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To our dear students

Foreword

As the fascinating, yet not simple, world of electronics may seem intimidating, we aim to provide
our first-year students with the support they need. Over decades of teaching between us, we
noticed that a successful learning experience is the result of accumulating knowledge that was
delivered in multiple ways. The theoretical notions discussed during lectures are better understood
when applied into examples and validated by practical experiments. This book is designed to
accompany the course slides and guide the young engineers-to-be throughout their journey into not
only studying, but also understanding, how the most used electronic devices work.

Each chapter follows the same pattern, which ensures a unitary structure of the entire material.
Theoretical notions are first presented, then used in solved examples. The book is meant to
minimize the temptation of memorizing circuits equations, such a trap for most students. We
believe that any knowledge is best learned when applied, hence the proposed problems at the end
of each chapter.

Chapter 1 — Fundamentals is an overview of fundamental concepts that will be used in subsequent
chapters. Students can always revisit this section, for a quick memory refresh.

Chapter 2 is dedicated to diodes, semiconductor devices that are analysed starting with their
physical structure and operating regions, followed by the exponential model, and the constant voltage
drop model. The most common diode circuits are presented, along with relevant examples. Zener
diodes are also discussed, with their behaviour, operating regions, and common applications. The
chapter closes on LEDs and photodiodes.

In Chapter 3 — Electronic Amplifiers, the amplifier is seen as a functional block, and its parameters
and modelling are discussed. Next, Chapter 4 puts the operational amplifier as an integrated circuit
under the spotlight, focusing on its terminal behaviour, without any details regarding its internal
structure. Its use in typical circuits and applications is analysed: simple and positive feedback
comparators, and amplifiers.

The third and last electronic device approached in this book is the transistor. Chapter 5 begins with
presenting general concepts, valid for all transistor types, which are then customized for the BJT and
the MOSFET. The highlight is on identifying the operating regions and biasing the transistor into the
desired region.



By the end of the book, the avid reader who follows all the solved examples and doesn’t quit when
faced with the proposed problems will be able to:

e know and understand the basic concepts regarding the operation and use of electronic devices

e use electronic devices in simple electronic circuits

e analyse, design and (re)size simple electronic circuits

We believe that for things to be truly great, there must be a little magic involved. It is our hope
that this book delivers the sparkle of magic needed to transform students into passionate engineers.

Cluj — Napoca, May 2023

The authors
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ELECTRONIC DEVICES

Chapter 1

FUNDAMENTALS

In this chapter, you will learn:
<~ mathematical expressions and graphical representations of electrical signals
<> symbols and notations for ac and dc signal sources
< relationships and theorems for analysing electronic circuits

<~ time-domain and frequency-domain behaviour of passive electronic components.
5k % 5k 5k %k 5k %k ok 3k % ok %k ok 5k %k ok %k ok 5k % ok %k ok 3k % ok %k ok ok %k 5k 3k ok 5k % 5k %k ok 5k % 5k %k ok 5k %k ok %k ok 5k % ok %k ok ok %k ok 3k ok ok %k ok %k ok ok %k ok %k sk ok ok %k ok k ok ok sk ok k ok ok k

1.1 Electrical signals. Signal sources. Notations.

Signals are variables that contain information, regardless of its nature: sound, image, temperature,
pressure, speed, etc. In electronics, the focus is on electrical signals:
e electrical voltage or voltage: notation v or V, unit of measurement Volt [V], and submultiples:
mV (1 mV =103V), uVv (1 pv = 10°V)
e electrical current or current: notation i or /, unit of measurement Ampere [A], and submultiples:
mA (1 mA=103A), pA (1 uA = 10°A)
Based on the way they vary with respect to time, electrical signals are classified into:
- continuous signals: signals that are constant over time; these are referred to as dc signals (direct
current)
- time-varying signals: signals that vary over time; these are referred to as ac signals (alternating
current).
To illustrate this concept, Fig.1.1 shows a dc voltage, V = 3 V (a), and a sinusoidal voltage (sine
wave), v = 7sinwt [V] (b).
The parameters of the sinusoidal signal in Fig.1.1. b) are:
e amplitude-A=7V
e peak-to-peak value - V,, = 14 V, computed as the difference between the maximum and the
minimum value of the signal
e RMS (root mean square) of effective value
Vims = i= 496V

V2
6
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e period-T=2ms,orfrequency f=0.5 kHZ

e average value or dc component on a time interval (for periodic signals, the average value is
computed on a period). Since the positive half-cycle of the sinusoidal wave is equal to the negative
one, the average value of the sinusoidal wave is zero. We say that the sine wave is centred on zero
volts or has a dc component or offset of zero volts.

e instantaneous value — the value of the signal at a certain time. For example, at t = T/4, the
instantaneous value is +7 V.

7_v[V]
V[V]

t [ms]

a) b)
Fig.1.1. Waveforms a) dc voltage; b) sinusoidal voltage.

Sinusoidal signals are most used. Home appliances (washing machines, refrigerators, air
conditioners, dishwashers, water heaters, etc.) and electronic devices (computers, laptops, TV sets,
mobile phones, etc.) are supplied with a sinusoidal voltage of 230 V effective value, 325 V amplitude
and 50 Hz frequency (EU standard). In the United States, the effective value of the power line voltage
is 117 V, with a frequency of 60 Hz.

Note: When measuring a sinusoidal voltage using a voltmeter, the indicated value is the RMS or
effective value of the voltage.

Other types of time-varying signals are triangular, rectangular (square), sawtooth, positive/negative
pulse, step signals, etc.

The symbols used for electrical signal sources are shown in Fig.1.3. The ,+” sign is occasionally
added, to indicate the positive terminal:

3o NEE CRT

a) b) c)

Fig.1.3. Symbols for signal sources
a) voltage source; b) dc voltage source; c) current source.



ELECTRONIC DEVICES

Example ‘

The plot for vs(t) = 6 + 2sinwt [V] is given in Fig.1.2. The dc component (average value) is 6 V (dotted
line), and the ac (variable) component is 2sinwt [V]. The plot starts at 6 V, and the extreme values
are6+2V.

The peak-to-peak value is 4 V.

Fig.1.2. Graphical representation
at of vs(t) = 6 + 2sinwt [V]

To correctly identify the types of signals, a convention is employed (Fig.1.4):
e continuous (dc) signal only - uppercase variable and uppercase subscript Vs, /s
e time-varying (ac) signal only - lowercase variable and lowercase subscript vs, is
e totalinstantaneous signal (continuous and time-varying signal) - lowercase variable and uppercase
subscript vs, is.

i5= /5+ i5
—_—

Vsl )

vs= Vs+ v R

B!

N\ N\t
U/

Fig.1.4. Signal notations

Problems
Plot the following signals:
a. vs(t) =5sinwt [V]

b. vs(t) =1+ 4sinwt [V]
c. vs(t) =-2 + 3sinwt [V]
d. vs(t) =2 -3sinwt [V]

1.2 Relations and theorems for electrical circuits

1.2.1 Ohm’s law

Ohm’s law is named after German physicist Georg Ohm, who analysed the measured values of
voltages and currents in simple electrical circuits and published his work in 1827. Ohm’s law states
that the voltage drop across a resistor and the current through that resistor are proportional. The
resistance value, R, is the proportionality factor.

