circuit shown in the
following figures. Identify which elements are in series and which are in parallel.

50 1 sQ 2
: 3
(@)
50 1 30 2
| MM L iﬁ Y ANA—L ‘ >
102 220 (FHwvag 1032 20 CHwvzaa
L — s
3
(b)

9|Page
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Answer:

(a) Since there are four elements in the circuit, the circuit has four branches: 10 V, 5 Q,
6Q, and 2 A. The circuit has three nodes as identified in Fig. (a). The 5Q resistor is in
series with the 10-V voltage source because the same current would flow in both. The 6-
resistor is in parallel with the 2-A current source because both are connected to the same
nodes 2 and 3.

(b) Five branches and three nodes are identified in Fig. (b). The 1Q and 2Q resistors are
in parallel. The 4 Q resistor and 10-V source are also in parallel.

10| Page
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Determine the current flowing through an element if the charge flow is given by:

(a) g(t) = (3t + 8) mC
(b)) = (87 + 4t — 2) C
(©) g(t) = Be " — 5S¢ ) nC
(d) g(t) = 10 s1n 1207 ¢ pC
(e) () = 20e * cos 50tpC

Find the charge flowing through a device if the current is:

(@ i) =3Ag0)=1C

(b) i(r) = (2t + 5)mA, g(0) = 0

(c) i(f) = 20 cos(10t + w/6)uA, g(0) = 2 uC

(d) i(r) = 10e " sin 401 A, g(0) = 0
A rechargeable flashlight battery is capable of delivering 85 mA for about 12 h.
How much charge can it release at that rate? If its terminal voltage is 1.2 V, how
much energy can the battery deliver?

If the current flowing through an element is given by

3rA, 0 =t<6s
_ 18A, 6 =t< 10s
i(n = .
—12A, 10 =1 < 15s
0, t=15s

Plot the charge stored in the element over 0 <t < 20 s.

The current entering the positive terminal of a device is i(t) = 3 e A and the voltage
across the device is v(t) =5 di/dt V.

(a) Find the charge delivered to the device betweent=0andt=2s.
(b) Calculate the power absorbed.
(c) Determine the energy absorbed in 3 s.

Find Vo in the circuit of the following figure
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I=2A
[ ]
+ —
] 28V
6A 12V 1A
—_— — —
L L 1
3A -
N 28V
30v (7 v, D = sl
6l b3a

An electric stove with four burners and an oven is used in preparing a meal as
follows.

Burner 1: 20 minutes Burner 2: 40 minutes
Burner 3: 15 minutes Burner 4: 45 minutes
Oven: 30 minutes

If each burner is rated at 1.2 kW and the oven at 1.8 kW, and electricity costs 12
cents per kWh, calculate the cost of electricity used in preparing the meal.

Find the power rating of the following electrical appliances in your household:
(a) Light bulb (b) Radio set

(c) TV set (d) Refrigerator

(e) Personal computer  (f) PC printer

(g) Microwave oven (h) Blender

A 1.5-kW electric heater is connected to a 120-V source.

(a) How much current does the heater draw?

(b) If the heater is on for 45 minutes, how much energy is consumed in kilowatt-
hours (kWh)?

(c) Calculate the cost of operating the heater for 45 minutes if energy costs 10
cents/kWh.

10. A flashlight battery has a rating of 0.8 ampere-hours (Ah) and a lifetime of 10 hours.

12| Page

(a) How much current can it deliver?
(b)How much power can it give if its terminal voltage is 6 V?
(c) How much energy is stored in the battery in Kwh?
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11. GPU Energy (the electric power company in New Jersey) charged a consumer $52.75
one month. If the basic service charge is $5.23 and the company charges $0.11 per
kWh, how much energy in kWh was used by the consumer?

12. How much energy does a 10-hp motor deliver in 30 minutes? Assume that 1 horse
power = 746 W.

13. Find the power absorbed by each of the elements in the following figure:

I=10A +IH‘»"_ +H‘~'_ 4 A
- I 1 Il -
| S | | R |
P ylaA Py

+ - Ir;'.;
- o
W0V Ci) i MV I:] e 12V C-)

14. The voltage across a 5-kQ resistor is 16 V. Find the current through the resistor.

15. Find the hot resistance of a lightbulb rated 60 W, 120 V.

16. When the voltage across a resistor is 120 V, the current through it is 2.5 mA. Calculate
its conductance.

(a) Calculate current i in the following figure when the switch is in position 1.
(b) Find the current when the switch is in position 2.

1 2
L L
.S ‘TTF .
100Q = A =150 Q
(C)wsv 3

C
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CHAPTER 2

TECHNIQUES OF CIRCUIT ANALYSIS
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CHAPTER 2

TECHNIQUES OF CIRCUIT ANALYSIS

2.1  Kirchhoff's current and voltage law

In Kirchhoff’s current law (KCL) states that the algebraic sum of currents
entering a node (or a closed boundary) is zero. Mathematically, KCL implies that

N
Y =0

n=1

where N is the number of branches connected to the node and in is the n-th
current entering (or leaving) the node. As shown in figure 2.1, by this law, currents
entering a node may be regarded as positive, while currents leaving the node may be
taken as negative or vice versa.

i
N P
iy, ot (ChR) tiztigt (—is) =0
L \‘
o g lil: . H‘H-.
* iq .,

Fig. 2.1: Example on KCL

As shown in figure 2.2, the sum of the currents entering a node is equal to the sum
of the currents leaving the node.

II' fr
-
a o a
i T e I:’""\.. _
Ifx. -;l 4 Idf' L x* I3 'x._tz' Ir=h-5L+1
b o h o

Fig. 2.2: Another example on KCL
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In Kirchhoff’s voltage law (KVL) states that the algebraic sum of all voltages
around a closed path (or loop) is zero. Mathematically, KVVL implies that

M
vazo

m=1

where M is the number of voltages in the loop (or the number of branches in the
loop) and vm is the m-th voltage. As shown in figure 2.3, by this law, The sign on each
voltage is the polarity of the terminal encountered first as we travel around the loop. We
can start with any branch and go around the loop either clockwise or counterclockwise. In
other words, sum of voltage drops = sum of voltage rises

—Uy T Uy, TU3 — Uy TUs=0
N q — 1 . -

'\_j-__/'l g

Fig. 2.3: Example on KVVL

Example 2.1: For the circuit in the following figure, find voltages v1 and va.

20 20
ATATITLY ATATATAY
+ 1 + n
™ < s <
20V ii F} = 30 20V | _:,: QI ty =30
N . — + o

Answer: TO find vi and v2 we apply Ohm’s law and Kirchhoff’s voltage law. Assume that
current i flows through the loop as shown in Fig.. From Ohm’s law,
V1=2I, Vo = -3i.
Applying KVL around the loop gives
-20+vi-v2=0
we obtain i =4 A.
vi=8Vandv,=-12V
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2.2  Series and parallel resistance
The process of combining the resistors is facilitated by combining two of them at

a time. With this in mind, consider the single-loop circuit of figure 2.4. The two resistors
are in series, since the same current i flows in both of them. Applying Ohm’s law to each

of the resistors, we obtain
U1=iRlandU2=iR2
7 (2 + Uy, = 0

U=v1+v2=i(R1+R2)
v

. —
(R1 +R3)

V=1Rg
Req:R1+R2

Now we can say The equivalent resistance of any number of resistors connected

in series is the sum of the individual resistances.

N
Req = z Ri
i=1
. R Ry . Rg
'+;,1_ ;,2“_ T+, -
v :ﬂ:i v '\:\
b b
Fig. 2.4: A single-loop circuit with two resistors in series.
If Rl = R2 == RN = R, then
R.q = NR

where two resistors are connected in parallel and therefore have the same voltage

across them as shown in figure 2.5. From Ohm’s law,
V= lRl = lRZ
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o ) v v 1 1 v
e () e

R, R, \R; R,/ R
Lt 1.1
Req Ri R,
R,R,
Req R +R,
Lt _r. .ttt
Req Ri R, Ry

The equivalent resistance of two parallel resistors is equal to the product of their
resistances divided by their sum.

e
/

YYY
]
a3

]
—
|
o
v A A A,
SRR
A
—_
M A

¥

Node b
Fig. 2.5: A single-loop circuit with two resistors in parallel.

Note that the equivalent resistance is always smaller than the resistance of the
smallest resistor in the parallel combination. If R, = R, = - = Ry = R, then

R

==

eq =

The equivalent conductance of resistors connected in parallel is the sum of their
individual conductance.

Geq=Gl+GZ+"'+GN

Example 2.2: Find R, for the circuit shown in the following figure

4Q 10
o Wy J MY
s 20
R Z.
260 =30
8 Q)
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40
Answer: O AMAN, I
Two resistors 6 and 3 parallel R 220 |

M . g:;: 60

6//3=2Q =20

80 %
Two resistors 2 and 2 series and parallel o
with 6
242) /1 6=240Q o
Three resistances 4, 8 and 2.4 are series Reg 2240
4+8+24=1440Q _ Bo

bt L

Example 2.3: Find R, for the circuit shown in the following figure

240 30 410
:.:'_JL'-,-'JL'\:'*'-,-""\- ""\-'*'.""'-"L"J l'-;"'-_.'h-,.'h'-,.
Req 2 = =_ .
—_— < 6Q < 4Q =510
1402 30
—AAY AWM

Answer: 6 Q.

2.3 Voltage and current division

To determine the voltage across each resistor by using voltage divider in figure
2.4 as the following

To determine the current through each resistor by using current divider in figure

2.5 as the following
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2.4
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. R, .
i =——i
27 (Ri+Ry)

Nodal analysis
Nodal analysis provides a general procedure for analyzing circuits using node
voltages as the circuit variables. Choosing node voltages instead of element voltages as
circuit variables is convenient and reduces the number of equations one must solve
simultaneously. To simplify matters, we shall assume in this section that circuits do not
contain voltage sources. Circuits that contain voltage sources will be analyzed in the next
section. In nodal analysis, we are interested in finding the node voltages. Given a circuit
with n nodes without voltage sources, the nodal analysis of the circuit involves taking the
following three steps.
> Select a node as the reference node as shown in figure 2.6. Assign voltages
Vi, Vy, ..., U, 10 the remaining (n-1) nodes. The voltages are referenced with
respect to the reference node.
> Apply KCL to each of the (n-1) non-reference nodes. Use Ohm’s law to express
the branch currents in terms of node voltages.

» Solve the resulting simultaneous equations to obtain the unknown node voltages.

L L]

@ ©® ©

Fig. 2.6: Symbols of references node.
As shown in figure 2.7, Current flows from a higher potential to a lower potential

in a resistor.

- Vhigher — Viower
B R

L = R =G
1

V1 — 7y

= G(vy —vy)

i3 = = G3v,

ge
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node 1:

node 2:

Electronics

V1 1 2
11 = 12 +—+
R, R,
Vi, i
Ry 2 R,
I
— .
'\____a" E—
i iy
Rl 2 51 — 2 |y
ANV —AAAN g
o= Ry I (0 < R = R
Al A = 7
0

Fig. 2.7: Typical circuit for nodal analysis.

Example 2.4: Find v,and v,using nodal analysis:

Answer: At node 1, applying KCL and Ohm’s law gives

node 1;

node 2;

21| Page

(B

5A
5A @
o =5 = ;
© pin=3 fin=s
; ig= 10
40 5 a0 2
J"r'l"\-"'-""v I- M A _,"\."l.‘,-‘.__
—.-l-
. & i Iy
602 {}"‘- 104 J’ :
z - = = T
| 10 = 2 (4104
= = WA

— Y

i1=i2+i3
vy—v, v;—0
5= 1
7 >— (D
i2+i4=i1+i5
VL — Uy v, —0
10 =5 2
2 + + 3 (2)
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from (1) and (2) v; = 13.33V and v, = 20V.

Nodal analysis with voltage source is called super-node (A super-node is formed by
enclosing a (dependent or independent) voltage source connected between two non-reference
nodes and any elements connected in parallel with it.) and considers as special case.

» CASE 1 If a voltage source is connected between the reference node and a non-reference
node, we simply set the voltage at the non-reference node equal to the voltage of the
voltage source. In figure 2.8., for example,

vy = 10V
Thus, our analysis is somewhat simplified by this knowledge of the voltage at this node.

