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Chapter —1

Introduction to
Electronics

N

\

J

The world advanced in
all the fields

The reason is the
advance in material
science

1-1: Physics of Semiconductors, Diodes and Transistors

Materials is : solid /
liquid / gas

The world advanced in
solid material

Solid Materials is :
conductors / insulators /
semiconductors

The world advanced in
Semiconductors

:

Semiconductor materials

are : original ,eg. Si ,Ge,

and composite like SiC,
GaAs, In P, Zn0O,

Advance in : Diodes,
Transistors , Integrated
Circuits IC

Y

So :Itis necessary to
understand its physics
and operation

Fig.(1 —1). The reasons of the Electronic advance




1-1-1: Silicon bond model: electrons and holes
Si isin Column IV of periodic table:

A IVA VA VIA
B| C| N|O
1IB AI Sl P S

30 31 2 33 34

/n | Ga| Ge | As | Se

48 49 0 52

Cd| In | Sn

Fig.(1 — 2).Some of material groups of 2,3,4,5,6 groups

Sbh | Te

Electronic structure of Si atom:
e 10 core electrons (tightly bound)
« 4 valence electrons (loosely bound, responsible for most chemical properties)
Other semiconductors:
* Ge, C (diamond form), SiGe
* GaAs, InP, InGaAs, InGaAsP, ZnSe, CdTe (on average, 4 valence electrons
per atom)
Silicon crystal structure:

3sp tetrahedral bond

Fig.(1 — 3). Silicon crystal structure
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e Silicon is a crystalline material:
— long range atomic arrangement
« Diamond lattice:
— atoms tetrahedrally bonded by sharing valence electrons (covalent bonding)

« Each atom shares 8 electrons:
— low energy and stable situation

« Siatomic density: 5 x 10?2 cm™3
Simple “flattened” model of Si crystal:

4 valence electrons (— 4 q), contributed by
each ion

N e e
Wi 4

O—O0—CGirmritlrag O—C
O—0O0—0—0—0—(

F Y I [ /2 I Y |
Two electrons in bond

o/ N </
D—O0—0—0—(
D—0—0—0

Fig.(1 — 4).sharing 4 electrons with covalent bonds
At 0° K

« all bonds satisfied — all valence electrons engaged in bonding

* no free” electrons
At finite temperature:

= - by = L ) oy - b |
)—0—0—0 o@\f C
AN %
)—O—O0—O0—B—O—O0—\O0—
T [ e s
) —O—O0—0—6"0 ¢
TN

."j.nwmplﬂ; bond (mebile hels)

Fig.(1 -5).free electron and mobile hole
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finite thermal energy
some bonds are broken

“free” electrons (mobile negative charge, —1.6x107*° C)

“free” holes (mobile positive charge, 1.6 x 1072° C)
”Free” electrons and holes are called carriers:
» define:

n = (free) electron concentration [cm~3]

p = hole concentration [cm~®]

In thermal equilibrium and for a given semiconductor, np product is a constant that depends
only on temperature!

1-1-2. Intrinsic semiconductor:

Question: In a perfectly pure semiconductor in thermal equilibrium at finite temperature,
how many electrons and holes are there?

Since when a bond breaks, an electron and a hole are produced:

No = Po
Also:
NoPo = N%

Then:

No = Po =N

ni = intrinsic carrier concentration [cm—]
In Si at 300 K (“room temperature”): n; = 1x 10*° cm™3

n; very strong function of temperature: 7’1 — n; 1



1-1-3. Doping:

Introduction of foreign atoms to enhance semiconductor electrical properties.

A. Donors: introduce electrons to the semiconductor (but not holes)

« For Si, group-V atoms with 5 valence electrons (As, P, Sh)

1A IVA VA VIA
B| C| N| O
e | Al St | P | S
/n | Ga| Ge | As | Se
Cd|In | Sn|Sbh| Te

Fig.(1 — 6).Some of Group 5 materials

4 electrons of donor atom participate in bonding
« 5th electron easy to release
— at room temperature, each donor releases 1 electron that is available for conduction

L

B
B
B

ey

)—=0—0—0
)—0—0—0@
)—0—0

e

e

w
O

A

O
™

ey

O
O

ey

O
O
[

Ly -
O C
\o C
mobile electron
©—¢
Ty ral

mmohbile ionized donor
Fig.(1 —7).The free mobile electron of the donor



Define:

Ng = donor concentration [cm 3]

(intrinsic semiconductor) — n, = po = N;

*If Ng >> nj, doping controls carrier concentrations (extrinsic semiconductor) —

- T
My = N i Po —

—Nrf

Note: n, >> p,: n -type semiconductor

Example:
Ng = 10Y ecm™ — n, = 10* cm~3, p, = 10° cm 3. In general: Ng ~10% — 102 ¢cm™

legng
log po

electrons=
majanty carmers

holes=
*~._ Minority carriers

"
™
-
-

0

minnsic, extrinsic

Fig.(1 — 8).The numbers of majority and minority carriers of N- type Si

B. Acceptors: introduce holes to the semiconductor (but not electrons)
« For Si, group-111 atoms with 3 valence electrons (B: Boron)

10



1A IVA VA VIA

B| C| N| O
11B AI Sl P S
/n | Ga| Ge | As | Se
Cd| In| Sn| Sb| Te

Fig.(1 — 9).Some of Acceptor materials of group 3

« 3electrons used in bonding to neighboring Si atoms

* 1 bonding site "unsatisfied”:

— easy to “accept” neighboring bonding electron to complete all bonds

— at room temperature, each acceptor releases 1 hole that is available to conduction
* acceptor site become negatively charged (fixed charge)

| 4 = - - = - - = -
P P—@—@ _#_,,O O—0—0——0———=(
— 00—~ @ S0 ©_©__©@
o —“0—0 \o O—0—C
_"\.a [t iy Ty [ [ [y Al

mobile hole and later trajectory . . . _
o inmumobile negatively ionized acceptor