8



ELECTRONIC DEVICES

V=R I
/ R
0— ——O
v =
.—V Fig.1.5. Ohm’s law illustration

If the arbitrary chosen directions for voltage and current are opposite, a minus sign appears when
writing Ohm’s law (see Fig.1.5):

V'=-R -1

1.2.2 Kirchhoff’s theorems

Gustav Robert Kirchhoff first formulated the circuits laws in 1845, while still a student. These
theorems are used for the analysis of electrical circuits.

e Kirchhoff’s first theorem or Kirchhoff’s current law (KCL):
“The algebraic sum of all currents in a network of conductors meeting at a point (or node) is zero.”
Currents entering the node are added to the sum, while currents that exit the node are subtracted.
To illustrate KCL, for node N in Fig.1.6, currents /;and /; enter the node, and current /5 exits the node.
Thus, KCL for node N is expressed as:

Il + IZ - I3 =0
I N I
O L 4 O

I
l > Fig.1.6. lllustration of KCL

Note: KCL can also be interpreted as: in any circuit node, there isn’t any current consumption, or
current generation. All the current that goes into the node must also exit the node.

e Kirchhoff’s second theorem or Kirchhoff’s voltage law (KVL):

“The algebraic sum of all voltages in a closed circuit is zero.”

To apply this theorem, an arbitrary direction (clockwise or counterclockwise) must be chosen. The
voltages that have the same direction as the chosen one will be added, while the ones in the opposite
direction will be subtracted. For a voltage source, the voltage across its terminals is considered, and
not the electromotive voltage.

To illustrate KVL, Fig.1.7. a) shows a circuit with chosen clockwise direction for the loop. KVL is
expressed as:

Vi+ Vg +Vy- V=0

This equation can be further detailed by using Ohm’s law to express the voltage drops across
9
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resistors:
'V1+ Rl'/+V2- Rz'/=0

When choosing the counterclockwise direction (Fig.1.7. b), KVL is:

Vl_ Rl'l'V2+ RZ-I=0

Vr1 Vr1
—_—
_l, R1 ;, R1
| — |
| I | I

OISO O B IR O

Fig.1.7. lllustration of KVL
a) clockwise; b) counterclockwise.

1.2.3 Resistor connections

e The series connection
Two or more resistors are connected in series if the same current flows through all of them
(Fig.1.8).

Fig.1.8. Series connection

°—|:|—|:|—° of two resistors

Rech= Rl + RZ

The equivalent resistance of two or more series resistors is always greater than any of the individual
resistances.

e The parallel connection
Two or more resistors are connected in parallel if the same voltage drop appears across each
resistor (Fig.1.9).
Ry Ry

The equivalent resistance of two or more resistors in parallel is always smaller than any of the
individual resistances. For n resistors in parallel, the equivalent resistance is computed as:

n
1 Z 1
Rech ) Ri

10
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/
zl —|:|— Fig.1.9. Parallel connection of

two resistors

~—
R ech

Tricks:
- The equivalent resistance of a high value resistor connected in series (parallel) with a low
value resistor can be considered equal to the high (low) resistance.
Example: For R1=100kQ and R,=1kQ:
Series connection: Rseries= 100 kQ
Parallel connection: Rpgraner= 1 kQ.

- To compute the equivalent resistance of 10 kQ in parallel with 20 kQ, the 10 kQ resistor
can be seen as two 20 kQ resistors in parallel, which results in having to compute the
parallel equivalent of three 20 kQ resistors (20 kQ/3 = 6.66 kQ).

These tricks speed up the computation part of the circuit analysis. It is recommended to avoid
computing the values of circuit components using too many decimal places (high precision), since:
1. the values of electronic components have a finite precision (typical tolerance for resistors is 5% or
1%)
2. a carefully designed electronic circuit is almost always immune to the variations of nominal,
precise values of electronic components.

1.2.4 Resistive dividers

e The voltage divider
A voltage divider delivers a predictable fraction of the input voltage at the output. Any real
electronic circuit contains voltage dividers, as they are one of the most widespread electronic circuit
parts.

|
R li

v MD N I_Q

R> Vo
L 1

The equations for the circuit in Fig.1.10 are:

Fig.1.10. Voltage divider

TRy +R,
11

i



ELECTRONIC DEVICES

Rz
Ri+R,

Vo=i'R2= VI

The voltage drop across a resistor is proportional with its value and inversely proportional with the
sum of all resistances in the circuit. For a constant input voltage, if R, increases, the output voltage,
which is the voltage drop across R, also increases.

Example

Size the voltage divider in Fig.1.10, so that for an input voltage V,= 15 V, the output voltage is
Vo=5V.

Solution:
Using the equation for Vo, we solve for R; and Ra:
Vo=i-F,= R1R+2R2' /
R, Vo 1
R1+R; ) 7/ i
Ri=2R,

Any pair of values that satisfy the relation can be chosen for R1 and R.. For example, R, = 10 kQ and
RZ =5 kQ

To obtain an adjustable voltage divider, all we need is an adjustable resistor, called potentiometer
(Fig.1.11). The potentiometer allows the adjustment of the division factor between the input and
output voltages. This factor varies between 0 and 1. The output voltage is measured across a fraction
of the potentiometer (k-P).

k-P
VO: 7V,=k'vl

<4—0
Fer
vo Fig.1.11. Adjustable voltage divider

The most common application of this simple resistive divider is volume control for audio amplifiers.
The division factor between the input and output voltages can be modified by placing one or two
resistors, in series with the potentiometer.

Example ‘

Design and size an adjustable voltage divider, so that for an input voltage V,= 12 V, the output
voltage is adjustable, Vo €[5 V; 12 V].

Solution:
Since the output voltage needs to be adjustable, the circuit must contain a potentiometer. For the
circuit in Fig.1.1, the range of values for Vy is [0; V/], that is [0; 12] [V].

12
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The correct solution is given in Fig.1.12, where an additional resistor R is added, in series with
potentiometer P.
The output voltage Vo becomes:

Voo k-P+R y
" p+r !
/ l
P <4+—0
e
Vi l
O i .
R Fig.1.12. Final circuit for the adjustable voltage
divider with R and P
L I o

Based on the specified extreme values for Vo:

for k=0:>VOmin=_P+R'VI=5V
fork=1=V, P+RV V=12V
orK= = = —- = =
Omax P+R / /

Knowing that V,= 12V, the equation for R and P becomes
R 5

P+R 12

The obvious solution is to choose P =5 kQ, R =7 kQ. Any other pair of values that satisfies the above
equation is considered a viable solution. The values of R and P are usually given in kQ.