» CASE 2 If the voltage source (dependent or independent) is connected between two non-
reference nodes, the two non-reference nodes form a generalized node or super-node; we
apply both KCL and KVL to determine the node voltages. We can solve the following
three equation to find all three voltages.

i1+i4=i2+i3
171_172 01—173 172—0 173_0
= 1
2 + 4 8 + 6 M
172_173 = 5(2) V1= 10 (3)

410}

VAN Supemode
N / L i
20 0 A
o WA - >, )
i l o i ‘.3
0V _::_-\ -= 20 : 6L

Fig. 2.8: Nodal analysis with voltage source

2.5 Mesh analysis

In the mesh analysis of a circuit with n meshes, we take the following three steps.
» Assign mesh currents iy, iy, ..., i, t0 the n meshes.
> Apply KVL to each of the n meshes. Use Ohm’s law to express the voltages in
terms of the mesh currents.
» Solve the resulting n simultaneous equations to get the mesh currents.
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As shown in figure 2.9,

loop 1:

loop 2:

Electronics

- V1 + Rlil + Rg(il - 12) = O

Rziz + VZ + R3(i2 - I’l) == 0

After we will solve the two equation we can find:

Example 2.5: Find the branch currents I, I, and I5 using mesh analysis.

Il = il’ 12 = iz and 13 = il - iz
I I,
il —_— R]' -!J —_— R: c
Vi A
5
P Ir’ i\
.Y 1 | -=: = S r
0 }' -_; R3 _.PJ '-.\_:_._.- I_
e d

Fig. 2.9: Typical circuit for mesh analysis.

A5 B oga
5
100
B N
15v () (4 i )
7 Py s
O -
() 10v

240

Answer: We first obtain the mesh currents using KVL. For mesh 1,

and for mesh 2

from (1) and (2)

Mesh Analysis with Current Sources is called super-mesh (A super-mesh results when
two meshes have a (dependent or independent) current source in common..) and considers as

special case.

» CASE 1 When a current source exists only in one mesh: Consider the circuit in figure
2.10(c), for example. We set i, = —5 A and write a mesh equation for the other mesh in
the usual way; that is,

23| Page

11 = il = 1A,

—15 + 5i; + 10(i; —i,) + 10 = 0 (1)

6i, + 4i, + 10(i, —i;) — 10 = 0 (2)

ilzizzlA

12=1:2=1Aand13=i1_i2=014
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v, = 10V
Thus, our analysis is somewhat simplified by this knowledge of the voltage at this node.

» CASE 2 When a current source exists between two meshes: Consider the circuit in figure
2.10(a), for example. We create a super-mesh by excluding the current source and any
elements connected in series with it, as shown in figure 2.10(b).

602 e 100
AN —— AN,
I ' 6 10
20 ':_-: _ VY My
wv (D) (4) ! ] b (h) Z40 i !
N [ L <, - ] /"- .-"- 1 <
_ "' . I, ":' o ED ‘;lr'. :"'-: tl : | F]-H\-I [ r;-\\.l : le_ 4 O
6a(d) = ¥ iz
. S~ |
] ", 0. . I .
T Ezxclude these (b}
(a) elements
40 30
"-I‘_‘.\_ll. -,l"'. ll.lll"".'\'ll.lll

A, L . et Ly o
10Vt () =60 fﬁa ) A
L - jl e ."I (_+__.-

(©
Fig. 2.10: Mesh analysis with current source

2.6 Superposition

The superposition principle states that the voltage across (or current through) an
element in a linear circuit is the algebraic sum of the voltages across (or currents through)
that element due to each independent source acting alone. With these in mind, we apply
the superposition principle in three steps:

» Turn off all independent sources except one source. Find the output (voltage or
current) due to that active source using the techniques covered in this chapter.

> Repeat step 1 for each of the other independent sources.

» Find the total contribution by adding algebraically all the contributions due to the
independent sources.

Example 2.6: Use the superposition theorem to find v in the circuit of figure 2.11.

Answer:
vV=v,+ 7V,
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2.7
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from figure 2.11a by voltage divider

4
=4i, = 6 =2V
et E g
from figure 2.11b by current divider
vz l3 * 4 n 8 ES 3 8V

v=v,+v,=2+8=10V

g0
"l_l_n'\-_ll.',__ﬂ_l_
i -F"‘\. "L + _.-""\-..\Il
6V (=) 40 T__y I‘J_,f" A
B0 4
g0 AN — :
Ay T i3
¥ <t - ~
6v Ii'_':l (i ] 40 =9 402 f_;_i: |H.L, JA
- » 2!
@ ®)

Fig. 2.11: Superposition circuits
Thevenin's theorem

Thevenin’s theorem states that a linear two-terminal circuit can be replaced by an
equivalent circuit consisting of a voltage source V1 in series with a resistor Rth, where
V7 is the open-circuit voltage at the terminals and Rtn is the input or equivalent

resistance at the terminals when the independent sources are turned off as shown in figure
2.12.

Linear
two-terminal
circuit

25| Page

D
+

Lo

- ob

Linear circuit with
all independent
sources set equal
to zero

Fig. 2.12: Thevenin's circuits
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Example 2.7: Find the Thevenin equivalent circuit of the circuit shown, to the left of the
terminals a - b.

40
LN < N
Rv(D) rez (4)
o = o
b
Answer:
40 10
A I."'ﬂ..‘..'f..l.'f '\rll'v'.l'v 1 a
Ren= (4//12)+1= 4Q) naQs R
a b
i, = —24 40 Vi 10
—32+ 16i; — 12i, =0 e
iy = 0.54 2v (2) Q ez () (4)2a V.
Von, = 12(iy — i) = 30V ' _

2.8 Norton theorem

Norton’s theorem states that a linear two-terminal circuit can be replaced by an
equivalent circuit consisting of a current source In=Vw/Rh in parallel with a resistor Ry
=Rth, where Iy is the short-circuit current through the terminals and Ry is the input or
equivalent resistance at the terminals when the independent sources are turned off.

B | l . 0

Linear ©a p 2 Linear -
two-termimnal Iv '-J_/' < Ry two-terminal i.=1Iy

circuit y b [ I circuit 5

' o b 5

Fig. 2.13: Norton circuits
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Example 2.8: Find the Norton equivalent circuit of the circuit shown, to the left of the

terminals a - b.

80
W O a
L
:‘;.'3 40
N =
2A ] = 50
+—-/ ./l\. - <
=/ 12V
| A.f.a_f.ﬂ_‘_.'-,_ ) b
80
Answer:
802
v.'\,\__-\.‘_.'\-,‘_ O a
= < R\;
40 < 50 <= -
Ry =5//(8+4+8)=4Q 2
80
“'\_-*-‘,u"-‘.-".‘ 'e] b
gQ a

. "-: - F-'j
ip =24 - = _,,

20i, — 4i; —12 =0 g ) 1y <50

i2:1A:iSC:IN

2.9 Source transformation

A source transformation is the process of replacing a voltage source vs in series
with a resistor R by a current source is in parallel with a resistor R, or vice versa as
shown in figure 2.14.

R
J- Y 3 T J- ’ o1 f1
56 @ i
| 2 b | ] o b
I ] . Us
v, = iR of i; = E

Fig. 2.14: Source transformation circuits
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Example 2.9: Use source transformation to find vo in the following circuit.

20 in

A AR
WY

- P
1 kt )12V

Answer: We first transform the current and voltage sources to obtain the circuit in figure
2.15(a). Combining the 4Q and 2Q resistors in series and transforming the 12-V voltage
source gives us figure 2.15(b). We now combine the 3Q and 6Q resistors in parallel to get
2Q . We also combine the 2-A and 4-A current sources to get a 2-A source. Thus, by
repeatedly applying source transformations, we obtain the circuit in figure 2.15(c).

10z 3a(}) sa
= .

v0=8i=8*2i8*2=3.2V
o o
LT 1
12V (3) sez w230 (f)ea
[ 1 |
(a)

T LT 1 9T 1

z_a’@ﬁ"j 60z sazs 230 (H)4a s03s 220 (B)2a

(b) (c)

Fig. 2.15: Source transformation example
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2.10 Sheet 2
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CS

1. Find iy, iz, and iz in the following figure:

-

K

-_bt.l_.'

|
1?'

C

2. Given the circuit in the following figure, use KVL to find the branch voltages V1 to

V4.
T T !
3V v, on
— v, — + +
4V v, 5V
+ _ —
L T T

3. Calculate v and ix in the circuit of the following figure:

12 )

12V (Z

+

&
Wiy
!' _| —
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4. Find I and Va in the circuit of the following figure:

30 10V a 5402
AAAN — 1} ", A AN
N 1, I
(Y Y -
30V (2) Vab =/ 8V
b

5. Evaluate Req for each of the circuits shown in the following figure:

6 kQ
L h‘l"l\'l'.k.f.k.f
2kQ 2
1 1k 4kQ 12 kQ
AN G ATATATY W
2kQ = Z1kQ 12kQ 2
o ]
5Q
v'l\p'ﬁ'v"\v'ﬁ
20 Q 20Q
ac —C b a o Ly AN
8Q 20 Q o o
I-l‘-u"l\l'-'|."-'|. '\"‘I.\"rl'n'ﬁ'-'ﬂ \: ‘..J'
=100Q s
= =
WA
300 b ¢
6. Find i1 through is in the circuit of the following circuit:
e 4 o0
:.-""\""\-".‘-."‘— YAATAT,
A ———— ..'“-.."'\_."\..'"ji
00 T o300
3 L 1
s
\LJ 20A
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7. For the circuit in the following figure, io= 2A. Calculate ix and the total power
dissipated by the circuit.

I
—

20 4Q=< sQ=

..-}
- -
<

> 16 €2

L

A

J'.
W

L
A

- g
=

8. Calculate V, in the circuit of the following figure:

40Q

VA A
7 -
+ V,

e -
16V I\:/‘ s 60

9. For the circuit in the following figures, obtain v1 and v2 by using nodal analysis.

20
'l'\. '-""w"'\.
1V
12A w20 - -
n Py »y 1 A :':——j -
‘ = N
= - < -~ = = e
002 =50 402 Qj 6a 802 ;i; 40z (L) 3A

1 1

|
v (Z)  20v (D) +
j | 4k0 = %
2kQ 2 S5kQ T 1-
| [
(@)
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ENY A g}:
gunny .

-le sz #—ﬁ Lf4 I.*

45

w0a(®) we: 20: eI 2a(}) 6951% nv () 260 220
1 L
(b) (c)
25
‘\_.‘-‘l,ﬁv‘._
2y, 85
1 P
= AAAN 3
1 V-] !
JA(F ?j%ls 43%43 )13V
L
(d)
11. For the circuit in the following figures, find all node voltages by using nodal
analysis.
24
. o
j::. L
1 —— T
R e [ s
sa(h) 502 was we:s s ® by -
) ez < S s s5a(} < o
g : : ' : T 65 z5ss (F) 24
10V
™
r
0 )
1 "\'*v"'.lr'v | ""-I'\'q"'\.""‘a J 3‘
s N =
403 (1)sa Z 80
L

12. Repeat all the previous problems by using mesh analysis

13. For the circuit in the following figures, find all currents
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I

40 * 0
r-.*\-"'.-'-. *II Vi
Loy oy

14. Determine Vo in the circuit using the superposition principle.

4 A
()
N
6 Q2 50 40
AMAN +-"\.1_."'. J’-,J'-w_ MMM,
{.::r
() < < ne (N aaxr
i | -".!- = 2 { T
24V k_—‘_,f = 30 < 12 0) -\____/J 38V
15. For the circuit, use source transformation to find i.
50 10
*'\-"."\.'l"'a'l"'.- "-,-"‘..""'.""'\.i_
i
24 (}) 2 5Q 2 40 () 20v
AL = = =

16. Find the Norton and Thevenin's equivalent with respect to terminals a-b in the
circuit shown

3A
20 Q =
AMAA, o a
-".vl"'u 1.."'. ..-'ﬁ'
180V i“_“:] 40 Q :E 120
ob
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CHAPTER 3

NATURAL AND STEP RESPONSE FOR RL, RC
AND RLC CIRCUIT
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CHAPTER 3

NATURAL AND STEP RESPONSE FOR RL, RC AND RLC
CIRCUIT

3.1 Inductors

An inductor is a passive element designed to store energy in its magnetic field.
Inductors find numerous applications in electronic and power systems. They are used in
power supplies, transformers, radios, TVs, radars, and electric motors. Any conductor of
electric current has inductive properties and may be regarded as an inductor. But in order
to enhance the inductive effect, a practical inductor is usually formed into a cylindrical
coil with many turns of conducting wire, as shown in as shown in figure 3.1. An inductor
consists of a coil of conducting wire.