Fig.(1 — 10).The free hole of the acceptor

Define:
Na = acceptor concentration [cm ]

* If Na << n;, doping irrelevant

(intrinsic semiconductor) — n, = Po = N;

11



« If N, >> n;, doping controls carrier concentrations (extrinsic semiconductor) —

P
Tl i

Po = i'\"r: Mg =

Note: p, >> n,: p-type semiconductor
Example:

Na=10%cm™= — p, =10% cm™3, n, = 10* cm 3.
In general: N, ~10% —10%® ¢cm™

log ng
log po

-

-
" holes=
e majorty carriers

electrons=
minority carmriers

=
log Mg

intrimsic extrimsic

Fig.(1 — 11). The numbers of majority and minority carriers of P- type Si

Summary:

* In a semiconductor, there are two types of “’carriers”: electrons and holes

 In thermal equilibrium and for a given semiconductor nqp, is a constant that only depends on
temperature:

NoPo = N%
« For Si at room temperature:

ni ~ 10°%cm=2

* Intrinsic semiconductor: ’pure” semiconductor.
No = Po =N
» Carrier concentrations can be engineered by addition of ”dopants” (selected foreign atoms):
— n-type semiconductor:

no = Ng, Po =pngy
— p-type semiconductor:

Po = Nag, Ng =——

Review Questions:
» How do semiconductors conduct electricity?
* What is a "hole”?
» How many electrons and holes are there in a semiconductor in thermal equilibrium at a
certain temperature?
» How can one enhance the conductivity of semiconductors?

12



1-2: Diode and its Equivalent Circuits:

1-2-1: Diode Notation:

Table (1-1) shows the diode notation and the image of the practical diodes.

Table (1-1).Diode notation and the image of few practical diodes

o— P | N MO g ’ k
Diode
notation - > N Y o K
Anode Cathode 4 -:| N
|
Commercial
junction
diodes

Anode Cathode
—;— Anode
Anode H Cathode

Cz(z:thode
Anode Cathode T( 3

Band
Anode

Cathode

13



1-2-2: Ideal Diode :

In general, it is relatively simple to determine whether a diode is in the region of conduction or
non-conduction simply by noting the direction of the current I established by an applied voltage.
For conventional flow (opposite to that of electron flow), if the resultant diode current has the
same direction as the arrowhead of the diode symbol, the diode is operating in the conducting
region as depicted in Fig. 1.12a. If the resulting current has the opposite direction, as shown in
Fig. 1.12 b, the open-circuit equivalent is appropriate.

+ Vp - - - Short circuit
o H o] o o Ip

——

Ip (llmited by circuit)
(@)
0 Vp

_ Vi + s Open circuit
(e, H O o (o O

—

I,=0

Figure 1.12 (a) Conduction and (b) nonconduction states of the ideal diode

1-2-3: V. /1 _characteristics of the Diode :
1. Forward biase:
When the diode is forward-biased and the applied voltage is increased from zero, hardly any

current flows through the device in the beginning. It is so because the external voltage is
being opposed by the internal barrier voltage VB whose value is 0.7 V for Si and 0.3 V for

Ge. Assoon as V is neutralized, current through the diode increases rapidly with increasing

applied battery voltage. It is found that as little a voltage as 1.0 V produces a forward current
of about 50 mA. A burnout is likely to occur if forward voltage is increased beyond a certain
safe limit, fig.(1.13a).

-

(a) (b)
Figure 1.13 (a) Forward Bias and (b) Reverse Bias
2. Reverse biase:

When the diode is reverse-biased, majority carriers are blocked and only a small current
(due to minority carriers) flows through the diode. As the reverse voltage is increased from
zero, the reverse current very quickly reaches its maximum or saturation value 1, which is

also known as leakage current. Itis of the order of nanoamperes (nA) for Si and microamperes

14



(LA) for Ge. The value of 1, (or Is) is independent of the applied reverse voltage but depends
on (a) temperature, (b) degree of doping and (c) physical size of the junction.

Fig. 1.14 shows the static voltage-current characteristics for a low-power P-N junction
diode.
As seen from Fig. 1.14, when reverse voltage exceeds a certain value called

break-down voltage Vg, (or Zener voltage V7), the leakage current suddenly and

sharply increases, the curve indicating zero resistance at this point. Any further
increase in voltage is likely to produce burnout unless protected by a current-limiting
resistor.

When P-N junction diodes are employed primarily because of this breakdown
property as voltage regulators, they are called Zener diodes .

mA

Forward
Characteristic

e

y A—- 25
Current due to
Majority Carriers
100 75 50 25 el
1 1 I I 0 1 1
Break Down 2
“\«Aff\ —
| Current due_ to
a Minority Carriers — 50
—— — 100 i
 { A
lo
' v |
H
— 150
Reverse

Characteristic

200 A

I

Fig 1.14 Static Voltage-Current characteristics for a low-power P-N junction diode.

1. Equation of the Static Characteristic

The volt-ampere characteristics described above are called static characteristics because
they describe the d.c. behavior of the diode. The forward and reverse characteristics have been
combined into a single diagram of Fig. 1.14.

These characteristics can be described by the analytical equation called Boltzmann diode
equation.

15



14

I =1 (ekT -1) ampere

diode reverse saturation current
= voltage across junction - positive for forward bias and negative for reverse bias.

where I,
V
k = Doltzmann constant = 1.38 x 10™ J/°K
T
I

= crystal temperature in °K

=1 — for germantum
=2 — for silicon
Hence, the above diode equation becomes
=1 V’".H— 1). — for germanium
I=1 ("1 — for silicon

Now, e/k = 11,600 and putting 7/11,600 = V., the above equation may be written as
I=1 (811.6001/;"711”_ =1 (eV"'nVT — 1) ampere
Now, at room temperature of (273 +20) =293°K, V' =293/11,600 =0.025 V=25 mV. Substituting

the value of . we have

I = I, H — for Ge

_ 40 ¥V - .