1. Design and size a voltage divider for V,= 20 V that outputs an adjustable Vo€ [5V; 12 V].
Hint: Since none of the extreme values of Vpare equal to V), the solution is to add another resistor
to the schematic in Fig.1.12, above P.

2. Design and size a voltage divider for V,= 20 V that outputs an adjustable Vo€ [0 V; 12 V].

Hint: The maximum value of Vo is different from V, and the minimum value is 0 V, which is the exact
opposite to the Vo for the schematic in Fig.1.12. The solution is to switch the position of the two
components (potentiometer P will be connected to ground).

3. Design and size a voltage divider for V,=-14 V that outputs an adjustable Vo€ [- 2 V; -10 V].

e The current divider
The equations for the circuit in Fig.1.13 are:

KCL: i=ij+ iy
KVL: Ry iy -Ryiy=0

The solutions for the two linear equations system are:

13
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Ry . . Ry
iy =

2 i
Ri+ R, Ri+ R,

i]_:

Assuming i is the input current, any of i and i> can be seen as the output current. If j is constant, an
increase in R, will decrease i;, and consequently increase is.

i

 —
-
lil liz
R1 RZ
Fig.1.13. Current divider
—

1.2.5 The superposition method

Aside from Kirchhoff’s theorems, which are valid for any circuit (linear or nonlinear), there are
other methods that can be employed when analysing linear circuits.

An electronic circuit is said to be linear if the response of the circuit to a linear combination of input
signals equals the linear combination of responses due to each signal, applied separately. In other
words, if f(x1) and f(x,) are the responses of the circuit to input signals x; and respectively x,, then the
response of the circuit to input signal (x1 + x2) is:

flxa +x3) = fixg)+ f(xz)

When analysing linear circuits, the superposition method if often employed. Using the
superposition method, the response of a linear circuit with multiple input sources (voltage, current) is
given by the sum of the individual responses of the circuit to each input source, when all other sources
are assumed passive (reduced to zero).

Assuming a source passive means setting it to zero, that is replacing it with its internal resistance,
as follows:

- apassive voltage source is equivalent to a short-circuit: the voltage at its terminalsis 0 V, and
the internal resistance is 0 Q — Fig.1.14. a)

- apassive current source is equivalent to an open circuit: the current through the source is 0
A, and the internal resistance is oo - Fig.1.14. b).

M M, M M

Set to zero Set to zero T
Vl —> lvm ,I E— II:O
N N No N
a) b)

Fig.1.14. Sources set to zero (passive)
a) voltage source; b) current source.

14
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Example ‘
Compute the output voltage Vo for the schematic in Fig.1.15.

R:
5kQ
Is le 1 Vs 3RiQ Vo Fig.1.15. Superposition method - illustration
4 mA 12V
Solution:

Using the superposition method, the partial effects of the two input sources upon the output
voltage are first determined. The result is the sum between the two partial output voltages.

Since the circuit contains two input sources, there are two equivalent circuits to work on, in order
to determine the partial effects of the inputs. By assuming the input sources passive, the current
source /s becomes open circuit (Fig.1.16. a), whereas the voltage source Vs becomes short-circuit
(Fig.1.16. b).

R1 R1
T | 5kO 5kQ
Is R, Vo1 le R>» Vo2
0mA _ v ICP 3kQ Is le 3kQ
12V 4 mA oV
a) b)

Fig.1.16. Equivalent circuits for applying the superposition method
a) passive current source; b) passive voltage source.

The effect of the voltage source Vs upon the output voltage is computed using the voltage divider
for the equivalent circuit in Fig.1.16. a). The two resistors are in series (same current through both).
The partial output voltage Vo is:

R,
Ry +R,

3
Vs = ‘12=45V
5+3

Vo1 =
The effect of the current source Is upon the output voltage is computed using Ohm’s law in the
equivalent circuit in Fig.1.16. b). Resistors R; and R, are connected in parallel, and the current
through the circuit is given by the current source. The partial output voltage Vo2 is opposite to the
current Is:
Ri'R, 5.3-10°

Voo = - g = - -4-103=-75V
%27 Ri+R, ° (5+3)10°

The total output voltage is the sum of the two partial output voltages:

VO = VOl + VOZ =45+ ('75) =-3V

15
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1.2.6 Thevenin’s theorem

According to Thevenin’s theorem, any network of resistors and source can be replaced with an
equivalent circuit, containing an equivalent voltage source Vr, in series with an equivalent resistor Rr.
The theorem is also known as the equivalent voltage generator theorem, as it equivalates the given
circuit with a real voltage source.

The equivalent voltage source Vris the open-circuit output voltage of the given circuit (no load
connected at the output), while Rmyis the equivalent resistance of the given circuit, with all sources set
to zero.

Example ‘

By applying Thevenin’s theorem for the circuit in Fig.1.17. a), the equivalent real voltage source in
Fig.1.17. b) is obtained.

R1 A Rrn A
15 kQ 15 kQ
R, I Vi
l Is QDl
Ve 10 kQ 2 mA 16.8V
12V B B
a) b)

Fig.1.17. lllustration of Thevenin’s theorem
a) initial circuit; b) equivalent real voltage source.

To determine V7, measured between points A and B in Fig.1.17. b), the superposition method is
used:

R2 Rl'RZ 10 1510
Vi = Vs + As = 12 +
™™ R, +R, Ry + R, 15+ 10 15 + 10

2=48+12=16.8V

To determine Rm, the sources are set to zero (Fig.1.18).

R:
15 kQ A
R <
10 kQ R,

Fig.1.18. Equivalent circuit for computing R

The equivalent resistance is:

RiR, _ 1510

= =6kQ
R, +R, 15+10

R represents the resistance seen between the two terminals of the circuit, known as the output
resistance or the internal resistance (of the equivalent voltage source).

16
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Its value can also be determined by using the short-circuit current at gate AB (Fig.1.17. a).
V1h

Th= ——
ISC

Note: There is another theorem that can be used to analyse linear circuits — Norton’s theorem, or the
theorem of the equivalent current generator.

1.2.7 Millman’s theorem

Millman’s theorem (or the parallel generator theorem) is used to compute the potential in a current
node, based on the conductance of the parallel-connected branches, each branch with its own voltage
source. The same reference point (usually ground) is assumed for all branches.

To illustrate Millman’s theorem, for the circuit in Fig.1.19, the voltage in node N is computed as:

1
n Vv, —
P Vk.Gk_Zk_l KR,

I G Z'kn_lRi
=1 Ry

where G is the conductance, measured in S (siemens), G = 1/R.

o Gll 1
1
S S L
0] Fig.1.19. lllustration of
Gy —— -
VleP/kbO o } lV Millman’s theorem
*-C o)

Example ‘
For the circuit in Fig.1.20, compute the potential Vi in node N, assuming M is the reference node.
By applying Millman’s theorem, Vis computed as:

R N R
20 10
Vl\i Rs l V,
10 5k 15
Fig.1.20. Illustration of

Millman’s theorem - example

vl L 10 15
[ VGt VG 06y _ Virg, *VaR, *O R, 55+ 15 71y
N T GerGe, 0 1. 1.1 1 1 1°>
=+ =+ = =4+ —+ =
RYR TR 20 10" 5

Note: The circuit in Fig.1.20 can also be solved using the superposition method, voltage divider,
Ohm’s law, KVL and KCL.