—Length, (—] _ R 5 , :
Cross-sectional area. . - i l i l i l
' / + + +
| - = =
\ /I‘“\\ v3L vl L v L
Core material -r -r -T
Number of tums, N
o] (=] O

i L Ly Ly Ly

;0o
=, 3
e R
) il
/ /
."- "I '.,'
,. i
I
/
+
~
K,
-
R
-
[B%]
-
PR
~
[¥5)
-
JE—

PP — W — -~ TV 0 o
YT T T T T T Ty N
: ’ Jfa v 3n 31 I, 3
- 5 P [ _ [ _ [
U= Ul + T_.-‘] + US + + I.’_‘\__' » = :1 Ll I: Ll I; + “..__ I_‘\.'_
di di di di 1 | : 1 |
v=Li—+Ly—+Ls—+ -+ Ly— i=— | vt + i) + -+ — | vdr+ in(io)
Yar ~ Par T ar Nt L Ly,
L+ L+ Lt 41 i N\ [t Lt
= ) 3 o ‘\-'-J_ - " -
: B . Tdt =(2—)| vdf+ zrk{rgj=—‘ v dt + i(fy)
_ ) =1Lx/ ) =1 Leg J,
_(iz )ﬁ'f_j: di o fa
“ ) a T
1 1 1 1
-t — 4+ —+ -+ —
Ly=L +Ly+Ls+ - +Ly Lg L1t L Is Ly

Fig. 3.1: Inductors
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3.2

Inductance is the property whereby an inductor exhibits opposition to the change
of current flowing through it, measured in henrys (H).

L = N2pA/I

where N is the number of turns, | is the length, A is the cross-sectional area, and p
is the permeability of the core

Capacitors

A capacitor is a passive element designed to store energy in its electric field. Besides
resistors, capacitors are the most common electrical components. Capacitors are used
extensively in electronics, communications, computers, and power systems.

1F=1C/1V
+ b - A
*g -4
o _ ;
. : >
- —
+
T T i C i C
- o Il a [ o
L. | A
) + v - + v -
\Z/
--- i q c, c Cy
i i i iy —=
B L R . .
i .\+_/I Cl=— €, =— C3— Cy=—v i I-\i} Cec_ i ) I/LI +o - +toy— +owy— + oy —
[ - - o
i=1;+ 1> is + - + iy ‘
dv dv dv dv U=1u + [25] + U3 + -+ Uy
i=C—+C—+ C— +  + Cp— iy
d < dt ? dt t 1 | » ) 1 | o i
- v=— | iHhdt +vyty) + — | i()dt + vy(ty)
- (2 G )ﬁ =C, ﬁ G 'l-'c C2 'l-'c-
A -k dt “eq dt . |'.'
+ o+ — | (D) dr + vyl
oy | wito)
fo
Cq=Ci+C+ G+ + Cy L 1 |
=|—+ +- + i1(f) dt + vi(fy) + va(ty
(C‘l c, c) ) 1fo) + va(fo)
» + -+ vty
B
= — | i(fH)ydt + v(ty)
eq .l_,c
1 1 1
=—+—+—+ -+ —
Cq C1 b G N

Fig. 3.2: Capacitors
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For example, they are used in the tuning circuits of radio receivers and as
dynamic memory elements in computer systems. A capacitor consists of two conducting
plates separated by an insulator (or dielectric) as shown in figure 3.2.

g=CV and C=€A/d

where A is the surface area of each plate, d is the distance between the plates, and
€ is the permittivity of the dielectric material between the plates. Capacitance is the ratio
of the charge on one plate of a capacitor to the voltage difference between the two plates,
measured in farads (F). As shown in figure 3.3, we can present a complete comparison
between the three passive element.

Important characteristics of the basic elements.’

Relation Resistor (i) Capacitor (C) Inductor (L)
1 (" di
v-i: v=1iR v=—| idt+ vz v =L—
C J? (o) dt
] ] 'R ] C‘du ] ! J" dt + i(tg)
i-u: i=uv i=C— i=— | v i
! dt L) o
, b
- ='2R=‘— .=l@2 .=1L-2
porw: p=i  Y=3 w=JLi
. - . O1G _
Senes: Req =R+ Ry Ceq = m Leq =L, + L,
BBy Lo
Parallel: a= Coa = C1 + & Leg =
R, + R, Ly + L
At dc: Same Open circuit Short circut
Circuit variable
that cannot
change abruptly: Not applicable v i

Fig. 3.3: Comparison between capacitors, inductors and resistors.

First order transient circuit

In this chapter, we shall examine two types of simple circuits: a circuit comprising
a resistor and capacitor and a circuit comprising a resistor and an inductor. These are
called RC and RL circuits, respectively. A first-order circuit is characterized by a first-
order differential equation. The meaning of transient is shown in figure 3.4.

Transient Period

Steady state 1 Steady state 2

t=0 t=c0
Fig. 3.4: Meaning of transient
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3.3.1 Source free R-C circuit

A source-free RC circuit occurs when its dc source is suddenly
disconnected. The energy already stored in the capacitor is released to the
resistors (sometimes called free response) as shown in figure 3.5. This shows that
the voltage response of the RC circuit is an exponential decay of the initial
voltage. Since the response is due to the initial energy stored and the physical
characteristics of the circuit and not due to some external voltage or current
source, it is called the natural response of the circuit.

;Cl + iiﬁ v(0) = Vo a v =0 v(f) = de 7RC
A w(0) = l(_.,Vg dt RC ‘RC
C jr— Fa j:-:. R - : . dlq 1 U(IJ - V{j E? N
_ ictip=0 v _Edf By g0 = vig= e vy = [ par= [ Bowra
dv v v t -
L C—+—-=0 n—=—-— W
= dt R A RC AN ‘\,,\k}_.f Tpe | =seria-e
v A e | /“\}v_“-=]
— 7, Ve 77 = e ! = 0.368V; N
0 ) 0 0 7 =RC 3 : e = s
03687, _y
v(t) = Ve 7
0 T ;—

Fig. 3.5: Source free R-C circuit

The time constant of a circuit is the time required for the response to decay to a
factor of 1/e or 36.8 percent of its initial value. The Key to Working with a Source-free

RC Circuit Is Finding:

» The initial voltage v(0) = Vo across the capacitor.
» The time constant t.

Example 3.3: let Vc(0)=15, find V¢, Vx and ix for t >0.

8 02

SQZ  01F ==, 12034
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Answer: We first need to make the circuit conform with the standard RC circuit.

20 X 5
‘3‘1_3G~+5_4"‘F1

T = ReeC = 4(0.1) = 0.4

—1/0.4 < —25

v =v(0)e 77 = 15e V. wve=v=15¢ 23y

12 o5 _
v, = v =0.6(15¢ ) = 9¢ 2V
*o12+8
[}
i =—=0.75 A
12

Example 3.4: the switch in the circuit in the following Fig. has been closed for a long
time, and it is opened at t =0. Find v(t) for t = 0. Calculate the initial energy stored in
the capacitor.

0
3Q <>< 1Q
W
+
20V 9Q § v — 20 mF

Answer: For t < 0 the switch is closed; the capacitor is an open circuit to dc, as
represented in the following figure. Using voltage division

Vc(o) = 20%9/12 =15V
30 10

AN A

Wiy WA

0
20v () 90 2 v (0)

B

For the switch is opened, and we have the RC circuit shown in the following figure.

10

+

90 <  ¥=15V —— 20mF

-:| —

[Notice that the RC circuit is source free] The resistors in series give

I
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Reqg =9+ 1= 10

The time constant is

T=Req*C =025

Thus, the voltage across the capacitor for is

v(t) = 1573tV

The initial energy stored in the capacitor is

Wc(0)=0.5 C*V2=2.25]
3.3.2 Forced R-C circuit

The steady-state response is the behavior of the circuit a long time after an

external excitation is applied. The forced R-C circuit is shown in figure 3.6. with
v(o0) is the final value of capacitor voltage.

t=0

R u(®) ¢t u(f) A
ANAA 7<Y In(v — 7)) = ——
T R(_‘ [f ___________________
Vo 0 4
T I '
& , nw() — V) —In(¥Vyg —¥V,) = —=+10
7 () C==1 (Vo — ¥ e
- v—V; f
In = ——
Vo — V. RC
v—V, o — "
(0 )Y=0v(0") = =e 7, T =RC
v(07) =v(0") =¥y — _
Cﬂ + U= ]7_,-”'.\?‘:] -0 U — I[: — [V{) o I/—:::'E? tfv 0 t
dt R ) ) N " o i
dv v v vty =¥, + (Vp — Ve . t=0 "; o v
— + = —u(l) ’ -

dt E RC

’_’,.-—- ® i
\\
Vo. t<0 /
dv v — V. u(t) = {

- V., + (Vo — V.)e ", t >0 / \
dt RC T
dv dt '

v—V, RC v(f) = v(*) + [V(0) — v(=)]e "

Fig. 3.6: Forced R-C circuit

Example 3.5: the switch in the following Fig. has been in position A for a long

time, and it is moved to B at t =0. Determine v(t) for t > 0. Calculate its value
att=1sand t=4s.
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3 kO 4 B 4KQ
t=0
24V (Z)  skQZ v ==05mF (~ )30V

Answer: For t <0 the switch is at position A. The capacitor acts like an open circuit
to dc, but v is the same as the voltage across the resistor 5k. Hence, the voltage
across the capacitor just before t=0 is obtained by voltage division as Using the
fact that the capacitor voltage cannot change instantaneously,

5
V(O) = 5—+324 =15

For t>0, the switch is in position B. The Thevenin resistance connected to the
capacitor is Ry, = 4 k and the time constant is

T=Reg*C=12s
Since the capacitor acts like an open circuit to dc at steady state, v(c0) =30V
v(t) = 30 — 15¢705ty
att=1 v=209V

att=4 v=27.97V

3.3.3 Source free R-L circuit

Consider the series connection of a resistor and an inductor, as shown in
Fig. 3.7. Our goal is to determine the circuit response.
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i » _ . i(f) Rt
. w(0)=—LI; a L 0
[ < = i) 5. -t
LEn  REmuy tug=o |[TA__| R, i) _ R
di J I I, L
— L+ Ri=0 fo ° 0
r
= i(f) = Iye ®/1
i(f) A
Ic. _ L . —tfr
T== i(f) = Iye ~
p () = Io
] =7 = iz
Tangentat =0 Vr(l) = IR = Iy Re
- 2 28/T
= vgpl = IgRe ™
0.363.{0 . Iue_;_.-‘-,-— p R 0
| / F ’ 2 2t/7 L. 2/4|
! wg(f) = | pdt= | IyRe """ dt = ——TIgRe ™"
i Yo ‘0 - 0
l: -
0 T t

]- g P 28/
wr(f) =_LIg(l —e 7'7)
Fig. 3.7: Source free R-L circuit
The Key to Working with a Source-free RL Circuit Is Finding:

» The initial current i(0) = lo through the inductor.
» The time constant t.

Example 3.6: the switch in the circuit in the following Fig. has been closed for
a long time, and it is opened at t =0. Find i(t) fort = 0

2 0 4 Q

L ATATAY WA
1- \\
_— '
-

(Dav  Zno

[ | i)

> 16Q “ﬁzH

]
AN/

-

.I-_-F

Answer: When t < 0, the switch is closed, and the inductor acts as a short circuit to
dc. The resistor 16 is short-circuited; the resulting circuit is shown. To get i;in
circuit, we combine the and resistors in parallel.
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I
— iy
10
sov () <120
— T-

_ 40

11:—:
4 %12
2+1717

84

We obtain i(0) from i, using current division, by writing

12

i®=1577

ll=6A

When t > 0, the switch is open and the voltage source is disconnected. We now
have the source-free RL circuit. Combining the resistors, we have

Req = (12 + 4)//16 = 8Q

The time constant is

L 0.25
T=—=025s
Req

Thus,

i(t) = 6e %4

3.34 Forced R-L circuit

The steady-state response is the behavior of the circuit a long time after an external
excitation is applied. The forced R-L circuit is shown in figure 3.8. with i() is the final
value of inductor current.
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AAAA, * f i(f) A
= ':l . .!r{|
G 130
7Y S —
Ip=A4 + R
I =1; + I - X
i J-I'_-. . =
I, = Ae T=E _d—fﬂ—E N
0 t
s . v (I V)
o I _ s | ¥ P t/n
8 V. R ° R
I. — ‘49 I/ T + -E?--"
i = j{oo 7 . —tfr
i(07) =i(07) = I i(f) = i(>) + [{(0) — i(x)]e

Fig. 3.8: Forced R-L circuit

Example 3.7: Find i(t) in the circuit in the following Fig. for t >0. Assume that
the switch has been closed for a long time.

=0
]
20 3iQ
A -'"'-_."'-.-"'-_, A J\-_IF_J- Ly
W WAV ‘ ;
T 41
10V =) ’:E tH

|

Answer: When t < 0 the 3 ohm resistor is short-circuited, and the inductor acts like
a short circuit. The current through the inductor is

((0) = 0_ 54
[ =5 =
When t > 0 the switch is open.
[(0) 10 2A
D) =m — =
: 2+3

The Thevenin resistance across the inductor terminals is
RTh = 2 + 3 = 5
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Thus,

i(t) =2+ 3e 154

3.4 Second order transient circuit

45| Page

In this chapter we considered circuits with a single storage element (a capacitor or
an inductor). Such circuits are first-order because the differential equations describing
them are first-order. In this chapter we will consider circuits containing two storage
elements. These are known as second-order circuits because their responses are described
by differential equations that contain second derivatives. Typical examples of second-
order circuits are RLC circuits, in which the three kinds of passive elements are present.
Examples of such circuits are shown in figure 3.9. A second-order circuit is characterized
by a second-order differential equation. It consists of resistors and the equivalent of two
energy storage elements.