= I,e —1t 7 =1 volt
I = I, H — for Si

= I, e —1f V7 = 1 volt

We may also write the above diode equation as under

I = I, ("' M1 — forward bias

= I, (e VR/MVr— 1) — reverse bias

Example 52.1. Using approximate Boltzmann’s diode equation, find the change in forward bias
for doubling the forward current of a germanium semiconductors at 290°K.

(Basic Electronics, Osmania Univ. 1993)
Solution. The approximate Boltzmann’s diode equation is given by /=1, exp (e V/kT)
I, = Lexp(eV/kT)and I,= I exp (eV /K1)

1 e
e | nn)]
i (1 I
or v,-r) = Y In [ITJ =251n (SJ mV
Since L =2 o L/L=2

(V,-V) =25In2=25%0.693=17.3 mV



Example 52.5. Find the current through the 20 £ resistor shown in Fig. 52.6 (a). Each silicon
diode has a barrier potential of 0.7 V and a dynamic resistance of 2 £). Use the diode equivalent

circuit technique. (Semiconductor Devices, Gujarat BTE, 1993)
Solution. In Fig. 52.6 (b) each
diode has been replaced by its D 0.7VL

equivalent circutt. It 1s seen that diodes
D, and D, are forward-biased by 5 V DY D, A )
battery whereas D, and D, are reverse-
biased. Hence, the current will flow %
from point 4 to B, thento Cvia20Q + 5V M— T B
reststance and then back to the negative 0V —»

terminal of the 5 V battery.

The net voltage m the equivalent D A A |
circuit is D
Vg =3-07-07=36V | | LI
Total resistance seen by this net () )
voltage 1s
R=2+20+2=240Q Fig. 526

The circuit current [ = V IR=30624=0.15A

1.2.4: Junction Breakdown :

If the reverse bias applied to a P-N junction is increased, a point is reached when the
junction breaks down and reverse current rises sharply to a value limited only by the
external resistance connected in series with the junction (Fig. 1.15).

This critical value of the voltage is known as breakdown voltage (Vgg). It is found that once

breakdown has occurred, very little further increase in voltage is required to increase the current
to relatively high values. The junction itself offers almost zero resistance at this point.

The breakdown voltage depends on the width of the depletion region which, in turn, depends on
the doping level.

17



mA

|
/ ! ¥ 75
‘*_1‘;-’, ﬁ_\_ T
1 q -
\m\' Reverse Voltage 25 -
| |
y (

T

- -20 -30
1 1 1 1

1.0V 0.5 0

—~  Forward

i l
- - 50

(@) ? ’ (b)

Ge - 75

~ 100 A

Fig. (1-15).(a) Zener Diodes,(b) Break down of the diode

The following two mechanism are responsible for breakdown under increasing reverse
voltage:

1. Zener Breakdown

This form of breakdown occurs in junctions which, being
heavily doped, have narrow depletion layers. The breakdown voltage sets up a very strong

electric field (about 108 V/m) across this narrow

layer. This field is strong enough to break or rupture the covalent bonds thereby generating
electron-hole pairs. Evenasmall further increase in reverse voltage is capable of producing large
number of current carriers. That is why the junction has very low resistance in the break-down
region.

2. Avalanche Breakdown

This form of breakdown occurs in junctions which being lightly-doped, have wide depletion
layers where the electric field is not strong enough to produce Zener breakdown. Instead, the
minority carriers (accelerated by this field) collide with the semiconductor atoms in the
depletion region. Upon collision with valence electrons, covalent bonds are broken and
electron-hole pairs are generated. These newly-generated charge carriers are also accelerated
by the electric field resulting in more collisions and hence further production of charge carriers.
This leads to an avalanche (or flood) of charge carriers and, consequently, to a very low reverse
resistance. The two breakdown phenomena are shown in Fig. 1.15.

18



1-2-5: Approximate Diode Circuit Solutions
There is often a need for us to perform design with pencil and paper. Remember: simulation

packages don’t design for you, they only analyze circuits. There’s a big difference between design
and analysis!

There are two very important approximate diode models that allow easier paper designs:

a). Constant-Voltage-Drop (CVD) Model.
b). Piecewise Linear (PWL) Model.

a). Constant-Voltage-Drop (CVD) Model

In this model, the characteristic curve is approximatedas:

i A
(A
12
s T 11
10 Line B ____| =
(vertical)
O
S
7 s ==
(&)
s
a
}
;) IL.inec A
= (horizontal)
[ 3
[ ¥ ] _
O 0.2 0.4 0.6 A 0.8 1.0 e NG

‘ ’!1 >

Fig. (1-16).The diode characteristics of CVD model

In words, this model says that if the diode is forward biased, then the voltage drop across the
diode is Vp. If not forward biased, the diode is then reversed biased and the current is zero and

VD can be any value <Vp.

Vp is often set to 0.7 V for silicon diodes, as shown above, while set to 0.2 V for Schottky diodes,
for example.

19



The CVD circuit model for diodes is

L

-_—.....}—.

_r

- éz Ideal

-i"..-r

B = V., — 0.7 V
or

Fig.(1-17). The CVD circuit model for the diode.
This is probably the most commonly used diode model for hand calculations.

Example N1.1. Determine the current / in the circuit below using the CVD model and
assuming a silicon diode.

J R=1 kO { R=1kQ
v W Ideal
DD~ /% *
ey b © b
Fig.( 1-18). Fig.( 1-19).

Using the CVD model of Fig.( 1-18) the equivalent approximate circuit is shown in fig.(1-
19): Assuming the diode is forward conducting (i.e., “on”) with Vp = 0.7 V and using KVL
(Kirchhoff's Voltage Law)in this circuit :

2=IR+Vp

Or: | =(2-Vp)/ R =(2-0.7)/1000 = 1.3 mA
The positive value of this current indicates our  original assumption
that the diode is “on” 1s correct.
What is the value of | if Vpp = 0.5 V? By KVL again,

| =(0.5-Vp)/ R =(0.5-0.7)/1000 = - 0.2 mA

Since | is negative, then D must be reversed biased. This means our initial forward
conducting assumption was incorrect. Rather, in this situation | =0 and Vp = 0.5 V.