17
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1.2.8 Power

The power P for an electronic circuit (Fig.1.21) is the product between the voltage drop across the
circuit (V) and the current through the circuit (/):
P=1-V [W]

The unit of measurement for power is W (Watt), with its submultiple 1 mW = 10 W and multiples
1kw=10°W, 1 MW = 10°W, 1 GW = 10°W.

With the directions from Fig.1.21, where the voltage and current have the same direction, if the
power P > 0, the power is consumed or dissipated (the circuit consumes power). Otherwise, if P <0,
the power is generated (the circuit generates power).

IlT P=1IV

Electronic circuit
I l L

Example ‘

For the circuit in Fig.1.22, compute the currents /, I’, the power generated by the source, Ps, and the
power dissipated by the resistor, Ps.

Il l/’

R
Vs lQD 3 kQ l Vs Fig.1.22. lllustration for computing the power

Fig.1.21. Current, voltage, power for an electronic circuit

12V
v
I=- —==-3mA
R
V=-1=3mA

The power generated by the source is Ps= Vs:/ = 12 V-(-3 mA) = -36 mW. The power dissipated or
consumed by the resistor is Pr= Vz:I’=12 V-3 mA =36 mW.

Note: The same direction for the voltage and the current was considered (the receptors
convention). If the voltage and the current have opposite directions (the generators convention),

the interpretation of the powers is as follows: if P > 0, the power is generated, if P < 0, the power is
consumed.

Power conservation: in an electronic circuit, the power is conserved, meaning that the generated
power is equal to the dissipated power, in absolute value.

Using Ohm’s law, the power dissipated by the resistors becomes:
2

v
P=1%R=—
R

18
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1.3 The capacitor

The symbols for capacitors are depicted in Fig.1.23. The unit of measurement is Farad (F), with its
1uF=10°F, 1 nF=10°F, 1 pF = 1012F.

1 .1
T ‘T

Fig.1.23. Symbols for capacitors

C

1.3.1 Current-voltage relation

A capacitor with a capacitance of C Farads and a voltage drop of v Volts across its terminals stores
an electric charge of g Coulombs on one plate and —g Coulombs on the other plate.
qg=C-v

The voltage across the capacitor and the current through the capacitor are connected by means of

a nonlinear, differential equation:

Cdv
= dt

The variation speed of the voltage determines the current through the capacitor, and this current
is proportional with the value of the capacitance. For instance, if C = 1 F, the variation speed of the
voltage is 1 V/s, and the current is 1 A. In other words, if a 1 A current goes through a 1 F capacitor,
the voltage across the capacitor increases 1 V each second.

Steep variations of the voltage across the capacitor would require an infinite current through the
capacitor. Any steep variation in the potential on one plate of the capacitor is entirely transmitted to
the other plate.

1.3.2 Capacitor connections

By connecting two capacitors in series (Fig.1.24. a), or in parallel (Fig.1.24. b), the equivalent
capacitance is:

- 46, -
Ceq,series - € +C) Ceq,parallel - Cl + CZ

The equivalent capacitance of two capacitors connected in series (parallel) is always smaller
(greater) than either of the two capacitors.

o—ﬁ—u—o _E}

Ceq series Ceq parallel
a) b)
Fig.1.24. Capacitor connections a) series; b) parallel.
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1.3.3 The dc behaviour

e RCcircuit with a voltage source
To illustrate the dc behaviour of the capacitor, let us consider a simple circuit, consisting of a
capacitor, a resistor, and a dc voltage source, in a series connection, as shown in Fig.1.25.
R ic

—_—

1 L

Fig.1.25. RC series circuit with a dc voltage source

The equations of the circuit are:

dVC
= Car
dVC
V/ = RCE + Ve

The non-homogenous first-order differential equation, to be solved for vy, is:

RV V,=0
C— +v-V, =
pm c- VY
By using the boundary conditions:
t=0,vc=v0) -voltage across the capacitor at the initial time
t = 00; vc=vc() - voltage across the capacitor at the final time,

the solution is:
t

velt) = v(0) €7+ (1-€'7) - v(oo)
where 7= R-Cis the time constant of the circuit, measured in seconds (s).

For the circuit in Fig.1.25, the voltage across the capacitor is assumed to be v(0) = 0 V at the initial
time (capacitor fully discharged). The final voltage, that is the voltage across the capacitor after an
infinite time, is the voltage provided by the input voltage source, v¢(o) = V..

The equation that describes the time evolution of the voltage across the capacitor is:

velt) = (1-e7) -V,

The waveform of v(t) is given in Fig.1.26. a).
After t = 1, the capacitor is charged to 63% of the final value. The capacitor is said to be fully charged
after a time t = 51, when the voltage reaches 99% of the final value.

The time evolution of the current through the capacitor is shown in Fig.1.26. b).
Vi - velt)

ic(t) = R

The current thorough the capacitor is at the maximum value at the initial moment i¢(0) = V/R, since
the entire voltage from the voltage source drops across R. Once the voltage across the capacitor
increases, the current through the circuit decreases towards zero, after t = 5t. In a series RC circuit
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supplied by a dc voltage source, once the transient regime t € (0; 5t) is completed, the capacitor enters
the steady-state, or permanent regime, where the current through the capacitor is zero.

Note: The capacitor can be seen as an open circuit for dc signals once the transient regime is
completed.

4 vc A Ic
Vi Vi/R
0.99V,
0.63V,
N\ 0.37V/R
t t
Tt 2t 3t 4t 5t 61 T 2t 3t 4t 51t 67
< > —> < :: >
transient regime permanent transient regime ‘permanent
regime regime

a) b)

Fig.1.26. Waveforms for the circuit in Fig.1.25
a) voltage across the capacitor b) current through the capacitor.

e Charging the capacitor at a constant current

To analyse how the capacitor charges at a constant current, the circuit in Fig.1.27 is used, consisting
of a capacitor and a dc current source.

A VC
ic
—_—
I c =|v ™
Slope =1 2
c
t
a) 0 b)

Fig.1.27. Charging the capacitor at constant current
a) schematic; b) voltage across the capacitor.

The voltage across the capacitor is assumed to be v(0) = 0 V at the initial moment (capacitor fully
discharged). The current thorough the capacitor is constant ic(t) = /, so the equations for the circuit
are:

1 t
velt) = 7 [ Teteae
° 1
Vc'(t) =1 E -t

The voltage across the capacitor exhibits a linear increase over time (Fig.1.27. b). After a certain
amount of time, since the voltage across the capacitor keeps increasing, either the capacitor or the
current source may be damaged or even destroyed. If at some point, the direction of the current is
reversed, the capacitor will discharge.
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1.3.4 The ac behaviour

For certain frequencies of the input signal, the capacitor charges/discharges completely. This
happens when the half-period of the signal is greater than the duration of the transient regime
(T/2 > 51). For the circuit in Fig.1.28, consisting of a series connection between a capacitor, a resistor
and a voltage source, the time evolution of the voltage across the capacitor is depicted in Fig.1.29. a).