(,.,,
Al

R L
"'.,"‘ lJ.ll‘r rjﬁtw
e ' s L
v | :} ¢ T (b)) R = 7T
i= Ae” |
0 : |h dt = ¥, As~e” + ity 0
Wy = — [ = Vi As e 5€ —g = |
v(0) c idt 0 Ic
» + > R 1 _
i(0) = I Ae’ (3' —5+—]=0
; X L LC,
di 1 [
Ri+L—+—| idi=0 2e 2 L1,
ff?‘ C J_ o L
d__f 1 Ei + L = R ji 1
. . 51 = — - —
dr Lodr LG 1= 7o "N\ar) 1e
. di(0)
Ri(0) + L ” + ¥V, =0 R T 1
§q = — — - —
di0) _ Lo ** 2 N\ Ic
dt 0] 0
51 = —a + Va® — wp 5= —a— Va — w%
R 1
a=_—. Wy = —F—
<L VIC

Fig. 3.9: source free R-L-C circuit
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There are three types of solutions as shown in figure 3.10:
» If a>w, we have the over-damped case.
> If a=wywe have the critically damped case.
» If a<w, we have the under-damped case.

Overdamped Case (@ > ;) Critically Damped Case (@ = w,) Underdamped Case (@ < w)

i(f) = A& + 4,6

i(f) = (45 + Ayfe ™ i(f) = & “'(B, coswgt + B, sinagf)

“w i

b T 0 I L
0 ¢ 0 1 t Wy

Fig. 3.10: three types of RLC circuit cases.

if we have step response

vif) = V, + 4,67 + 4,6  (Overdamped)
vif) = V, + (4, + 4,f)e *"  (Crtically damped)

v(f) =V, + (4, cos wyf + 4; sinwytle ™ (Underdamped)

Example 3.8: In the following figure R=40 ohm, L =4 H and C= 0.25 F. Calculate the

characteristics roots of the circuit. Is the natural response over damped, under damped
and critical damped?

R L
AAAA——
I,

< 4

()
»

=
|l
1
]

Answer: 0. = R/2L =5 and wy = \/%_C =1

o > w, the circuit is over-damped S;= - 0.101 and S> = - 9.899
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3.5 Sheet3
1. Determine the equivalent capacitance for each of the circuits
4F 12F 6F
0

[| ||
I l i 1 o H
0 |

4F i)

o—fF— 1

iF

(c)

2. Determine the equivalent inductors for each of the circuits

6 mH 8 mH
L, a o— T - T !
- - SmH
ETLR H”.-ra};r._ = 12 mH
L L ~.
2 3 = ey
o 211 FTT SmH =
. - [ ﬁmHs,ﬁ"’f ﬁ4ml-[
I =L =L A I
1 =4 = L3 P |
[ Ls [ bo—m 2118
o RN 10 mH 8 mH

3. The switch in the following figure has been closed for a long time, and it opens at
t=0. Find v(t) fort > 0.

r=4

10 k2
7<J‘ Wi

) 2 ,-‘_ -
4 ¥ @ 2k 2 vit) o 40 pF
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4. Find i(t) and v(t) for t > 0 in the circuit if i(0) = 10 A.
*:‘(:)

2H +

50 % 200 § o(t)

1Q

5. Find the capacitor voltage for t < 0 and t > 0 for the circuit

(=0
y
AN
40
+
<
6:\. 20 y == 5F
< —_

6. Obtain the inductor current for both t < 0 and t > 0 in each of the circuit

LV’

L 12Q= <40
2;\. 40 = >

| :=u_%\ % 35H
[

7. IfR=20Q, L =0.6 H, what value of C will make an RLC series circuit:
(a) Over-damped.
(b) critically damped.
(c) under-damped.

8. Find v(t) fort>0if v(0) =6 V and i(0) = 2 A in the circuit

i 0.02F

- ||

I
+
0Q = 300 2H 3 ()

[
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CHAPTER 4

SINUSOIDAL STEADY STATE ANALYSIS
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CHAPTER 4

SINUSOIDAL STEADY STATE ANALYSIS

Phasors and sin wave

Thus far our analysis has been limited for the most part to dc circuits: those
circuits excited by constant or time-invariant sources. We have restricted the forcing
function to dc sources for the sake of simplicity, for pedagogic reasons, and also for
historic reasons. Historically, dc sources were the main means of providing electric
power up until the late 1800s. At the end of that century, the battle of direct current
versus alternating current began. Both had their advocates among the electrical engineers
of the time. Because ac is more efficient and economical to transmit over long distances,
ac systems ended up the winner. Thus, it is in keeping with the historical sequence of
events that we considered dc sources first. We now begin the analysis of circuits in which
the source voltage or current is time-varying. In this chapter, we are particularly
interested in sinusoidal time-varying excitation, or simply, excitation by a sinusoid. A
sinusoid is a signal that has the form of the sine or cosine function as shown in figure 4.1.

v,(f) = ¥, sinwt and U4(f) = ¥V, sinfwt + ) w = 2mwf
where
V,, = the amplitude of the sinusoid - .
w = the angular frequency m radians/s T= d? f= T
wt = the argument of the sinmsoid

(1) w(f)
b\ N/ % s /

SNz

—In,}~ ™__/% DN = % g\_/;r

= Py sin e
_-'-‘-}F

180°) = —sinwt
180°) = —coswt

sin(wt *
cos(mi *
sinfwt * 90%) = *coswft

cos(wi = 90°) = +smnwt

il

A coswt + B smwt = C cos(wt — 6)

B - < B
C=%NA4"+ B~ # = tan :

Fig. 4.1: Sinusoidal wave properties

ge
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Imaginary axis

L

Imaginary axis

Electronics

A phasor is a complex number that represents the amplitude and phase of a
sinusoid. The properties of phasors are presented in figure 4.2.

z=x+jy  Rectangular form Subtraction: z; —z, = (x; — x3) +j(y; — »)
z z=rf¢ Polar form Multiplication: 2122 = 1172 /dy + ¢y
z=rel? Exponential form  pyjvision: o,
L= /8 - 6,
— y 2 N

r=Vx"+y, ¢=tam 1; i

. Reciprocal: —==/—¢
x=rcosd, y=rsme¢ Z —

Real axis - -
Square Root: z=Vr /)2

Complex Conjugate:
-k

=x+jy= r'@ = r(cosd + jsind)

x—jy=r/-d=re i

o{f) = Re(Ve )

Fotation at w rad/s

Sinusoid-phasor transformation.

Time domain representation Phasor domain representation

4.2

51| Pa

V,, cos(wt + o) Vu /9
: ! Realaxis P Si@! + &) Vi [ — 90°
- I, cos{wt + ) L,/0
L Lagging direction I, sin(wt + ) In /0 — O0°

Fig. 4.2: phasor properties

Electrical circuit analysis

Phasor relationships of circuit elements are summarized in figure 4.3

ge
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! I i I i I
— — E—t —
_(}— -;— b L O
* * + +
v =R ! EER " F—EI. Y ‘=EL o s v e
v=iR V=IR i S o— o——
v=L'% Jo z-r:% I=jwCy
Im 4
Im 4 Im 4

I
I / T
fid \ ¢ - /(".:"

L - 0
0 Re Re 0 Re
Summary of voltage-current relationships.
Element Time domain Frequency domain
R » = Ri V =FRI
di )
L y=L— V = jwll
L dt .
du . I
C = C— V=—
TN e

Fig. 4.3: Phasor relationships of circuit elements

Now we can solve any problem from chapter 2 contains R, L and C, if we have its
impedance not resistance only that is meaning real and imaginary ( we can use nodal and

mesh analysis, source transform, superposition, thevenin and norton ) for example in
figure 4.4.

4.3 Average and RMS
The two important parameter in electronics calculations is average and root mean

square value which are discussed here.

1 T
Vavg = ?j v(t)dt
0

Given a periodic function , its rms value (or the effective value) is given by
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1 T
Vyms = ?] v2(t)dt
0

10Q o .
|—v'*.'W“— FI [ Ay
v.| -ise v . Z20 l1
1 I 2 30 % @ I L) gpro
J X T Zj1a "
J2A Swo 00 @ 1+ e |
T 30/20° v i
For mesh 1,
Atrnode 1, L o 3+, -2+ DI, -30£20°=0
pem oV N-W 30£20°= (5+ )L, -2+ 1,
! | 10 -35 (1)
HO-G-@Vi-@-V,
(5+3-161, -2+ )L, =0
Arpode I, :
/ : o _ 0=-Q2+ DL +(5-PI
0 TT.p M )
R - 467£-2017°A
100+ P=-1A+32)V,+(1+3)V, =

Tjnen

U
V, = 22.87/13227°V 1.79£37.35° A

V,=17.87/140.6° V

Fig. 4.4: Example on circuit analysis with R, L and C
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1.Use nodal analysis to find V in the circuit

400

120 £15°v @

20y

6,.{3_0”A.

= —30Q< 500

2.Solve for io in the following figure using mesh analysis.

10 cos 2rV .

40 2 H
AW $110)
tio
0.25 ¥

3.Determine vo in the circuit in the following figure

20 cos(4f — 15°) . 10 mF =

60 Q2
_/'V!\-"."ur'a‘v

—
o

4.Find i in the circuit shown by using superposition.

10 cos 41 V .

54 |Page
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5.Using source transformation, find i in the circuit

3o L
DA
P - S mH
50 § . 8 sin(200¢ + 30°) A
1 mF
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CHAPTER 5

INTRODUCTION OF SEMICONDUCTORS
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CHAPTER 5

INTRODUCTION OF SEMICONDUCTORS

5.1 Fundamentals of atoms

5.1.1 Definitions of atom:
The atom is considered the smallest particle of the element. In addition to it is
retaining the characteristics of matter such as if the atom was conductor for example, the
matter of it must be conductor too. Finally, we can say that any atom has unique

description. As shown in Fig. 5.1, Bohr model was describing the atomic structure

Bohr atomic model of a nitrogen atom
electron orbits

electron

proton

neutron

© 2012 Encyclopaedia Britannica, Inc.

Fig. 5.1: Bohr model for atomic structure

5.1.2 Atomic number and Atomic weight

We can describe the atomic number by number of electrons or number of protons
at the neutral state. In addition to describe atomic weight by number of electrons or

number of protons plus number neutrons at the neutral state
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5.1.3 Orbits and shells
The electrons orbits around the nucleus. Each electron orbits in the specified orbit.
Each orbit has fixed energy level. The energy of orbit is increasing with increasing the
radius of the orbit. Some of orbits complete shell. In contrast that, we have big difference
between orbit and shell. In the view of shell, each atom has fixed number of shell. Each
shell has maximum number of electrons. The energy gap between two shell is larger than

energy gap between two orbits at the same shell.

5.2 Basic of materials
To classify the materials according to their conductivity we must first define the

main parameter in material which is called resistivity.

5.2.1 Resistivity
We can define the resistivity as resistance of matter against flow the electrical
current. Now the differences between materials will be stated in the following subsection.

5.2.2 Insulators, semiconductors and conductors
As shown in Fig. 5.2, The material will be classified into three type according to its
resistivity by energy diagram as the following:

> Insulators: this type contain wide energy gap between valence band and
conduction band. Its conduction band hasn't any of free electrons. Its valence
band contains very few valence electrons. The valence electron needs high work
function to transfer from valance band to conduction band.

» Semiconductors: this type contain energy gap between valence band and
conduction band but narrow than in insulators. Its conduction band has few
number of free electrons. Its valence band contains few valence electrons. The
valence electron needs moderate work function to transfer from valance band to
conduction band.

» Conductors: this type contain overlapping between valence band and conduction band. The

free electrons is exist already in conduction band. Its valence band contains high numbers of
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valence electrons. The valence electron needs small work function to transfer from valance
band to conduction band.