20



b).Piecewise Linear (PWL) Diode Model

This is a “battery plus internal diode resistance model.” It is one step better than the CVD model
by incorporating a slope to the interpolative line:

> A
CmA)
12
k||
11 =
10 — The exponential | —4=> [ Straight line B
- characteristic [4;—4—"‘ . 1
O 7 = Slope =
< >
-
(&3
S
5 7]
- /1]
2 | Straight line A ]
i /
O 0.2 o.4 0.6 \ 0.8 1.0 2> ( 5}
V.,

(Fig. 1-20).The I-V characteristics of the diode
The finite slope to this curve (Fig. 1-17) means that the diode has a non- zero internal resistance,
which we will label as rp. The equivalent circuit for the PWL diode model is as shown in fig.(1-
18).

(Fig. 1-21). The equivalent circuit tor the PWL diode model

Example N1.2. Determine the current | in the circuit below using the PWL diode model shown
in Fig. (1-22).

f R=1kQ
Wy +
Vop=
2V b T/D
Fig. (1-22).

From Fig. (1-22), we can determine Vpgand rp for the particular diode whose
characteristic equation is shown:

" Vpp=0.65V

e rp=run/rise=(0.9-0.65)/12x10° =20.80
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The equivalent circuit using the PWL model of the diode is then as shown in fig.(1-23).

R=1 K/v\, 10 N
* Ideal Vgieal
Vop=2V () Ve ()Vpg=0.65 V
r,=20.8 Q
Fig. (1-23).

Assuming the diode is “on,”, then by KVL:
2 =1 x1000 + 0.65 + 20.8x |

or | =1.32 mA.

This is close to the 1.3 mA we computed in the last example using the cruder CVD model. Again,
the positive value of this current indicates that we made the correct choice that the diode is “on.”

What’s the forward voltage drop across the diode?
Vp =2-1000 x 1.32x10° = 0.68 V

Is this enough to turn the diode on? Yes, referring to theequivalent
circuit above.
Vigeal = Vp —0.65 — 20.8 x 1.32x10° = 0* V

1-2-6: Applications:

Rectifier Circuits

Conversions of AC to DC for DC operated circuits

Battery Charging Circuits

Simple Diode Circuits

Protective Circuits against Over current, Polarity Reversal and Currents
caused by an inductive kick in a relay circuit

Zener Circuits

Overvoltage Protection

8. Setting Reference Voltages

agbrwnE

~N o
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Chapter — 2

Application of

Diodes
\ S

2-1. Half Wave Rectifier (HWR):

Since diodes restrict the flow of current to one direction, they can be used to convert an AC
power supply, which switches polarity from + to - many times a second, into a straight DC

supply.

The simplest rectifier uses one diode, like this:

Signal

Signal M S
Source
/‘\_/

Fig.(2-1 ).Half- wave Rectifier

Called a half-wave rectifier, this circuit takes an AC signal in and chops off anything that falls
below 0 Volts.

Signal In: Signal Out (Half-wave):

I ANVANN/ANrAN
VARV

Fig.(2-2 ).The input and output waveforms of the HWR

- C -
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The half-wave rectifier is used in AM radios to rectify the signal. But for a rectifier in
a power supply, it leaves something to be desired -- we lose half the power! LucKily,
we can do better.

2-2. Full Wave Rectifiers (FWR):

The circuits which convert the input alternating current (AC) into direct current (DC) are
referred to as rectifiers. If such rectifiers rectify both the positive as well as negative pulses of
the input waveform, then they are called Full-Wave Rectifiers. Figure (2-21) shows such a
rectifier designed using a multiple winding transformer whose secondary winding is equally
divided into two parts with a provision for the connection at its central point (and thus referred
to as the centre-tapped transformer),

two diodes (D; and D;) and a load resistor (R.). Here the AC input is fed to the primary
winding of the transformer while an arrangement of diodes and the load resistor which yields
the DC output, is made across its secondary terminals.

Centre-Tap Terminal of
the Transformer

I D,
AC Input ; AP
DC Output
| >
=4

Primary Windingﬂ
of the Transformer y
Secondary Winding
of the Transformer

Fig. (2-3). Full-Wave Rectifier Circuit

The circuit can be analyzed by considering its working during the positive and the negative
input pulses separately.

Figure (2-22 a) shows the case where the AC pulse is positive in nature i.e. the polarity at the
top of the primary winding is positive while its bottom will be negative in polarity. This causes
the top part of the secondary winding to acquire a positive charge while the common center-tap
terminal of the transformer will become negative.
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AC rout@

+

+
AC Inout@‘

Fig.(2-4 ). Conduction path of Full-Wave Rectifier for (a) positive input pulse, (b) negative
input pulse

This causes the diode D; to be forward biased which in turn causes the flow of current through
R. along the direction shown in Figure 2a. However, at the same time, diode D, will be reverse
biased and hence acts like an open circuit. This causes the appearance of positive pulse across
the R, which will be the DC output. Next, if the input pulse becomes negative in nature, then
the top and the bottom of the primary winding will acquire the negative and the positive
polarities respectively. This causes the bottom of the secondary winding to become positive
while its center-tapped terminal will become negative. Thus, the diode D, gets forward biased
while the D; will get reverse biased which allows the flow of current as shown in the Figure 2-
22b.

Here the most important thing to note is the fact that the direction in which the current flows via
R will be identical in either case (both for positive as well as for negative input pulses). Thus,
we get the positive output pulse even for the case of negative input pulse (Figure 2-23), which
indicates that both the half cycles of the input AC are rectified.