For the same circuit, if T/2 < 51, the capacitor no longer manages to completely charge/discharge,
as seenin Fig.1.29. b).

Fig.1.28. RC series circuit with ac voltage source

AL L

a) ' b)

Fig.1.29. Voltage across a capacitor in ac
a) complete charging/discharging; b) partial charging/discharging.

Circuits that contain capacitors behave differently at different frequencies, since capacitors are
reactive circuit elements. Its reactance is denoted Xc and shows the resistance of the capacitor in ac:

1
T 2mfC

Xc

where fis the frequency of the signal. An increase in frequency determines a decrease in its reactance.
Reactance is measured in ohms (Q), just like any resistance.

Another term used when analysing the behaviour of reactive elements in ac is the impedance,
denoted Z. Impedance is a general term, which describes the “general resistance”, while reactance is
the imaginary part of the impedance. The impedance is expressed as a complex number, the sum
between the real and the imaginary part.

Z=R+j-X

For an ideal resistor, the impedance is equal to the resistance, Z=R.
For the capacitor, the capacitive impedance Zcshows the value of the resistance in dc and ac:

ZC=R'j'XC
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The real part of the impedance is R (resistance in dc), and for the imaginary partj = v/-1 represents
the 90° phase shift between current and voltage, in a circuit with capacitors. For an ideal capacitor (R
=0), the impedance is a complex number that depends on the frequency of the signal:

1 1

Zr=-f Xp= —= ——
¢TI X T jamfc

The reactance Xc decreases when the frequency fincreases. Thus, in dc, where f = 0 Hz, a capacitor
is equivalent with an open circuit, Xc > oo.

1.4 Logarithmic scale

Since the range of values for the frequencies of an input signal in a circuit can span from Hz to MHz
or even GHz, using a linear scale becomes almost impossible. This is the reason why a logarithmic scale
is often employed for the graphical representations of circuit functions with respect to frequency,
such as the transfer function. For the circuit in Fig.1.28, assuming R and C are ideal components, the
complex transfer function is:

; voljiw)
Flw) =
V)= )
Z
Voljw) = =——= - v)(jw)
Zp+Z,
1
Fliw) = Zc  __jwC _ 1
Zr+Zc gy 1 1+jwRC
jow-C

The transfer function of a circuit is a complex number, defined by its magnitude and phase. Both
magnitude and phase are expressed as functions of the angular frequency, w = 2-1t-f.

1
/1 + (w-R-C)?

Phase: @(w) = - arctg(w-R-C)

Magnitude: |F(jw)|=

The logarithmic scale provides the great advantage of expanding small values and compressing
larger values (Fig.1.30). The origin of the axes is the unity. The values on the axis are written as powers
of 10, and the interval between two consecutive values (called a decade) is the decimal logarithm of
the two values. Six decades are depicted in Fig.1.30.

10
87

N . Fig.1.30. Logarithmic scale

0.01 01 1 10 100 10° 10*
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When representing the magnitude of the transfer function, the horizontal axis is either the
frequency or the angular frequency, in logarithmic scale.

e Decibel
For the vertical axis of the magnitude of the transfer function, values can be expressed either as
ratios, | F(jw)|, or as decibels, the logarithm of the ratio, | F(jw)| ds.

|F(jw)|gs = 20 -Ig|F(iw)|

If the output signal is equal to the input, then | F(jw)|= 1, the magnitude in dB is | F(jw) |4 = 0. For
an amplifier, | F(jw) |4 is positive, whereas for an attenuator, | F(jw)|qs is negative.
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Chapter 2

DIODES

In this chapter, you will learn:

the physical structure and the operation of the pn junction

the current-voltage characteristic and the operating regions of semiconductor diodes
the parameters of diodes and diode models

how circuits with diodes are analysed

applications of diode circuits

Zener diodes, LEDs and photodiodes.

xxxxxx * *hkkkkk * *hkkkkk * *hkkkkk

R R

2.1 The pn junction

The simplified physical structure of a pn junction is depicted in Fig.2.1.

Metal
Da

K
Anode E mi Cathode

Fig.2.1. Simplified physical structure of the pn junction

Metal

The pn junction consists of two semiconductor regions, p and n, which are usually part of the same
silicone crystal. In other words, a pn junction is created by positively (for the p-type region) and
negatively (for the n-type region) doping regions of the same crystal. Metal contacts (usually
aluminium) are used to connect the p and n regions to external wires. Silicon (Si), germanium (Ge),
gallium arsenide (GaAs) are the semiconductor materials most used to build pn junctions.

In the p-type region, the crystal is doped with acceptor impurities, meaning that it contains an
excess of holes (positive charge). In the n-type region, the crystal is doped with donor impurities,
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meaning that it contains an excess of free electrons (negative charge). When the pn junction is not
biased (open terminals, no applied voltage), the free carriers are unevenly distributed in the
semiconductor crystal — there is an an excess of holes in the p-type region and an excess of free
electrons in the n-type region, as shown in Fig.2.2.

Because the concentration of positive carriers is high in the p region and low in the n region, the
holes diffuse (move) from the p side of the crystal to the n side. The holes that diffuse across the
junction quickly recombine with some free electrons from the n region and are neutralized. The
positive charge that remains un-neutralized is said to be uncovered. This recombination process takes
place close to the junction and results in a region that lacks free electrons (is depleted of free
electrons) and contains uncovered bound positive charge.

In a similar way, the electrons diffuse from the n side to the p side. The ones that recombine with
the holes are neutralized, while some electrons remain uncovered, creating a region close to the
junction that is depleted of holes and contains uncovered bound negative charge, as seen in Fig.2.2.

The depletion region is present on both sides of the junction. The positive and negative charges on
both sides of the depletion region determine an electric field E across the region. This electric field
opposes the diffusion of carriers from one side to the other, creating an equilibrium.

Metal Depletion region Metal

Fig.2.2. The pn junction with no applied voltage

The metal contacts outside the two regions are used to connect the pn junction in a circuit. If the
pn junction is used as a diode, the terminals are called Anode (A) and Cathode (K), as shown in Fig.2.1
and Fig.2.2.

Based on the sign and value of the voltage applied at the terminals of the pn junction, the depletion
region becomes narrower for forward biasing (Fig.2.3. a) or wider for reverse biasing (Fig.2.3. b).
Forward biasing means that the voltage applied at the terminal connected to the p region (anode) is
greater than the voltage applied to the terminal connected to the n region (cathode). Since the
depletion region is narrow, more holes diffuse from the p region to the n region and more electrons
diffuse from the n region to the p region.