} Energy Electrons 4 Energzy | Energy
Conduction band "ﬁEbe]I'S]JJ
establ .
conduction | Conduction band .
—— 8 ™ ™ The bands Conduction band
[ overlap—__|
Eg =5 ey -Eg p L L L ] L ]
. ] Valence band
/'-.- alence = ] ] L] [ ]
electrons -
- . - r bound to Valence band
Valence band the atomic
stucture
Eg =1.1eV (51)
Eg =0.67 eV (Ge)
Eg =141 eV (GaAs)
Insulator Semiconductor Conductor
(@) (b) (©)

Fig. 5.2: Energy diagram for (a)Insulators, (b)Semiconductors and (c)conductors

5.3 Semiconductor concepts

As shown in Fig. 5.3, the intrinsic semiconductor is obtained. The more popular
semi conductor materials are Silicon (Si) which has 14 electrons and germanium (Ge)

which has 32 electrons. All semiconductors have 4 electrons at the Fermi level.

-

Shells
e —~
- - -
. - B . o Nu. wus 2
. - - -
. — . — L - e - G -
. . + . . e
. o ™, Ovbiting - - -
. =~ ehectnons
. . o #
. . . Shanng of electrons
g . f A
- - — | -
y . N S -
/ - - S~ - N S
Vakenee |/ = + s
elecrons
(8 R each) e " - Yakence electrons
* ot |
. o e - - -8 -

Fig. 5.3: Intrinsic semiconductor.
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5.3.1 Doping process

The doping is control process by adding impurities to pure semiconductors to

enhance its conductivity to electrical current.

5.3.2 N-type material

This type is negative type with majority of electrons and minority of holes. The
doping in this type is happened by pentavalent atom which has five electrons in the Fermi
level. Four of them complete covalent bonds and still one free electron to conduct
electrical current as shown in Fig. 5.4.

— s — — si — — si —
| | { \ Fifth valence
| | | /e]ech'ou |
\ | \ |_+ of antimony

—(s)— — sb — — s —
| [ [ Antimony (Sb) |

— 5 — - si — - si —

Fig. 5.4: N-type material.

5.3.3 P-type material

This type is positive type with majority of holes and minority of electrons. The
doping in this type is happened by trivalent atom which has three electrons in the Fermi
level. all of them complete covalent bonds and still one hole need one free electron to

conduct electrical current as shown in Fig. 5.5.

\‘;JDJ
- -8 oy
- i ;;,mn\u-
impuricy
- - -

Fig. 5.5: P-type material.
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5.3.4 Depletion layer

First, we will put N-type material beside P-type material. The diffusion of electrons will
be happened from N-type to P-type. The second step is the recombination between
electrons and holes to complete electron and hole pairs. The third step is the ionization
which makes the N-type change from neutral state to positive ions (Donors atoms) and
the P-type change from neutral state to negative ions (Acceptors atoms). At the
equilibrium between the attraction force between positive ions and electrons and the
repulsion force between negative ions and electrons complete the depletion layer as
shown in Fig. 5.6.

HI 1 Mmoray carmier Mo

p|n I — -—

+ @ _
i &
_4 l- + - ' - ':*’ F
) -
+— - 2 e
2 + ® -
n "
' Inn=0mA In=0mA ’
0 ‘.-'l-,:(l\' —
(N0 Dias)

Fig. 5.6: PN junction.
5.35 Barrier potential

This potential represent the depletion layer or depletion region and it is equal to
0.7 in Si and 0.3 in Ge.
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5.3.6 Forward bias and reverse bias
As shown in Fig. 5.7, the biasing in the PN junction which is called diode is
classified into two types as the following:
» Forward bias (F.B): the connection is positive DC battery with P-type and
negative DC battery with N-type generate two repulsion force between them then

depletion region width is reduced then flow the electrical current Ip,.

KV g4

Ip = I(e Tk —1) (5-1)

where:

V,: Voltage on diode.

k: 11,600/n with n = 1 for Ge and n = 2 for Si.

Ty: Te + 273.

> Reverse bias (R.B): the connection is positive DC battery with N-type and

negative DC battery with P-type generate two attraction force between them then
depletion region width is increased then no flow the electrical current or flow

small reverse saturation current I.

e | Misonity-camier flow
!/ «i l"-’llrl'
‘n iy |

TOpatey

(@ R.B (b) F.B
Fig. 5.7: Diode biasing.

5.3.7 Electronic and hole currents
The electron current generates the electrical current at the against direction. In

addition to, the hole current generates the electrical current at the same direction.
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5.4 Sheet 5

Define an Atom?

What is the difference between atomic number and mass number?

What is the difference between orbit and shell?

Define the resistivity?

What are the differences between conductor, insulators and semiconductor?
Define doping process?

How N-type is created?

How P-type is created?

© © N o g ~ w0 N oE

How Depletion layer (region) is created, then define the barrier potential?
10. What are the differences between forward and reverse biasing?

11. What is the difference between electron and hole currents?
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CHAPTER 6

DIODE AND ITS APPLICATIONS

6.1 Introduction of diode
We can show the characteristics curve for diode can be presented as shown in Fig.

6.1 but first we will present all models diode to arrive it.

4 I (mA)
20 i
19 L :
18 Eq 5. 15 Actual commercially
' available unt
17 T
16 H
15 ;
14 '
13
12 i L
; Defined polarity and
1 ] direction for graph
P [+ @2 -7
9 i II ' 4
8 H —=Ip _
7 : Forward-bias region
8 i i =0V, Ip=0 ma)_|
L
5 } :
4 : /
3 W
i
2 ; /f
JT.T 1 "'j
=40 (=30 |=-20 |-10 o —l03 05 | 0.7 1 I,
3 J—q-lﬂlﬂ"“*\,} 45 Fp(W)
l | -02pA No-bias
Feverse-bias region 03 A (Fp=0V,Ip=0mA
Fp=0V. Ip==L) It
111 TP

Fig. 6.1: Characteristics curve for Si diode.

6.2 models of diode

6.2.1 ideal model
As shown in Fig. 6.2, this model make diode as short circuit when is connected as

F.B and open circuit when connected at R.B.

I

2

“ I
n Vi

P
Keal
ke

Fig. 6.2: Ideal model.
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6.2.2 Barrier constant model
As shown in Fig. 6.3, this model make diode as Battery when is connected as F.B

and open circuit when connected at R.B.

i I'l_
|I H 4 i | [T 1
|-'II Ikeal @
ek

Fig. 6.3: Barrier potential (constant) model.

6.2.3 Linear model
As shown in Fig. 6.4, this model make diode as battery with resistor when is

connected as F.B and open circuit when connected at R.B.
iy

Fig. 6.4: Linear (piecewise) model.

6.2.4  Actual model
As shown in Fig. 6.5, this model make diode as battery with resistor when is

connected as F.B and high resistor when connected at R.B.

$ fpimA)

T -
{
15— /
10 /
|
| /
ar /
1, (5i)= D01 4A = 10nA /
/
Vz (Si) ¢V (Ge) T B 4
I t 0.1 0.2 0.3 0.2 0.5 06 07 08 v (V)
| ' 1 pA ¥y (Ge) ¥z (S0}
>
2pA
l 1, 1Ge) "
SpA
5 Ge

Fig. 6.5: Actual (Practical) model.
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6.3 Applications of diode

6.3.1 DC applications of diode
We use the section 6.2 to solve any problem here such as the following example:
Example 6.1: For the series diode configuration of Fig. 6.6 (a) employing the diode
characteristics of Fig. 6.6 (b) determine:
a) Vao and Iq.

b) Vx.
o
Si
¢ “T‘ 10y R 1 k€2 )
y Vg IV
1) ih
Fig. 6.6: Example 6.1.
Solution:
By graph
E
ID(atVD == 0) == E: SmA
Vplatl, =0)= E=10V
draw load line
Fa imAd
E
L
Ig!"‘:-,' (-
"
T
3

Vag = 0.78 V and I = 9.25 mA.

67| Page



BS 104 Electronics

without graph
- ! ‘
r—l LR Hg kil
Diode (F.B)

Assume constant model: Vo = 0.7V and I;,=10-0.7/1 K= 9.3 mA.

6.3.2 AC applications of diode
We will present two main application in this subsection such as the following:
» Half wave rectifier (HWR):

Here we put time analysis in our vision as shown in Fig. 6.7 (a). The input
sinusoidal wave enter to diode to half of it pass and diode prevent another half. To
know how we do that, we will analyze the circuit:

1. Assume ideal model.
2. At positive half cycle:

Diode (F.B).

v, =V,

output signal is shown in Fig. 6.7 (b).

3. At negative half cycle:

Diode (F.B).

V,=0V.

output signal is shown in Fig. 6.7 (c).

4. The effect of barrier potential on HWR is shown in Fig. 6.7 (d).

5. The average voltage equal to Vpe = Vgpy = V?m as shown in Fig. 6.7 (e).
6. Peak inverse voltage PIV = Vi — V,(when Diode of f)=V,,.
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Fig. 6.7: HWR circuit.
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» Full wave rectifier (FWR):

Here we put time analysis in our vision as shown in Fig. 6.8 (a) and Fig.
6.9 (a). The input sinusoidal wave enter to diode to half of it pass as it is and
diode reverse another half from negative to positive such as example. We can
classify the full wave rectifier to two types:

Center-Tapped transformer FWR
To know how we do that, we will analyze the circuit:
1. Assume ideal model and
2. (V at secondary = V at primary * Number of secondary turns/ number of
primary turns).
3. At positive half cycle:
D1 (F.B) and D2(R.B).
V,=V.
output signal is shown in Fig. 6.8 (b).
4. At negative half cycle:
D2 (F.B) and D1(R.B).
V,=V.
output signal is shown in Fig. 6.8 (c).
5. The average voltage equal to Vpe = Vpy = 2Vm

A
6. Peak inverse voltage
PIV = Vg — V,(when Diode of f)= 2V, as shown in Fig. 6.8 (d).

7. The effect of barrier potential on FWR.

Vo = Vi -Vp (Vr = Vp).

_ 25V —Vr)

B T

PIV = Vg — V,(when Diode of f)= 2V,,,-V¢

Vpe = V:wg

8. No turns ratio effect on FWR and barrier potential model.
Vo = (Vi/2) -V (Vr = Vp).

2x((Vm/2) —Vrp)
Vpe = Vavg = mT[

PIV = Vg — V,(when Diode of f)=V,,-Vr
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Vin v;
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0 \/ ? cT N (a)
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. (b)

-

(d)

Fig. 6.8: Center-tapped circuit.
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Bridge FWR

To know how we do that, we will analyze the circuit:

1. Assume ideal model.

2. At positive half cycle: D2, D3 (F.B) and D1, D4(R.B). V, = V;. output signal
is shown in Fig. 6.9 (b).

3. At negative half cycle: D2, D3 (R.B) and D1, D4(F.B). V, = V;. output signal
is shown in Fig. 6.9 (c).

4. The average voltage equal to Ve = Vg = Im as shown in Fig. 6.9 (e).

5.PIV =V — Vy(when Diode of f)=V,, as shown in Fig. 6.9 (f).
6. The effect of barrier potential on FWR as shown in Fig. 6.9 (d).
Vo =Vi-2Vy (Vr = Vp).
2% (Vn —2Vr)

T
PIV = Vg — V4(when Diode of f)=V,,

Vpe = Vzwg =

o
S
|
|
[w]
+
\;
|
\/ 7
5
_ o .
J.HS
|
RS

(d)
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6.4 Sheet 6

1. Describe the models of diode?

2. What is the difference between half wave rectifier and full wave rectifier in terms of PIV
and average voltage?

3. Determine the currents of diodes in the following figure?

R
5~II 135k
h # Ao

6 k{2
4. Draw the output voltages of each rectifier for the following figures?

45V === U400V -——
0 — ~ o—pl bV, 0 - o
\J \ IN400| w \ / ‘
i VRS v R, L s

1LOkQ

(a) (b)

5. Determine the output voltage and draw its waveform for the following figure, then
calculate PIV and Vdc?

F

10:1

O
/

Q &[)1 f N k{!

'll—)Fﬂ g
'HW—
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Chapter 7

Different Types of Transistors
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Chapter 7

Different Types of Transistors

7.1Introduction of Bipolar Junction Transistor (BJT)

During the period 1904-1947, the vacuum tube was undoubtedly the electronic
device of interest and development. In 1904, the vacuum-tube diode was introduced by J.
A. Fleming. Shortly thereafter, in 1906, Lee De Forest added a third element, called the
control grid, to the vacuum diode, resulting in the first amplifier, the triode. In the
following years, radio and television provided great stimulation to the tube industry.
Production rose from about 1 million tubes in 1922 to about 100 million in 1937. In the
early 1930s the four-element tetrode and five-element pentode gained prominence in the
electron-tube industry. In the years to follow, the industry became one of primary
importance and rapid advances were made in design, manufacturing techniques, high-
power and high-frequency applications, and miniaturization.