AC Input

DC Qutput
(Pulsating Form)

Fig. (2-5). input and output waveforms of the Full Wave Rectifier

Such circuits are referred to as:

(i)  Centre-Tapped Full Wave Rectifiers as they use a centre-tapped transformer,

(i)  Two-Diode Full-Wave Rectifiers because of the use of two diodes and/or

(iii)  Bi-Phase Circuits due to the fact that in these circuits, the output voltage will be the
phasor addition of the voltages developed across the load resistor due to two individual
diodes, where each of them conducts only for a particular half-cycle.

However as evident from Figure 2-23, the output of the rectifier is not pure DC but pulsating in

nature, where the frequency of the output waveform is seen to be double of that at the input. In

25



order to smoothen this, one can connect a capacitor across the load resistor as shown by the
Figure (2-24). This causes the capacitor to charge via the diode D; as long as the input positive
pulse increases in its magnitude. By the time the input pulse reaches the positive maxima, the
capacitor would have charged to the same magnitude. Next, as long as the input positive pulse
keeps on decreasing, the capacitor tries to hold the charge acquired (being an energy-storage
element).

D,
>
/—\ /_\ AC H:HTEH | N 06 Outout
U U (with Ripples)

Fig. (2-6 ). Full Wave Rectifier with RC filter

However, there will be voltage-loss as some amount of charge gets lost through the path
provided by the load resistor (nothing but discharging phenomenon). Further, as the input pulse
starts to go low to reach the negative maxima, the capacitor again starts to charge via the path
provided by the diode D, and acquires an almost equal voltage but with opposite polarity. Next,
as the input voltage starts to move towards 0V, the capacitor slightly discharges via R.. This
charge-discharge cycle of the capacitor

causes the ripples to appear in the output waveform of the full-wave rectifier with RC filter as
shown in Figure 2-24.

Further it is to be noted that the two-diode full-wave rectifier shown in Figure 2-21 is costly and
bulky in size as it uses the complex center-tapped transformer in its design. Thus, one may
resort to another type of full-wave rectifier called Full-Wave Bridge Rectifier (identical to
Bridge Rectifier) It also offers high power applications. However it is to be noted that the full
wave bridge rectifier uses four diodes instead of two.
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The half-wave rectifier chopped off half our signal. A full-wave rectifier does more
clever trick: it flips the - half of the signal up into the + range. When used in a power
supply, the full-wave rectifier allows us to convert almost all the incoming AC power to
DC. A full-wave rectifier uses a diode bridge, made of four diodes, like this(fig.2-25):

Ot

Fig. (2-7). Full-wave bridge rectifier
At first, this may look just as confusing as the one-way streets. The thing to realize is
that the diodes work in pairs. As the voltage of the signal flips back and forth, the
diodes let the current to always flow in the same direction for the output.
Here's what the circuit looks like (fig.2-8) to the signal as it alternates:

e

Fig. (2-8). Current flow for the positive and negative parts of the input signal
So, if we feed our AC signal into a full wave rectifier, we'll see both halves of the wave
above 0 Volts. Since the signal passes through two diodes, the voltage out will be lower
by two diode drops, or 1.2 Volts, (fig.2-9).

+SUV\
AC Wave In:  ow \/ /—\\/
—SVJ
+3_8W _

+5v<‘
AC Wave Out (Full-Wave Rectified): DUJ /_\ /_\ /_\ /_\

— 5w

Fig. (2-9 ).Input and Output waveforms of the Bridge Rectifier
If we're interested in using the full-wave rectifier as a DC power supply, we'll add a
smoothing capacitor to the output of the diode bridge.
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More Examples on Rectifiers

(From Boylestad)

(a) Sketch the output v, and determne the dc level of the output for the network of
Fig. 248

(b} Repeat part (a) if the 1deal diode 15 replaced by a silicon diode.

(c) Repeat parts {a]l and (b) if V', 15 mereased to 200 V and compare solutions using
Eqs. (2.7) and (2.8).

LY -T- H E
0V
ff’“‘* Y xé:m \
[ )
\ Tt
! '?'1'1.. ,. T - b Fioure 248  Network for Exam-
- ple 2.18
Solution

(a) In thus sifwation the diode will conduct dunng the negative part of the mput as
shown m Fig. 2.49, and v, will appear as shown in the same figure. For the full
period, the de level 15

o = —0318F, = —0318Q20V) = -6.36 V

The negative sign indicates that the polanty of the output 15 opposite to the defined
polanty of Fig. 2.48.

bV I ‘ + ¥,

Figure 2.49 Resulting v, for the drouit of Example 2,13

(b} Using a silicon diode, the oufput has the appearance of Fig. 2.50 and

= —0318(F, - 07V) = —0318(193 V) = -6.14V
The resulting drop m de level 15 0.22 V or about 3.5%.
(c) Eq. 2.7 Fa = —0318F, = —0318Q200 V) = —63.6 V
Eq. (2.8 Vg =-0318(V, — Fy) = - 03182200V - 0.7 V)

= —(0318)(1993V) = —-63.38V
which 15 a difference that can certamnly be 1gnored for most applications. For part ¢
the offset and drop m ampllmde due to I'; would not be discermble on a typical os-
cilloscope if the full pattern 15 displayed.
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Figmre 2.50 Effect of ¥y on out-
put of Fig, 2.49



Determune the oufput waveform for the network of Fig. 2.63 and calculate the output
de level and the required PIV of each diode.

Y,
1n:|‘|.f
"kﬂ

T] T
f

- :!kﬂ Figure 2.63 Bridge network for

Example 2.19.

Solution

The network will appear as shown m Fig. 2.64 for the positive region of the mput
'mltage Redrawmg the nefwork will result mn the configuration of Fig. 2.63, where
v,=wol, =1 =110V)=3V, as shown m Fig. 2.63. For the negative
part of the mputihemles of the diodes will be mterchanged and v, will appear as
shown m Fig. 2.66.