Ve

Lt
]

Fig.2.3. The pn junction in a) forward biasing; b) reverse biasing.

The movement of the carriers forms the diffusion current, Ip, whose direction is from the p side to
the nside (Fig.2.3. a). Reverse biasing means that the voltage applied at the terminal connected to the
n region (cathode) is greater than the voltage applied to the terminal connected to the p region
(anode). Since the depletion region is wide, less holes diffuse from the p region to the n region and
less electrons diffuse from the n region to the p region.
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The movement of the carriers forms the drift current, /s, whose direction is from the n side to the
p side (Fig.2.3. b). The drift current Is is significantly smaller than the diffusion current Ip, or, in other
words, the pn junction conducts substantial current when forward biased, and almost no current when
reverse biased.

When the pn junction is used as a diode (D), the circuit symbols are the ones in Fig.2.4. Notice that
only the diffusion current Ip is shown, together with the positive voltage drop across the diode, Vp,
from anode to cathode.

S Ly
B —
Vp
a) b)

Fig.2.4. Semiconductor diode
a) symbol; b) symbol and positive directions for voltage and current.

2.2 Semiconductor diodes
2.2.1 The current-voltage characteristic of the silicon diode

Most diodes today are made of silicon, thus this chapter describes the properties of silicon diodes.
The current-voltage characteristic ip(vp) of the silicon diode is presented in Fig.2.5. A more detailed
representation is given in Fig.2.6, where the horizontal axis is compressed for negative values and the
vertical axis is expanded for negative values, to emphasize some key features.

rip
Ip D

Fig.2.5. ip(vp) characteristic of a silicon diode

On the horizontal axis, Vr, is the threshold voltage (cutt-in voltage) and it represents the minimum
voltage needed by the diode in order to conduct a significant current. The typical value is Vr, = 0.5 V
to 0.6 V, and for a fully conducting diode, the voltage drop is between 0.6 V and 0.8 V, with 0.7 V
mostly used. For different types of diodes, at the same voltage drop of 0.7 V, the current through the
diode can be 2 mA (small signal diodes) or 1 A (high power diode). The breakdown voltage, denoted
Vz or Vg, is the voltage for which the reverse current through the diode exhibits a rapid increase, that
can be destructive for the diode. The breakdown voltage usually resides in the low negative values,
e.g. Vz=-100 V for the 1N4148 diode.

Three operating regions are visible on the characteristic, based on the values of vp, as follows: the
forward bias region, where vp > 0; the reverse bias region, where vp < Othe breakdown bias region,
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where vp < V.

breakdown reverse bias forward bias

«

. off on
200mat P i
100 mA + !
-100 V 50V 06 V! Vo
Vo o ——— I Vi 0.7V
i -1uA
i 2pA L

1

1
»
> »

Fig.2.6. ip(vp) characteristic of a silicon diode with expanded negative current
scale and compressed negative voltage scale.

e The forward bias region

The diode is in the forward bias region or operates in forward bias when vp > 0, i.e. the voltage in
the anode is greater than the voltage in the cathode (va > vk). To bring the diode into on state, vp also
needs to be above the threshold voltage V. If vp is positive, but lower than V7, the diode remains
off, and the current I, is insignificant (can be considered null).

For a silicon diode in forward bias, the equation that describes the relationship between ip and vp
is William Shockley’s exponential law, postulated in 1949:

Vb

ip = /s(e”'_VT -1)
where:
Is - saturation current or scale current — the current through the diode, from cathode to anode, in
reverse bias, with values below -1 pA. The value of Is is strongly influenced by temperature. As rule of
thumb, /s doubles in value for every 5°C increase in temperature.
n—ideality factor or quality factor, with a value between 1 and 2, depending on the fabrication process
and the materials used. For a pn junction in a transistor, n is considered 1, whereas for a pn junction
in a diode, n is between 1.6 for integrated diodes (fabricated using standard processes) and 2 for
discrete diodes (which exhibit more non-idealities). Throughout this book, n = 2 will be used, unless
otherwise specified.
Vr - thermal voltage, computed as:

K =1.38-10"2 J/K - Boltzman's constant
T = absolute temperature in kelvins (K) = 273 + temperature in °C
g = 1.602-10°C — the magnitude of electronic charge.
At room temperature (20°C), V7= 25.3 mV. When the ambient temperature is higher (25°C), the
thermal voltage becomes V7= 25.8 mV. For the sake of simplicity, Vris approximated to 25 mV.
For significant values of Ip (Ip >> Ip), the exponential equation of the diode in forward bias is
approximated to:
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Vb
iD = IS : e”'VT

For two points on the ip(vp) characteristic of a discrete diode (known as quiescent points), the
equations are:

Vb1
Ipy = Ise"V

Vb2
Ipp = Ise"r
/ Vpa-Vm
E ze n~V7-
/Dl

/
VDZ - VDl = n'\/'r'lr]E
Ipx

IDZ
VDZ - VDl =2.3-n- VT'IOg_
lDl

The final equation shows that ten times increase of the current through the discrete diode
determines a (4.6 - V1) increase in the voltage across the diode, that is approximately 120 mV at 25°C.
For a transistor, the increase in voltage is halved, as n = 1.

The temperature dependence is best observed in the forward bias region of the ip(vp)
characteristic. The temperature influences two terms in Shockley’s exponential law for ip: the thermal
voltage Vr and the saturation current /s. The higher the temperature, the bigger the current through
the diode, at a constant voltage across the diode vp.

For a constant current thorough the diode, the voltage across the diode vp decreases with
temperature increase. In other words, there is a negative temperature coefficient (NTC), an increase
of 1°C determines a decrease of vp by 2 mV (Fig.2.7). The temperature is the temperature of the

junction and is usually above ambient temperature.
For a constant ip, vp is computed as:

Vp(r,) = Vorry) + (-2 mV/°C) (T, - T4) |,D_CSt

where T, T, — temperature in °C.

2 mv/1°C

>

Vp

Vo Vo)

Fig.2.7. ip(vp) characteristic of the pn junction for different temperatures

Examples ‘

1. Determine is the operating region (forward bias/reverse bias/breakdown) and the state (on/off)
of the silicon diode for the following (Vp; Ip) pairs:

i) (0.2V; 1nA)

ii) (<10 V; -2.3 nA)

iii) (-100 V; 2 pA).
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Solution:

i) the diode is in forward bias (vo > 0 V), and the state is off.
ii) the diode is in reverse bias (vp < 0 V), and the state is off.
iii) the diode is in breakdown.

2. Compute the current ip through a discrete diode at room temperature, if vp = 0.7 V and
Is= 2.5 nA. What is the operating region and the state of the diode?

Solution:
At room temperature, Vr =25 mV. The current ip is compute using Shockley’s equation:

VD
ip =1Is{(enVr-1)
0.7
ip=2.5-107+( e2:25107 - 1)
ip=2.5-107 (e -1)
ip=25-107-1.15-10°
ip=2.87 mA
The diode is in forward bias (vp > 0 V) and since v is above the threshold voltage (0.6 V) and ip is
positive and significant (mA), the diode is on.