On December 23, 1947, however, the electronics industry was to experience the
advent of a completely new direction of interest and development. It was on the afternoon
of this day that Walter H. Brattain and John Bardeen demonstrated the amplifying action
of the first transistor at the Bell Telephone Laboratories. The original transistor (a point-
contact transistor) is shown in Fig. 7.1. The advantages of these three terminal solid-state
devices over the tube were immediately obvious: It was smaller and lightweight; had no
heater requirement or heater loss; had rugged construction; and was more efficient since
less power was absorbed by the device itself; it was instantly available for use, requiring
no warm-up period; and lower operating voltages were possible. Note in the discussion
above that this chapter is our first discussion of devices with three or more terminals. You
will find that all amplifiers (devices that increase the voltage, current, or power level) will

have at least three terminals with one controlling the flow between two other terminals.
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White |
|5 [ ‘ 1 o dot S
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{ ¢ C (case) o
£ I'.'

Fig. 7.1: The first transistor and others
7.1.1 BJT definition

We can describe the BJT as the following points:
e The BJT is an abbreviation for Bipolar Junction Transistor
e The BJT contains from three types of semiconductors material (2N&P or 2P&N)

e The BJT contains three terminals (Emitter (E) - Base (B)- Collector(C)). Note that the
base doping is slightly than other terminals.

7.1.2 BJT construction, model and symbol

The planar structure for BJT is shown in fig 7.2. The main two types of BJT are
NPN and PNP. We can obtain the difference between graph construction, modeling and
symbols for these types as shown in Table 7.1.

Metalized contacts

/]

Fig. 7.2: The BJT structure planar
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Table 7.1: The BJT graph construction, modeling and symbols

Constructions Models Symbols

- L g

*i?[&J”—"ﬂ ”—HJH-M

7.1.3 BJT operations

As shown in the previous subsection any BJT contains from two diodes with two
junctions which called BCJ between base and collector and BEJ between base and

emitter. According that we can classified operations and applications of BJT as shown in
table 7.2.

Table 7.2: The BJT modes

2] =N} BCJ Operation mode Application
Forward bias Forward bias Saturation Switch on
Forward bias Reverse bias Active Amplifier
Reverse bias Forward bias Reverse Active Digital electronics
Reverse bias Reverse bias Cutoff Switch off

Now we can go to one of the important applications for the BJT which called an

amplifier device. In this paragraph, we will describe how the BJT operate as amplifier
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device. As shown in figure 7.3, the following steps are happened to operate the BJT as an

amplifier:

Operate BJT in active mode by making BEJ forward bias and BCJ reverse bias as
shown in figure 7.3.

The electrons will repulsion with negative terminal of DC battery.

Some of electron combined with small number of holes in base then generate base
current in opposite direction I.

The reminder of electrons will be continue with electrons from collector and go to
the positive terminal which connected by collector then generate collector current
in opposite direction I.

I » Ig and Current gain is called B =I./Iz and Iz = I + Iz we can define
o=Ic/Ig

Then we can say the relations between transistor currents I = Blg, I = (1 +

pB)Ig and a=—L—
1+p8
Base-emitter = Base-collector
(B-E) junction (B-C) junction
~ —
; n 11 P | | n ;
<—-II— Electron L] kil L
mjecuon ||| I |
[{1 Eid
Lil bl
Rl: ey 7 + R("
BE B
1 iIF
gl i it (1]
~ Vgt = “ Yoo *

Fig. 7.3: The BJT as amplifier

7.1.4 BJT configurations

The configurations of BJT are three types according to connection input and

output as shown in the following table 7.3 and figure 7.4.

78| Page



BS 104 Electronics

Table 7.3: The BJT configurations.

Configuration type Input terminal Output terminal
Common emitter Base Collector
Common base Emitter Collector
Common collector Emitter
. Base
(emitter follower)

B A=

I
4—(‘ -
g
c 1 [ et
n EN P " P [ ‘
Js, g ¢ - 50 | < Ly
W2 Vee = Vi
n v

B
a. common emitter b. common base ¢. common collector

Fig 7.4: BJT configurations
7.1.5 BJT characteristics curves

In this subsection, we will present the characteristics curves of BJT. As shown in

figure 7.5. the input and output characteristics curves.

Ic (mA)
3
90 pA ‘
7 7 | 80 pA
. ./,/ 700 Ig (uA) =1V
////_,.-609-% 100 Tre =10V
(Saturation region) 5 = 50 pA a0 Ver=20W
"] |
) T | —a0pA 80 —
= 70 [
i = 30 pA
U | e 308 60
- b (Active region) 20 pA 50—
a ] | 40~
2 I L
10 pA 30
1 | 20—
l 2 —0uA O A
] Ve 5 10 ‘]‘ 15 20 P (V) 0 02 04 06 08 1.0 Ve (V)
sat 2 (Cutoff region)
Tcgo= B Iczo
@ ®)

Fig. 7.5: The Characteristics of a silicon transistor in the common-emitter configuration:
(@) collector characteristics; (b) base characteristics.
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7.1.6 DC Biasing

We will study the NPN BJT common emitter configuration. There are three
types of biasing circuit:
A Fixed-bias circuit
1 Emitter-stabilized bias circuit
A Voltage divider bias circuit

A DC bias with voltage feedback

i.  The main steps for DC analysis

To do DC analysis for any circuit for BJT, we state the following steps:

e Assume the transistor in active mode Vg = 0.7 and BCJ reverse.

e Make Kirchhoff's law on input loop and must be a cross between E and B terminals.
Then find all currents in circuits.

e Make Kirchhoff's law on output loop and must be a cross between E and C terminals.
Then find all currents in circuit.

e find  and .

e Check on BCJ if it is in reverse the BJT will be in active mode and assumption is true.
If not, assume transistor in saturation mode and make Vcg = 0.2 and find I from
output loop, then we will do an input loop to calculate all voltages and currents in
circuit.

e From output loop, make current equal zero and find V5 and another time make Vg =
0 find I then from these two points draw a DC loadline which intersect with an

output characteristic curve in Q point which called operating point.

Table 7.4 shows the circuit and analysis different types of DC biasing.
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Table 7.4: DC biasing circuits

Electronics

Type Configuration Pertinent Equations
Fixed-bias
Ig= _'r.-':"'" ~ Ve
RI
Io = Bl dy = (B + 1My
Ve = Voo — IcRe
Emitier-hias 1|’|’
Ke Vo — Ve
Iy = —
By + (B 4+ 1R
I = Blg. I = (B + 1My
y R, =8 + 1R,
Vep = Voo — FoiRe + Ry)
K.

Voltage-divider

bias
EXACT: Ry, = R|IRy Eny = BV APPRONIMATE: gR, = 10K,
. £ Th [1] [T =5 S Ry + R, V. = BV S .
I = Ep — Ve "_—E|+R=-=_ " [
! B + (B + 1Ry i _ ¥ i
Ie = Blnle = (B + 1w RS B+
Vex = Vor = Ie(Re + R Vi = Voo — IciB + Red
Collecior-fesdback 1_;_‘!_
. S
Iy = Vir = Ve
. Ry + BB + Re)
A I = Blg. i = (B + Wy
Vep = Voo — I0iRe + Ry)
Ee
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7.1.6. AC ANALYSIS FOR BJT

a.BJT Transistor Modeling

e A model is an equivalent circuit that represents the AC characteristics of the transistor.
e A model uses circuit elements that approximate the behavior of the transistor.
e There are two models commonly used in small signal AC analysis of a transistor:
— re model
— Hybrid equivalent model
A The re Transistor Model
e BJTs are basically current-controlled devices; therefore, the re model uses a diode
and a current source to duplicate the behavior of the transistor.
e One disadvantage to this model is its sensitivity to the DC level. This model is

designed for specific circuit conditions.

Br. ¢ B4, g
|

Fig 7.6: re Transistor Model

‘
‘

7.2 Basics of Field Effect Transistors (FET)

7.2.1 FET overview

The field-effect transistor (FET) is a three-terminal device used for a variety of
applications that match, to a large extent, those of the BJT transistor described in
previous section. Although there are important differences between the two types of
devices, there are also many similarities that will be pointed out in the sections to follow.

The primary difference between the two types of transistors is the fact that the BJT
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transistor is a current-controlled device as depicted in Fig.7.7 a, while the JFET transistor
is a voltage-controlled device as shown in Fig.7.7 b. In other words, the current I in
Fig.7 ais a direct function of the level of I. For the FET the current | will be a function
of the voltage Vg applied to the input circuit as shown in Fig.7b. In each case the current
of the output circuit is being controlled by a parameter of the input circuit—in one case a

current level and in the other an applied voltage.

T Yin
{Comiral corvem) [y l | s
— ) I

f—— RIT | FET
+
o | AF
Pl voligge | ¥ gy ‘

(K 1] { ]

Fig. 7.7: (a) BJT and (b) FET

7.2.3 FET definition
FET is uni-polar device which means that the operation depends on only one type
of charge carriers (h or €). It is a Voltage controlled Device which means that the gate

voltage controls drain current.

7.2.4 FET properties
FET have many advantages over than others transistors as the following:
e Unipolar device. Its operation depends on only one type of charge carriers (h or e)
e Voltage controlled Device (gate voltage controls drain current)
e Very high input impedance (=10°- 10*? Q)
e Source and drain are interchangeable in most Low-frequency applications

e Low Voltage Low Current Operation is possible (Low-power consumption)
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e Less Noisy as Compared to BJT

e No minority carrier storage (Turn off is faster)

e Self limiting device

e Very small in size, occupies very small space in ICs

e Low voltage low current operation is possible in MOSFETS

e Zero temperature drift of output is possible

7.3 FET classification

Classification of FETs with their symbols can be shown in figure 7.8.

Transistor (FET)
|

|
_ Metal Oxide
Junction FET [Semiconductor FET ‘

I
[ |

Depletion-mode Depletion-mode Enhancament-mode

{ The Field-Effect H

|N-channe| ‘ |F'-channe| | ‘N-channel I ‘ P-channel | ‘N-channel | ‘ P-channel |

D D D D D D
G Eg) G Eg) G-—Qa) G@:) G—@ G-—Qﬁ)
S S S S S S

Fig. 7.8: Classification of FETSs.

7.3.1 JFET
In this section, we will describe one of the most popular types in FET which is
called Junction Field Effect Transistor (JFET).
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: Drain (D
Ohmic S T rdm;n-)channcl

contacts

Ohmic
contacts

nnel

;| Gate (G)
o

T Drain (D)
/p-cho

Gate (G)
o
Depletion Dcplclion
region Depletion Nea
Depletion p cL
region L Source (S) region Source ()
Drain (D) Drain (D)
+ l I
Gate (G) I, Gate (G) D
i Vps + Vbs
VGS _ _ VGS - -
Source (S) Source (S)
(b) p-channel (a) n-channel
Fig. 7.9: JFETS.

The FET has three terminals which are called Gate (G), Drain (D) and Source (S).

As shown in figure 7.9, there are two types of JFETSs. The n-channel is more widely used.

The basic construction of the n-channel JFET is shown in Fig. 7.9. Note that a
major part of the structure is the n-type material that forms the channel between the
embedded layers of p-type material. The top of the n-type channel is connected through
an ohmic contact to a terminal referred to as the drain (D), while the lower end of the
same material is connected through an ohmic contact to a terminal referred to as the
source (S). The two p-type materials are connected together and to the gate (G) terminal.
In essence, therefore, the drain and source are connected to the ends of the n-type channel
and the gate to the two layers of p-type material. In the absence of any applied potentials
the JFET has two p-n junctions under no-bias conditions. The result is a depletion region
at each junction as shown in figure 7.9 that resembles the same region of a diode under
no-bias conditions. Recall also that a depletion region is that region void of free carriers
and therefore unable to support conduction through the region.

Analogies are seldom perfect and at times can be misleading, but the water
analogy of figure 7.10 does provide a sense for the JFET control at the gate terminal and
the appropriateness of the terminology applied to the terminals of the device. The source

of water pressure can be likened to the applied voltage from drain to source that will
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establish a flow of water (electrons) from the spigot (source). The “gate,” through an

applied signal (potential), controls the flow of water (charge) to the “drain”.

W
[ oD
\

7z -
; i
¢ Ly i — Ups e
M n £ Oo—3>} _7- Source Due to small
B iy i = Besiss f = positive Vos
— . Gate
_ Vrc negative Vas
—_é 95 wol a
+ ——
%&' +
o ® O Drain

Fig. 7.10: N channel JFET.

The effect of Vs is very important parameter. The following figure 7.9 shows the

effect of varying Ves with Vps=0.

Depletion
laver % D % D D

G / G %
—O—AP n p —O— n //
/ , //

/ ¢ /
7 7 L Z

fs 0>ve5> VY, %Y

Fig. 7.11: The effect Vas.