EXAMPLE 2.19

iy
10V
il 1 ¢
I
Flgure .64 Metwork of Fig. 263 for the positive Fignre 265 Redrawn network of Fig 164
reglon of ¥

The effect of removing two diodes from the bndge configuration was therefore to
reduce the avallable dc level to the followmg:
Ve = 0636(3V) =318V

o that available from a half-wave rectifier with the same mput. However, the PIV as
determmed from Fig. 258 15 equal to the maximum voltage across R, which 15 3V
of half of that required for a half-wave rectifier with the same mput
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2-3: Diode Limiters (Clippers):

1. Basic Description

As you know, diodes can be used as switches depending on the biasing type, reverse or forward
fig.2-10). The clipping circuit, also referred to as clipper, clips off some of the portions of the
input signal and uses the clipped signal as the output signal. The clamping circuit or clamper
keeps the amplitude of the output signal same as that of the input signal except that the D.C. level
(offset) has been changed. The clamper through which the input waveform shifts to positive
direction is called positive clamper, otherwise, is called negative clamper.

Forward turning-on Reversely turning-off
O :o\r
Switch is closed Switch is opened

Fig. 2.10 — Ideal Diode — Switch Terminology

2. Clipper Circuits
There are two types of clipper circuits, the series and parallel diode clipping circuits.

2-a).Series Diode Clipping Circuit

In these type of circuits, the diode is connected between the input and output voltage terminals
(Fig 2.11)

Vm
Ei t
Eo t
-~

~

-~ !
- 3
Ei % Eo E; % Eo
O & i o * J

Fig. 2.11.Negative Clipping circuit.
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As Fig.2.11 reveals, the negative cycle of the input voltage can be clipped of by this type of
series clippers. Reverse of the diode pins yields to a positive cycle clipping circuit as shown in

Fig. 2.12.

D1 I A ‘W;QT—:
—. DT
SR I I §

Fig. 2.12. Positive Clipping circuit.

Previous circuits clip the values larger or smaller than zero voltage. This voltage, technically
called “threshold voltage” and can be changed to a desired value by inserting a D.C. voltage
source. This is achieved in two different ways.

In the first type, the voltage source of En ( positive or negative) is connected through output

terminals as in Fig. 2.13. Depending on the diode connection (normal or reverse), the values
smaller (Fig.2.13.a) or greater (Fig.2.13.b) than Em is clipped and assigned as E. .

Ei %R iiEu = Ea B

1-E

o

E

Fig. 2.13.First type of Threshold Series Clipping Circuit

Note that if Em is negative, ( where the voltage source is reversely connected) again the values
smaller or larger than this negative value is clipped, do not get confused.

In the second type of threshold series clipping ( fig.2-14), the voltage source is applied between

the input and output terminals, series with the diode. This time, the clipped values are assigned

to zero and the net output voltage equals to the difference between the input and threshold values.
(If Em is negative, then: Eo=E—-En =E+|En| )
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Ei
Eo
a
pdl
- Ei
Ei RL Eo E+Vm
. 1 °
b

Fig. 2.14.Second type of Threshold Series Clipping Circuit

2.b). Parallel Diode Clipping Circuit

In this type of clippers, the diode is connected between output terminals. The on/off state of diode
directly affects the output voltage (figs.2-15,16). These types of clippers may also have a non-
zero threshold voltage by addition of a voltage series with diode. Following figures 2-15, 2-16
illustrate the clipping process.

: ‘ E t
T ° M N
Ei R. Eo Q: I'Z: t
ED

Fig. 2.15 . Zero Threshold Parallel Clippers

Em
R . Ei %t
T % % i 7
Ei R. A FEo : : :
N -k e T o v . v
a
m bk
R | o el s
o—AAA, Ei ' : .
5 %7 N
Ei R.  Eo ; ; ;
) TE s el e N

Fig. 2.16. Threshold Parallel Clippers
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Summary

Biased Parallel clippinq circuits

Comparison table of output voltage shapes
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2-4 . Clamper Circuits and Voltage Doubler:

2-4-1. Clamper Circuits: or briefly clampers are used to change the D.C. level of a signal to a
desired value.( Fig 2.17).

>y | Fositive > T ___ E ___ f
<+ |Clamper -

2y [Negative >
# Clamper -

Fig 2.17. Inputs and outputs of positive and negative Clamper Circuits

Being different from clippers, clamping circuits uses a capacitor and a diode connection. When
diode is in its on state, the output voltage equals to diode drop voltage (ideally zero) plus the
voltage source, if any. Now let us examine the clamping process for the circuit in Fig. 2.18.

C
i o— — T

o 0 - ._t Ei l Eo

o o i

Fig 2.18. Typical Clamping Circuit
This circuit, in fact, is a series R-C circuit. The resistance of diode ( several ohms above
its drop voltage) and the small capacitance yield to a small time-constant for this circuit. This
means that the capacitor will rapidly be charged if any input voltage, that is enough to switch on
the diode, is applied. The diode will conduct during the positive cycle of the input signal (Fig.
2.19-a ) and output voltage will be ideally zero (in practice this voltage equals ~0.6 V).

+ o +ﬁ_ ' T v By -
E }Eﬂ @) (b) ) I 150
cas g i + G ] J:

Fig 2.19. Diode conducts during (a)positive cycle and switched off(b) during negative cycle

Note that during positive cycle the capacitor is rapidly charged in inverse polarity with the
input voltage. After transition to negative cycle, the diode becomes to its off state. In this case,
the output voltage equals to the sum of the input voltage and the voltage across the terminals of
the capacitor which have the same polarity with each other.(Fig 2.19-b).
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Eo=-(|Ei|+]|EC])

The resulting signal after a complete cycle is shown below ( fig.2-38).

By this process, the input signal is shifted to negative D.C. value (its maximum value is ideally

Eoc o I

Lo _-—t

s
==mem

_—-t

Fig. 2.20.Input and output waveforms of the Clamper

zero) without any change in its amplitude ideally.