3. Compute the voltage vpfor a discrete diode at room temperature if ip = 90 mA and /s= 3 nA. What
is the operating region and the state of the diode?

Solution:
Since ip is given, vp is computed using Shockley’s equation:

Vb
ip=ls{e"V7-1)
Yo o+
vy, DS

- -3
vp=2-25-10" In 3107
vp=2-25-103- In30- 10°
vp=50-103-17.21
vp= 0.86V
The diode is in forward bias (vp > 0 V) and since vp is above the threshold voltage (0.6 V) and ip is

positive and significant (tens of mA), the diode is on.

4. Compute vp on the pn junction at a temperature of 40°C, if vp = 0.7 V at 20°C.

Solution:
Voiry) = Voiry) +(-2mV/°C) (o -To) |
Vp(r,) = 700 mV + (-2 mV/°C) - 20°C
Vp(r,) = 700 mV - 40 mV = 660 mV = 0.66 V
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e The reverse bias region

The diode is in the reverse bias region or operates in reverse bias for vp < 0 V (va < vk). From the
diode’s exponential equation, for a negative vp, with an absolute value several times greater than V7,
the exponential term can be neglected with respect to 1, and the current through the diode becomes:

ip= -l

In reverse bias, ip is significantly lower (nA, pA) than the current through the diode in forward bias
(tens, hundreds of mA), thus the current in reverse bias can be considered null. In real circuits, the
absolute value of the current through the diode in reverse bias is above Is, but still too small to be
taken into account, e.g. if Isis a few pA, then Ip is a few nA.

e The breakdown region

The breakdown occurs when the reverse voltage drop across the diode (vpr = - vp) is above a certain
voltage, specific to each type of diode. The breakdown voltage is denoted Vzor Vg, as shown in Fig.2.5
and Fig.2.6 (third quadrant). If the reverse voltage drop across the diode is above the absolute value
of the breakdown voltage (vor >|Vz| or vp < Vi), the diode is in the breakdown region.

In the breakdown region, the current through the diode is rapidly increasing (steep slope of the
characteristic). The power dissipated by the diode is also high, and the diode may be destroyed. To
avoid this phenomenon, the current through the diode must be limited by the exterior circuit at a low,
safe value. In practice, diodes are not used in circuits where the breakdown voltage can be exceeded.

However, there is a special type of diodes that are designed to be used in the breakdown region —
the Zener diodes, to be studied in a subsequent section.

1. Determine is the operating region (forward bias/reverse bias/breakdown) and the state (on/off)
of the silicon diode for the following (Vp; Ip) pairs:

i) (0.75 V; 30 mA)

i) (0.75 V; -1.3 nA)

iii)(-105 V; -1 pA)

iv) (0.2'V; 2 pyA).

2. Compute the current jp through a discrete diode at room temperature, for vp = 0.8 Vand Is= 3 nA.
What is the operating region of the diode?

3. Compute the current ip through an integrated diode at a temperature T = 25°C, if vp = 0.8 V and
Is= 3 nA. What is the operating region of the diode?

4. Compute the voltage vp across a discrete diode at room temperature, for ip = 100 mA and
Is= 4 nA. What is the operating region of the diode?

5. Compute the voltage vp across an integrated diode at room temperature, for ip = 80 mA and
Is= 6 nA. What is the operating region of the diode?

6. Compute the voltage drop across a pn junction at a temperature of 35°C, if the voltage drop at
10°Cis 0.67 V.

2.2.2 Connecting diodes in a circuit

To determine the current through a diode, ip, and the voltage across the diode, vp, the diode must
be connected in a circuit. If a circuit consists only of a voltage source and a diode, the current through
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the diode is theoretically infinite, which destroys the diode. Thus, a resistor is always to be included
in such a circuit. The simple series circuit with a diode and a resistor (a DR circuit) is shown in Fig.2.8.

— .
B —— l’D
R

+ ip
V/l() D S"E l Vo . . L
Fig.2.8. Simple DR circuit

Computing ip and vp begins with writing down the circuit’s equations: Shockley’s equation,
Kirchhoff’s voltage and current laws, and Ohm’s law. Since the circuit’s elements are connected in

series, there is a single current through the circuit, ip.
Vb
Shockley’s equation: ip = Is-e" V1

Load line equation: v, =ip R+ vp

Assuming Is, n and Vr are given, the system contains two unknowns, namely ip and vp. The
exponential equation makes it impossible to solve the system using substitution, so other methods
are employed: the graphical method, or the analytical method.

e Graphical method

The graphical method consists of a graphical representation of the circuit’s equations; the solution
(V,; Ip) is the intersection between the two graphs, as depicted in Fig.2.9. This point is known as the
quiescent point or bias point or dc operating point, denoted Q. Any changes in the circuit (different
value of the input voltage, different diode, different resistor), the quiescent point also changes. The
pair of values in the quiescent point are instantaneous values of ip and vp, denoted Q(Vp, Ip).

The graphical representation of the linear circuit equation is a line, also known as the load line
(denoted d in Fig.2.9). For Shockley’s equation, the graph is exponential.

The intersection between the load line with the two axes is given by the value of V;, on the
horizontal axis (for ip= 0 mA), and V;/R on the vertical axis (for vp=0V).

For a different value of R, e.g. R: < R, the intersection between the new load line di and the
horizontal axis remains unchanged, but the intersection with the vertical axis is now higher than for
the load line, d. The new quiescent point Q; is located higher on the exponential curve than the
previous Q, with both values changed (/o1 > Ip and Vp1 > Vp).

Diode’s
characteristic

/D ........................................ ) . Slope d1='1/R1
Slope d =-1/R
0 >
VD VDl V/ Vb

Fig.2.9. Graphical method for solving a simple DR circuit

32



ELECTRONIC DEVICES

e Analytical method (substitution method)

Determining ip and vp using the analytical method begins by considering an initial value for vp, for
which the diode is in on state. Successive substitutions will lead to the values of ip and vp. The steps to
be applied when using the analytical method are:

= Step 1 -—initial value for vp when the diode is in on state Vp=0.7 V
= Step 2 —using Vp from Step 1, compute Ip from the load line equation
= Step 3 —recompute Vp from Shockley’s equation.

These steps represent the first iteration of the analytical method. The first iteration provides a
good enough approximation of ip and vp. If more precision is required, the second and third steps can
be repeated multiple times; one can stop when the values for ip and vp no longer change significantly
between successive iterations.

Example ‘

Compute ip and vp using the analytical method for the circuit in Fig.2.8, foV, =4V, R = 15 kQ, and
the diode D is 1N4148, with Is=4 nAand n = 2.