The operation of JFET will be described in details. As shown in figure 7.10 with
Vs =0, and a small voltage ( Vps ) applied between the Drain and the Source, maximum
saturation current ( Ipss) will flow through the channel from the Drain to the Source

restricted only by the small depletion region around the junctions. If a small negative
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voltage (-Ves) is now applied to the Gate the size of the depletion region begins to
increase and therefore, reducing the overall effective area of the channel and thus
reducing the current flowing through it. So by applying a reverse bias voltage increases
the width of the depletion region which in turn reduces the conduction of the channel.
Since the PN junction is reversed biased, little current will flow into the gate connection
Ic=0. As the Gate voltage (-Ves) is made more negative, the width of the channel
decreases until no more current flows between the Drain and the Source and the FET is
said to be “pinched-off” (similar to the cut-off region for a BJT). The voltage at which
the channel closes is called the “pinch-off voltage”, ( Vp ). In this pinch-off region the
Gate voltage, VGS controls the channel current and VDS has little or no effect. The
result is that the FET acts more like a voltage controlled resistor which has
e zero resistance when Ves = 0 and

e maximum “ON” resistance ( Rps ) when the Gate voltage is very negative

Under normal operating conditions, the JFET gate is always negatively biased
relative to the source. Because a JFET is a voltage-controlled device, “NO current flows
into the gate (Ic =0. Always GS is Reversed biased)” then the Source current (Is)
flowing out of the device equals the Drain current flowing into it and therefore (Ip = Is ).

The instant the voltage Vop (= Vbs) is applied, the electrons will be drawn to the
drain terminal, establishing the conventional current Ip. Where (o= Is). The flow of
charge is limited by the resistance of the n-channel between drain and source. As the
voltage Vps is increased from O to a few volts (Vps < Vp) : the current will increase as
determined by Ohm’s law and the plot of Ip versus Vps (Ohmic Region) . The relative
straightness of the plot reveals that for the region of low values of Vps, the resistance is
essentially constant. As Vps increases and approaches a level referred to as Ve, the
depletion regions of will widen, causing a noticeable reduction in the channel width
causes the resistance to increase. Leading to constant current_ with Vps > Vp, the FET
has the characteristics of a current source. If Vps is increased to a level where it appears
that the two depletion regions would “touch”, a condition referred to as pinch-off will

result. At the pinch-off point:
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e Any further increase in Vgs does not produce any increase in Ip. Ves at pinch-off
is denoted as Vp.

e Ipis at saturation or maximum. It is referred to as Ipss.

I (mA) 4 A [, (mA)
1010
o oL
T - Fos=0V
77
Ip = Ipss(1 —%)2 6 6
P . »
\ 1531 Vos=-1V
44
33
3 B Vos =2V
Ves otyTVe /1 1 Vos=—3V
” 5 B i s 1 | D les==4Y
esM-4 3 2 -1 |00 15 20 25 s

— \ID=011L-\.I'GS =7
Fig. 7.12: The transfer characteristics curve for JFET.
The region to the left of the pinch-off point is called the ohmic region. The JFET
can be used as a variable resistor, where Vgs controls the drain-source resistance (rd). As Ves

becomes more negative, the resistance (rd) increases

D
B &

INo G|
(1- Ves j |JFET 9 |
Ve o
JEET Model

From this graph it is easy to determine the value of Ip for a given value of Vgs . It
is also possible to determine Ipss and Vp by looking at the knee where Vs is 0.
The characteristics curves example in figure 7.13, shows the four different regions

of operation for a JFET and these are given as:
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I (mA)
Ohmic Saturaion Region Breakdown
20 | -— - - -
Ires - Ves =0 |
15 | Vez=-Tv
7 1
| Vas=-2v
10 ]
/ | Ves=-3v
I
5 1 | Vo =-dv
/A// Pinch-off Region
a ]
Ve > Vs (V)

Fig.7.13: The characteristics curves for JFET.

e Ohmic Region — When Vas = 0 the depletion layer of the channel is very small
and the JFET acts like a voltage controlled resistor.

e Cut-off Region — This is also known as the pinch-off region were the Gate
voltage, Vas is sufficient to cause the JFET to act as an open circuit as the
channel

e Saturation Region — The JFET becomes a good conductor and is controlled by
the Gate Source voltage, ( Ves ) while the Drain-Source voltage, ( Vs ) has little
or no effect.

e Breakdown Region — The voltage between the Drain and the Source, ( Vbs) is
high enough to causes the JFET s resistive channel to break down and pass

uncontrolled maximum current.

7.3.2 Depletion MOSFET

The basic construction of the n-channel depletion-type MOSFET is provided in
Fig. 7.14.
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Fig. 7.14: The n-Channel depletion-type MOSFET.

A slab of p-type material is formed from a silicon base and is referred to as the
substrate. It is the foundation upon which the device will be constructed. In some cases
the substrate is internally connected to the source terminal. However, many discrete
devices provide an additional terminal labeled SS, resulting in a four-terminal device,
such as that appearing in Fig. 7.14. The source and drain terminals are connected through
metallic contacts to n-doped regions linked by an n-channel as shown in the figure. The
gate is also connected to a metal contact surface but remains insulated from the n-channel
by a very thin silicon dioxide (SiO.) layer. SiO: is a particular type of insulator referred
to as a dielectric that sets up opposing (as revealed by the prefix di-) electric fields within
the dielectric when exposed to an externally applied field. The fact that the SiO> layer is
an insulating layer reveals the following fact:

e There is no direct electrical connection between the gate terminal and the channel
of a MOSFET.

In addition:

e It is the insulating layer of SiO2 in the MOSFET construction that accounts for
the very desirable high input impedance of the device.
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In fact, the input resistance of a MOSFET is often that of the typical JFET, even
though the input impedance of most JFETS is sufficiently high for most applications. The
very high input impedance continues to fully support the fact that the gate current (lg) is
essentially zero amperes for dc-biased configurations. The reason for the label metal-
oxide-semiconductor FET is now fairly obvious: metal for the drain, source, and gate
connections to the proper surface—in particular, the gate terminal and the control to be
offered by the surface area of the contact, the oxide for the silicon dioxide insulating
layer, and the semiconductor for the basic structure on which the n- and p-type regions
are diffused. The insulating layer between the gate and channel has resulted in another
name for the device: insulated gate FET or IGFET, although this label is used less and
less in current literature.

In Fig. 7.14 the gate-to-source voltage is set to zero volts by the direct connection
from one terminal to the other, and a voltage VDS is applied across the drain-to-source
terminals. The result is an attraction for the positive potential at the drain by the free
electrons of the n-channel and a current similar to that established through the channel of
the JFET. In fact, the resulting current with VGS = 0 V continues to be labeled IDss, as
shown in Fig. 7.15.

Depletion 10.9 —

mode

Fig. 7.15: The Drain and transfer characteristics for an n-channel depletion-type
MOSFET.
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In Fig. 7.16, Ves has been set at a negative voltage such as -1 V. The negative
potential at the gate will tend to pressure electrons toward the p-type substrate (like
charges repel) and attract holes from the p-type substrate (opposite charges attract) as

shown in Fig. 7.16.
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Fig. 7.16: Reduction in free carriers in channel due to a negative potential at the gate terminal.

Depending on the magnitude of the negative bias established by Vs, a level of
recombination between electrons and holes will occur that will reduce the number of free
electrons in the n-channel available for conduction. The more negative the bias, the
higher the rate of recombination. The resulting level of drain current is therefore reduced
with increasing negative bias for Vgs as shown in Fig. 7.15 for Vgs = -1 V, -2 V, and so
on, to the pinch-off level of -6 V. The resulting levels of drain current and the plotting of
the transfer curve proceeds exactly as described for the JFET.

Finally, we can be seen the P-channel as shown in figure 7.17.
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Fig. 7.17: P-channel depletion MOSFET

7.3.3 Enhancement MOSFET

The basic construction of the n-channel enhancement-type MOSFET is provided
in Fig. 7.18. A slab of p-type material is formed from a silicon base and is again referred
to as the substrate. As with the depletion-type MOSFET, the substrate is sometimes
internally connected to the source terminal, while in other cases a fourth lead is made
available for external control of its potential level. The source and drain terminals are
again connected through metallic contacts to n-doped regions, but note in Fig. 7.18 the
absence of a channel between the two n-doped regions. This is the primary difference
between the construction of depletion-type and enhancement-type MOSFETs—the
absence of a channel as a constructed component of the device. The SiO> layer is still
present to isolate the gate metallic platform from the region between the drain and source,
but now it is simply separated from a section of the p-type material. In summary,
therefore, the construction of an enhancement-type MOSFET is quite similar to that of
the depletion-type MOSFET, except for the absence of a channel between the drain and

source terminals.
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Fig. 7.18: The n-Channel enhancement type MOSFET.

If Vs is set at 0 V and a voltage applied between the drain and source of the device of
Fig. 7.18, the absence of an n-channel (with its generous number of free carriers) will result in a
current of effectively zero amperes—aquite different from the depletion- type MOSFET and JFET
where Ip = Ipss. It is not sufficient to have a large accumulation of carriers (electrons) at the drain
and source (due to the n-doped regions) if a path fails to exist between the two. With Vps some
positive voltage, Ves at 0 V, and terminal SS directly connected to the source, there are in fact
two reverse-biased p-n junctions between the n-doped regions and the p-substrate to oppose any
significant flow between drain and source.

In Fig. 7.18 both Vps and Vs have been set at some positive voltage greater than 0 V,
establishing the drain and gate at a positive potential with respect to the source. The positive
potential at the gate will pressure the holes (since like charges repel) in the p-substrate along the
edge of the SiO» layer to leave the area and enter deeper regions of the p-substrate, as shown in
the figure. The result is a depletion region near the SiO> insulating layer void of holes. However,
the electrons in the p-substrate (the minority carriers of the material) will be attracted to the
positive gate and accumulate in the region near the surface of the SiO; layer. The SiO layer and
its insulating qualities will prevent the negative carriers from being absorbed at the gate terminal.

As Vgs increases in magnitude, the concentration of electrons near the SiO. surface increases
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until eventually the induced n-type region can support a measurable flow between drain and
source. The level of Vs that results in the significant increase in drain current is called the
threshold voltage and is given the symbol Vt. On specification sheets it is referred to as Ves(th),
although V7 is less unwieldy and will be used in the analysis to follow. Since the channel is
nonexistent with Ves = 0 V and “enhanced” by the application of a positive gate-to-source
voltage, this type of MOSFET is called an enhancement-type MOSFET. Both depletion and
enhancement type MOSFETSs have enhancement type regions, but the label was applied to the
latter since it is its only mode of operation.
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Fig. 7.19: Change in channel and depletion region

As Vs is increased beyond the threshold level, the density of free carriers in the induced
channel will increase, resulting in an increased level of drain current. However, if we hold Vgs
constant and increase the level of Vps, the drain current will eventually reach a saturation level
as occurred for the JFET and depletion-type MOSFET. The leveling off of Ip is due to a
pinching-off process depicted by the narrower channel at the drain end of the induced channel as
shown in Fig. 7.19. Applying Kirchhoff’s voltage law to the terminal voltages of the MOSFET
of Fig. 7.19, we find that
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Voe = Vps — Vs

If Vs is held fixed at some value such as 8 V and Vps is increased from 2 to 5 V, the
voltage Vpe will drop from -6 to -3 V and the gate will become less and less positive with
respect to the drain. This reduction in gate-to-drain voltage will in turn reduce the attractive
forces for free carriers (electrons) in this region of the induced channel, causing a reduction in
the effective channel width. Eventually, the channel will be reduced to the point of pinch-off and
a saturation condition will be established as described earlier for the JFET and depletion-type
MOSFET. In other words, any further increase in Vps at the fixed value of Vs will not affect the
saturation level of Ip until breakdown conditions are encountered. The drain characteristics of
Fig. 7.20 reveal that for the device of Fig. 7.19 with Ves = 8 V, saturation occurred at a level of

Vbs =6 V. In fact, the saturation level for Vps is related to the level of applied Vgs by

Vosea = Vs — VT

41, (mA) Jp (mA)
10 Tes=+8V

o

8 |

T Vos=+1V

61—

5 .

E'GS=+6V

4 —

3 Vos=-+5V

L

1 Vs =+4V

| | : = Vas =3V

ol 1 15 20 25 Ve

Voo =Vy=2V

Fig. 7.20: The characteristics for an n-channel enhancement type MOSFET

Obviously, therefore, for a fixed value of Vr, then the higher the level of Vs, the more
the saturation level for Vps, as shown in Fig. 7.19 by the locus of saturation levels. For the
characteristics of Fig. 7.19 the level of V1 is 2 V, as revealed by the fact that the drain current

has dropped to 0 mA. In general, therefore:
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e For values of Vgs less than the threshold level, the drain current of an enhancement type

MOSFET is 0 mA.