There exist again modified versions of this circuit in which a threshold value is inserted for
clamping. Following figures( fig 2-21 and fig.2-22) illustrate these modifications and resulting

outputs.
A
E
.vC‘ | Ei & % { o t
Ei % ?Eo -3 :_l L -
- T = J Eo © L]
4
O—I(?E— - Ei o - S———
Ei % - Eo Eo © ! : - —
. = . T
Fig.(2-21).one version of‘clamping circuits
” o Vi
0 —
Wi % Vo
E w1171
(= I o VO DE 1 1 \ .-! ——
— |C1 Ei
- 11 . —c D
Ei % _ Eo
E
E
< I - < ® -E

Fig. 2.22. Another version of clamping circuits
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Summary
Biased Parallel Clamping circuits

Comparison table of output voltage shapes
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2-4-2. VVoltage Doubler Circuits:

Another doubler circuit is the full-wave doubler of Fig. 2.23. During the positive half-

cycle of transformer secondary voltage (see Fig. 2.24a) diode D1 conducts, charging ca-
pacitor CI to a peak voltage V,,. Diode D2 is nonconducting at this time.

During the negative half-cycle (see Fig. 2.24b) diode D2 conducts, charging capacitor

C2, while diode D1 is nonconducting. If no load current is drawn from the circuit, the voltage
across capacitors C1 and C2 is 2V,, ,. If load current is drawn from the circuit, the voltage
across capacitors C1 and C2 is the same as that across a capacitor fed by a full-wave rectifier
circuit. One difference is that the effective capacitance is that of C1 and C2 in series, which is
less than the capacitance of either C1 or C2 alone. The lower capacitor value will provide
poorer filtering action than the single-capacitor filter circuit.

¥

Dy
Fig. (2-23)

Full-wave voltage doubler.

Conducting Nonconducting
/ O T s
|
D, i
C i+

2 Nonconducting (,onductmg

@ . ®)
Fig. (2-24)

Alternate half-cycles of operation for full-wave voltage doubler:

The peak inverse voltage across each diode is 2V ,,, as it is for the filter capacitor circuit.

In summary, the half-wave or full-wave voltage-doubler circuits provide twice the peak
voltage of the transformer secondary while requiring no center-tapped transformer and only
2Vm PIV ( Peak Inverse Voltage) rating for the diodes.
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Some Examples from Boylestad Book

Example : 2-20:

Detenmmime the owtput waveform fior the network of Fiz. 2.74.

" V=5%

=
5
—j

Figure 2.74 Senes clipper for
Example 2.20.

ot

Solution
Past expenence suggests that the diode will be mn the “on™ state for the positive re-
gron of v,—especially when we note the aiding effect of = 5 V. The network wall

then appear as shown m Fig. 2.75 and v, = v + 3V Substiubng iy = 0 atve = 0 for
the transiion levels, we obtzm the network of Fig. 278 and v, = —53 W

|
[ o o
|
+=_1 4
W
W A
- _ Figare 275 w with diode in
o + o the “on” shte.
=0W
_=I+ ¥l .
+ -
IV h,:[l_ﬂ_ |
¥, " = =ipE == =07

Figare 2.76 Determuning the
transeion level [or the clipper of
Fig. X.7%.

For v, more negatmve than —35 WV the diode will enter 1= open-coromt state, whale
for voltzges more positve than —35 WV the dicde 15 1o the short-cirewt state. The input
and cuiput voltages appear m Fig. 2.77.

T

¥

- BN SR T — LT
Li}

/\ TN _;_-_X___.IT_ = IWw+iv=3V
5wl __ ——AT— ¢ 0 T T i
\ T\
Trezeition . W+ 5V

vologe

Figure .77 Skeichang w_ for Example .30
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Repeat Example 220 for the sourewve ot of Fig. 178 EXAMPLE 21

of Tl |1r 1 N
T Figure .78 Apphed signal for
Evampie 121,

balution

Forv, = 20V {0 = I'2) the network of Fag. 2.79 wll result. The diode 15 mn the shoxt-
ciret state and v, = 00V + 5V =23V Farv, = - 10V the network of Fiz. 280
will result, placmg the diode n the “off” state and v, = pf = (I =0V The re-

sulting output volizge appears m Fiz. 281,
| ~
-l -
- iV By
Y= Row=lV
- - 0y
- - bl [ F
i ' i d
Figure 179 walw=+20V Figure LB} waiw=- 10V Figure 181 Sketching v, for

Frample 221

Note i Fxample 221 hat the clippr not only cliped off 5 V fom the fotd
swing but raed he el of he sigmel by 5
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EXAMPLE 2.2

||=-.|_|'i'
o AP -
+ i
dymilA
] =0V
1I
*

Figmre 285 Delermining the
iransition level for Frample 272,

=iV
2
+ k= I +
g =0 A
I.'I L
v T.nr

r

Figmre 186 Delermining v, for
the open staie of the diode.

Determine v, for the network of Fig. 2.83.

"I

v 4y
N T o Fipure LE] Example 177,

Solution

The polanty of the dc supply snd the direction of the dinde stronzly mzzest that the
dinde will be in the “on” state for the negative region of the inpat sizmal. For this re-
gion the nefwork will appesr as shown in Fiz. 284, where the defined terminals for
V, Tequire that v, = F=41

Figure LE4 ¥, [or the negptive
region of ¥,

The fransifion state can be determined from Fig 2.85, where the condition i, =
0 A at vy = 0V has been imposed. The result is v, (ransition) = F=4 V.

Since the do supply is obwviously “pressuring” the diode to stay in the shor-
circuit stafe, the mput voltame mmst be greater than 4 V for the diods o be n the “off”
state. Amy mput voltage less than 4 V will result i a short-ciromited dinde.

For the open-cirouit state the network will appear as shown in Fie, 2,86, whem
v, =V, Completing the sketch of v, results in the waveform of Fiz. 2.87.

rI

:EI--

A.--- 4 W iransiim leeel
0 i\f’r ,

4

¥,
Lo
I6Y h-m i
4V J/.\1 1 .
0 T T f

z
Figure 1.B7  Skeiching v, for

4u



Repeat Example 2 22 uwsing a stheon diode wath Fr= 0.7V

Solution

The transihon voltage can first be determumed by apphing the condihon iy =0 A at
vy = Fp = 0.7V and obtaimng the network of Fiz. 2.83. Applving Kirchhoff's volt-
aze law around the output loop m the clockwise dwechion. we find that

v+ Fp—F=0
and B=F-F=4V-07V=33V

p=pR =ik =HE=0Y

Figure 188 Determining the
= T_ —  transition level for the networds of
" Fig. 183

For mput voltages greater than 13 V, the diode wall be an open curewt and
v, = ¥, For mput voltages of less than 3.3 V, the diode wall be i the “on” state and
the network of Fiz. 2.89 results, where

v,=4V-07V=33V

_ Figure 2.89  Determining v, for
T ay the diode of Fig. 2.63 in the “on”
statr,

The resulting output waveform appears m Fig. 2.90. Note that the only effect of I
was to drop the transthon level to 3.3 from 4 V.

&Y -

11y -/\-,—‘

i I r ¢ Figure 290 Skewching v, for
3 Example 223

There 15 no question that includmg the effects of Frwill comphcate the analysis
somewhat, but once the analysiz 1= understood with the 1deal diode, the procedure,
meluding the effects of I'T, will not be that difficult.
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Summary of Clipping Circuits

Simple Senes Clipps Ideal NDod

Figure 1,91

-
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Clipping arcuits.
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Some Examples from Boylestad Book

Examples on Clamping circuits:

FXAMPLE 2.24

1

Figure 2.97 Determining v, and
V.- with the diode in the “on”
state.

Figure 2.98  Determining v,
with the diode in the “off" state.

Determine v, for the network of Fig. 2.96 for the input indicated.

i JERLLIF:
)] i C=IjF

A

-+ o

I kgokQ

¥ .[ iV
. s a

(= |

7T —
—T—

Figure 2.96  Applied signal and network for Example 2.24.

Solution

Note that the frequency 1s 1000 Hz, resulting in a pertod of | ms and an nterval of
0.5 ms between levels. The analysis will begin with the period , — #, of the mput
signal since the diode 15 m 1ts short-circuit state as recommended by comment 1. For
this interval the network will appear as shown m Fig. 2.97. The output 1s across R,
but it 15 also directly across the 3-V battery 1f you follow the direct connection be-
tween the defined terminals for v, and the battery termunals. The result 15 v, =3V
for this mterval. Applying Kirchhoff's voltage law around the mput loop will result m
“0V+V.-3V=10

and Ve=23V

The capacitor will therefore charge up to 23 V, as stated i comment 2. In this
case the resistor R 15 not shorted out by the diode but a Thévenn equivalent circuit
of that portion of the network which includes the battery and the resistor will result
i Ry, = 0 (Qwith E, = =3V For the period £, — 1; the network will appear as
shown m Fig. 2.98.

The open-circuit equivalent for the diode will remove the 3-V battery from hav-
g any effect on v,. and applymng Kirchhoff's voltage law around the outside loop of
the network will result i

+10V+2V-v,=0

and vp,=3V
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The time constant of the dischargng neterodk of Fig. 2.98 15 determumed by the

product BC and has the mapmimde
r=RC=(100kOX0] uF)=0015=10ms

The total discharpe time 1= therefore 5+ = 310 ms) = 50 ms.
Since the mberval ¢ — f; wll only last for 0.5 me, it 15 cartammly a zood approsoma-
tion that the capacitor will hold its voltaze duning the discharge pened between pulses
of the input signal The resuling output appears mm Fig. 2.99 with the mnput signal.
Mote that the output swing of 30 V matches the input swing as noted in step 5.

] N
Kkl — —

0 ; -

|
i I r i i WY

i | ¥ 4 0 v |
3 5 — !_ 1

-2 l' L1 1

i Iy Iy Iy Iy I

Fizure 2.9% v and v, for the
clamper of Fig. 2.96.

Eapeat Example 2 24 using a siheon diode wath Fr= 0.7 V.

Solution

For the short-cowewt state the network now takes on the appearance of Fig. 2.100 and
¥, can be determimed by Enchhoff s voltage law m the output sechon.

+53V-0TV—v=0

and W=3V-07V=43V
For the mput sechion Enrchhoff’s voltage law will result i
-0V+F-+0TV-5V=0
and Fe=23V-0TV=M43V

For the peniod r, — 1, the network will now appear as in Fig. 2101, wath the onky
change being the voltage across the capacitor. Applying Kirchhoff s voltage lawr vields

10V + M3V -y, =0
and v, =343V

-

AV

= +1
Yy ]‘ [

S
J

Figure 2.101 Determining v
with the diode in the open siate.
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EXAMPLE 2.25
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Figure 1100 Determuning v,
and V- with the diode in the “on”
slale



The resulting output appears in Fig. 2. 102 verifying the statement that the input and
output swings are the same.

IV —
IDY <
43V [
I I i Figure 2.102 Skewching v, for
o 1 . e e *  the clamper of Fig. 2.96 with a

silicon diode.

Summary of Clamping circuits:

A number of clamping circuits and their effect on the input signal are shown in
Fig. 2.103. Although all the waveforms appearning i Fig. 2.103 are square waves,
clamping networks work equally well for sinusoidal signals. In fact. one approach to
the analysis of clamping networks with sinusoidal mputs 15 to replace the sinusoidal
signal by a square wave of the same peak values. The resulting output will then form
an envelope for the sinusoidal response as shown 1 Fig. 2 104 for a network appear-
ing in the bottom right of Fig. 2.103.

g o —
+
»
L
=
-+
-4
L

Figure 2.103 Clamping circuits with ideal diodes (St = 5RC == T/2).
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Figure 2.104 Clamping network with a sinusoidal input

Review Questions:

Please see the relevant problemsin :

"* Electronic Devices and Circuit Theory **, By: Boylestad, R. and Nashelsky, L.,

7" edition , Chapter -2 , page 103-111 .

( The Electronic version of this book is available at Internet and at the department- for
anyone who want it).
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