Figure 7.20 clearly reveals that as the level of Vs increased from V1 to 8 V, the resulting
saturation level for Ip also increased from a level of 0 to 10 mA. In addition, it is quite noticeable
that the spacing between the levels of Vs increased as the magnitude of Vs increased, resulting
in ever-increasing increments in drain current. For levels of Vgs = V7, the drain current is related

to the applied gate-to-source voltage by the following nonlinear relationship:

Ip = k(Vas — Vy)’

Again, it is the squared term that results in the nonlinear (curved) relationship between Ip

and Vgs. The k term is a constant that is a function of the construction of the device. The value
of k can be determined from the following equation where Ip (on) and Vs (on) are the values for

each at a particular point on the characteristics of the device.

;= Ip(en)
(Vesen — V1)°

Substituting Ip(on) = 10 mA when Vgs(on) = 8 V from the characteristics of Fig. 7.20 yields
K=0.278 mA/V?

Finally, we can be seen the P-channel as shown in figure 7.21.
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Fig. 7.21: P-channel enhancement MOSFET
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7.4 DC analysis for FET

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, while nonlinear functions result in
curves as obtained for the transfer characteristics of a JFET. The nonlinear relationship
between Ip and 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. Since the graphical approach is in general the most
popular, the analysis of this chapter will have a graphical orientation rather than direct
mathematical techniques. Another distinct difference between the analysis of BJT and FET
transistors is that the input controlling variable for a BJT transistor is a current level, while for
the FET a voltage is the controlling variable. In both cases, however, the controlled variable on
the output side is a current level that also defines the important voltage levels of the output
circuit. The general relationships that can be applied to the dc analysis of all FET amplifiers are

Is=0A In=1s

For JFETS and depletion-type MOSFETs, Shockley’s equation is applied to relate the input
and output quantities:

1 — Vgs '\
Ip=1 D,S‘.E(—VP GS)

For enhancement-type MOSFETS, the following equation is applicable:

In = k(Vgs — V7’

7.5 AC analysis for FET

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

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

had an amplification factor  (beta), the FET has a trans-conductance factor, gm.

&n AVgs
g =2 | _ db d |, (1 IG&T
" AVeslop  dVes|gp " dVgs| O Ve

— d (. VG? B IG? { VGS)
Ipss WH\l =I5 [1 =t

=2 IG? _idm}s = 2ne _Ves {}—i
- dVes VG& Ve dVgs bs Vp Vp

_ 2pss[,  Vas
- =
£ |V l Ve 1

2lpss
Emd —
" |Vl
_ Vas
& ng[ Ve ]

7.6 FET small signal model

The input impedance of all commercially available FETSs is sufficiently large to assume that the
input terminals approximate an open circuit. In equation form,

Z (FET)= = Q
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The output impedance of FETSs is similar in magnitude to that of conventional BJTs. On FET
specification sheets, the output impedance will typically appear as Yos.

Z, (FET) = rg= — || ry= 2l

05 MD Vzg=constant

As shown in this figure 7.22, the FET AC equivalent circuit.

Ggo——— 0 | o)

So _l * o5

Fig. 7.22: FET AC equivalent circuit

7.7 Sheet7

Describe the BJT?

Discuss by graph construction, modeling and symbols for BJT?
How is the BJT working as amplifier?

State the modes of operation for BJT?

How is the BJT working as the switch?

Describe in details collector characteristics curve?

State the types of biasing circuits?

Draw each of the following:

e The basic construction of a n-channel JFET.

00 N koD

e The basic construction of a n-channel depletion MOSFET.

e The basic construction of a n-channel enhancement MOSFET.
e The basic construction of a p-channel JFET.

e The basic construction of a p-channel depletion MOSFET.

e The basic construction of a p-channel enhancement MOSFET.

e The basic construction of a CMOS.
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9. Describe in details the operation for each of the following:
e an-channel JFET
e an-channel depletion MOSFET.

e an-channel enhancement MOSFET.
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Chapter 8

Operational Amplifier (OPAMP)
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Chapter 8
Operational Amplifier (OPAMP)

8.1 Introduction

Operational amplifier (Op-amp) is made of many transistors, diodes, resistors, and
capacitors in integrated circuit technology. An op-amp is a “differential-to-single-ended”
amplifier, i.e., it amplifies the voltage difference Vp — Vn = Vi at the input port and produces a
voltage Vo at the output port that is referenced to the ground node of the circuit in which the
op-amp is used as shown in Fig. 8.1.

Vn

© = 2
N N

+ - ;
o " :
vp | SN |
<Q Vi _ L= |
= | avi Vo i

Fors

Fig. 8.1: Ideal and standard OPAMP.

Common Operational Amplifier Common Mode and Differential Mode Input is shown in the
following equations:
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1, Aq
A,

Yo Ay
A= 2 Ko =20lg 2| (dB)
13
kg= ¥y — Fy, Ve = -E[Fl'n + F?::'
V, = daVa + AV CMRR = 24
A
A
CMER (log) = 20 logyg — (dB)
A

It has five terminals as shown in Fig. 8.2:

e non-inverting input (Vp): The input terminal marked with a “+”
e Inverting input (Vn): the input terminal marked with a “-”

e Output terminal

e +ve supply terminal

e -ve or ground supply terminal

5o

741 ———},

@ 10
=+ |®
. -9V
Fig. 8.2: Terminals of OPAMP.
8.2 Properties of OPAMP

Characteristics of Ideal OPAMP are shown below as shown in Fig. 8.3:

e Gain is infinite: A =

e Input resistance is infinite: Rj = o
e Output resistance is zero: R,=0

o Infinite frequency bandwidth
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oV, =V,
°ihn=ip=0
p
o0
vp A
i bV . 4“‘:,;—0
= w Ywm g,
I T
Fig. 8.3: Characteristics of Ideal OPAMP.
8.30PAMP applications

OPAMP was used in many applications such as:
e Non-Inverting Amplifier

Fig. 8.4 shows circuit, all equations, and relations for this type.

v R —
Vi:z = R GMR *Rl Vaur = {1 +_f) *Vin £
1 T & Ry vin (") Vi g —0
..l'l Vn
Vom Rf . = Voul
A== (1421 ¥
i, 'R 1
¢ Al
m ~ F\:r
_ié .
-
1
[ Vin
Vout
L

Fig. 8.4: Non-Inverting Amplifier
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Example 8.1:
Calculate the oufput voltage and the voltage gain (in dB) of a
noninverting amplifier for values of V,, =2V, R = 500 k), and R, =

100k Q.

Vin a'll ) Op-amp
Solution “I'), )

+
L

Vout

R 500 KO |
Voue = (14| Viu = (14 fe 27 = #120 "

B

V, 12V
Gyap) = 20 log ( Lﬁ_“‘) =20 log (W) = 20log 6 = 15.563 dB

I

Example 8.2:

Calculate the output voltage from the circuit shown in Figure for an
input of Vi, () = 120 sin(wt) uV , Rg= 240 KQ and R, = 2.4 :K.

—
Solution vin® N\ Opamp  —1—O
1 - Vour (Y
v R - 2
—_— G_Ht = _"iF ) = B -
G =2 (1 +RL) 1+ 100 = 101 S
-Ji:'_§
|
-
Vour = G * Vi = 101 = 120 sin(wt) = 12.12 sin(wt) mV
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Example 8.3:

application: Unity Voltage Follower (Voltage buffer)

VGHL‘ = I‘rfn
A=1 4 Vout
A=1
, . Vin
Vin Vout
e Inverting Amplifier
Fig. 8.5 shows circuit, all equations, and relations for this type.
Apply KCL I
AN
Va=Vin — Vour—Vn j— I(ﬂvn 5
R R - B
' d vin { ¥ "
Since V, = 0, we have: N = o .
) . 9

Vout — —Vin x‘x Vet B
Ry Ry

Voue =4 = _Rf
Vin Ry

A Ve

',
I\'.

Voltage transfer curve of inverting amplifier

Fig. 8.5: Inverting Amplifier
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Example 8.4:

Refer to the op amp in the following figure. If Vi = 0.5V, calculate

a) The output voltage Vo 25 K0

WAy

b) The current in the 10 K ohm resistor 0kQ2

@ w_ R 5. W _’_

[ 11 R i ﬁ - ¥

UI:F'I-'&I

vp=—2051; =—-2.3(035)=-1.25V¥

(b) The current through the 10-k£2 resistor 13

u=0_05-0 _ .
R loxiwr K

e Summing Amplifier

Fig. 8.6 shows circuit, all equations, and relations for this type.

— ' j.-l RJ‘ I-'l" Rf
ir':, = —lp * RF T AN ——
Since v;=0
. . : Ve . Vg
Ip =1 lg = —+ —

F=latls =7+ o

Va Vg
V, = —Rg * (2 +22)
o F (Rﬂ + Rg

Fig. 8.6: Summing Amplifier
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Example 8.5:

Calculate the output voltage for the following circuit. The inputs are
Vin: = 50 sin(1000t) mV and V;,; =10 sin(3000t) mV.

. 3K 330K
Solution :

Vini() A\,

ip—

Vinz m}
y o= _(33‘[! k() 330 k) = =

v, + Vy| = —(10¥; + 33V
B0 ok 2T U 2

= —[10(50 mV) sin(1000¢) + 33(10 mV) sin(3000¢)]
= —[0.5 sin(1000¢) + 0.33 sin(30007)]

e Subtractor Amplifier

Fig. 8.7 shows circuit, all equations, and relations for this type.

R: R+ R R: [
y, = : v, -2y, v
Ri+Rs R ' R ° % ———

Fig. 8.7: Subtractor Amplifier
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Example 8.6:

Determine the output voltage for the following circuit
100K

Solution
100K

——\Wy-

Vinz
20K Vout
Vini 20K

= =

o 20 k0 100 kQ + 100 kO _ 100k
° 120 kQ + 20 kKO 100 kO T

=n-"

e Multiple-Stage Gains

Fig. 8.8 shows circuit, all equations, and relations for this type.

Rz Ry

mon-dnverting amglifies inwverting amplifier inverting amplifier |

I_ i)
Vi (1] ﬂl.i First Stage Sevond Shage Third Stage 'f
I

The figure shows an amplifier with three stages.
J The first stage is connected to provide noninverting gain.

) The next two stages provide an inverting gain .
R R R
G,=1+-ZL G, =—-L Gy = ——L G =G,6,6,
R, R,

Fig. 8.8: Multiple-Stage
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Example 8.7:

An LM124 quad op-amp is used as a three-stage amplifier.
a) Calculate the output voltage for resistor components of value
Ry =470 k01 Ry= 4.3 k0, R, =33 k(], and R; = 33 k(1 for an input of

vvvvvvvvv

b) Design the a three-stage amplifier for the individual gains of 10, -18
and -27 using feedback resistor of 270 K1

Solution
R Re\ /R
A) The amplifier gain G = G{G2G3 = (1 -I—R—‘r) (—R—‘F) (R—f}
1 2 3
B B 470KM\ ( 4T0KQY [ 470KO) _ 7
G = G16263 _(1+ 4.31-:11)( 33&'11)( aajrm) 22.2+10

Vo (t) = G * Vi (t) = 22.2 = 10° = 80 sin(wt) uV = 1.78 sin(wt) V

b) Design of the three stages amplifier

G=1+L=1+2 =410 2£=-9=27"%2 g —30kK0
Rl Rl 1 1
G,=—L=_20KR_ 418 R,=15K0Q
R4 Ro
Gy=—L=_20KR_ 97  R,=10K0Q
Ra Ra
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8.4 Sheet 8

1. Describe in detail the OPAMP?
2.5 mV

2. Determine the output voltage for the circuit of the following Fig. with a sinusoidal input of

2 | °%%D
‘ ®
n 741

S [
| fe”

-9V

3. Calculate the output voltage from the circuit of the following Fig. for an input of 120 V
24 kER

fm_b_ +|ﬁ£j

4. Calculate the output voltage using the circuit of the following Fig. for resistor components of
value Rf =470k, R1=4.3k, R2 =33k, and R3 = 33 k for an input of 80 pV.
IEI
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5. Show the connection of an LM124 quad op-amp as a three-stage amplifier with gains of 10,
18, and 27. Use a 270-k feedback resistor for all three circuits. What output voltage will
result for an input of 150 V?

6. Show the connection of three op-amp stages using an LM348 IC to provide outputs that are
10, 20, and 50 times larger than the input. Use a feedback resistor of Rf 500 k in all stages

7. Calculate the output voltage for the circuit of the following Fig. The inputs are V1 = 50 mV
sin(1000t) and V2 = 10 mV sin(3000t).

A5k kL
r

L @ “i-;’m
et
10k 11

8. Determine the output voltage for the circuit of the following Fig.
10601 Ly

100 k£

v, — =

741 V.

2 kLl

30 ey

lab

Choose any problem and make it by using any electronic simulator.
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