Solution:

First iteration

Step 1—assume Vp=0.7V

Step 2 —find Ip from the load line equation:

Vi-Vp
Ip= R
Ip=(4-0.7)/1.5 mA
ID = 22 mA
Step 3 —replace Ip in the diode’s equation:
1)

ID = Is' (e"—VT + 1)

Vp=n-Vy-In o
Is
2.2-10°3
4-10°
Vp = 50- 10+ In (0.55 - 10°)
Vp = 50- 103 13.21
Vp = 0.66V
For more precise values, the solution continues with the second iteration.
Second iteration

Vp = 2:25- 10> In

Ip= (4-0.66)/1.5 mA
Ip= 223 mA
2.23-10°
4-107°
Vp = 50- 107 In(0.557 - 10°)
Vp = 50-1073- 13.23
Vp=0.661V
The values for Vp and Ip exhibit insignificant changes between the two iterations, so the method
stops here.

Vp =2-25-10° In
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1. Determine ip and vp using the analytical method for the circuit in Fig.2.8, for V,=5V, R=3 kQ, and
the diode D is 1N4148, with /s = 4 nA and n = 2. What is the operating region of the diode? Justify
your answer.

2. Determine ip and vp using the analytical method for the circuit in Fig.2.8, for V,=7V, R=5kQ, and
the diode D is 1N4148, with Is = 4nA and n = 1.6. What is the operating region of the diode? Justify
your answer.

3. Determine ip and vp using the analytical method for the circuit in Fig.2.8, for V,=8 V, R = 4.5 kQ,
and the diode D is 1N4148, with Is = 4nA and n = 1.8. What is the operating region of the diode?
Justify your answer.

2.2.3 Parameters of the diode

Modelling the behaviour of the diode is useful when analysing of diode circuits. The model of the
diode can be simple, if only some of the diode’s characteristics are considered, or a complex one,
which includes more properties.

The behaviour of the diode is described by means of its parameters: static parameters and
differential/dynamic parameters.

e Static parameters

Static parameters are computed in circuits where the input is a dc signal (voltage or current). Since
there is a single value of the input signal, the diode operates in a single quiescent point, Q(Vb, /o).
When the diode is on, both /p and V; are positive and non-zero. The static resistance rp is computed

as:
Vb

rp= I
The diode can be modelled using its static resistance rp. For a new quiescent point (different value
of the input voltage, different diode, different resistor), the static resistance needs to be recomputed.
Since ip and vp are connected by means of an exponential law, a small variation of the voltage
across the diode determines a significant variation of the current through the diode. This is the reason
why, for the quiescent point Qi(Vp1, Ip1) in Fig.2.9, the static resistance rp: is lower than the static
resistance rp for quiescent point Q(Vp, Ip).
The static conductance gp can also be computed:

g :r_]':l—D
D D VD

Example ‘

Compute the static resistance and conductance for a diode operating in the quiescent points:
a) Q1(0.68 V; 20 mA)

b) Q, (0.55 V; 1.5 mA)

c) Qs (0.72 V; 80mA).

Solution:

a)rp=0.68/20- 103 [Q], go=1/rp [S]
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rp=340Q,9p=29.4mS
b)rp=0.55/1.5-103[Q],rp=367Q,gpo=2.7mS
c)rp=0.72/80-103%[Q),n=9Q,gp=111mS

Problems

1. Compute the static resistance and conductance for a diode operating in the quiescent points:
a) Q:(0.67 V; 15 mA)

b) Q2(0.76 V; 25 mA)

c) Q3(0.79 V; 100 mA)

d) Q4(0.68 V; 44 mA).

e Dynamic parameters

In real circuits, any dc signal exhibits small variations, thus the diode operates not in a single
quiescent point, but rather in a region on the diode’s characteristic, centred around the particular
guiescent point. The smaller the signal variations, the smaller the region around the quiescent point.
In theory, the region on the diode’s characteristic is considered linear, and the diode can be modelled
using its dynamic or differential resistance. The circuit in Fig.2.10 is supplied with an ac input voltage
(low amplitude) in series with a dc voltage source.

1 liD

) oV |

Vll — Fig.2.10. Circuit for computing the dynamic
'—l_ parameters of the diode

B\

For a sinusoidal input voltage v;, the variable signal is superimposed on the dc signal around the
quiescent point Q, as seen in Fig.2.11.

Io- % Quasi-linear region

Io

l Dmin

VDmax
Vd

\/

e S I JU

1
1
1
1
1
VDmin :
1
1
1
1
1

\/

v t

Fig.2.11. Superposition of variable signals on dc signals in the quasi-linear
region around the quiescent point on the characteristic of a diode
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The total instantaneous voltage across the diode, vp(t), consists of the dc component, Vp, and the
ac component, vq(t) [1]:
vp(t) = Vp +v4l(t)
Vp +vg4(t) Vb vy(t)
iD(t)=/S e n-Vr =/5 .en-VT .en-VT

Using Shockley’s equation, the dc current through the diode is:
Vo_
ID = IS -en Vr

whereas the ac current becomes:
vy(t)
ip(ty=1Ip-enVr

If the amplitude of vq4(t) is negligible and the power of e is much smaller than unity, the exponential
equation can be solved using a Taylor series decomposition and considering the first two terms.

Vy&n-Vy

Usually, the amplitude of v4(t) is a maximum of 10 mV for discrete diodes, with n = 2 and
Vr =25 mV, and a maximum of 5 mV [1] for transistors (where the pn junction is considered almost
ideal and n = 1). The total instantaneous current through the diode and the variable component of the
current are:
vg(t)
n-Vy

~vg(t)

ID(t) = ID + ID :

ID
n'VT

ig(t) =

The ratio of v4(t) and i4(t) gives the dynamic or differential or small-signal resistance, r4, computed

as:
.o v4(t) _ v4(t) 1 n-Vr
d= = = =
ig(t) b, (1) Ip Ip
n- VT d n- VT
n- VT
rg =
Ip

The dynamic resistance also depends on the value of the current through the diode, Ip, in the
quiescent point. The higher the current through the diode in the quiescent point, the lower the values
of the static and dynamic resistances.

Another way to compute the dynamic resistance of the diode is by computing the inverse slope of
the quasi-linear segment around the quiescent point. Two pairs of values are required for this, namely
(Vbomax, Ibmax) @and (Vpmin, Iomin), @s seen in Fig.2.11.

_ VDmax' VDmin
fd= 7 I
Dmax ~ 'Dmin

The dynamic conductance is computed as the inverse dynamic resistance:

gd_n'VT
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For the circuit in Fig.2.10, the diode can be modelled by its static resistance rp, computed on the
equivalent dc circuit, and its dynamic resistance ry, computed on the ac equivalent circuit (small-signal
circuit).

Example ‘

Plot vi(t), vo(t) and ip(t) for the circuit in Fig.2.12, considering R;1 = 0.4 kQ, R, =10 Q, V,=2V,
vi(t) = 10sinwt [mV], Is=10 nA, Vr=25mVand n = 2.

Ra Ra CAEOO
D L

Vi lT ,'Dl' fvo Dv

Fig.2.12. Circuit for computing the parameters of the diode

Solution:
The initial circuit is analysed in dc and in ac, using its equivalent versions.
The dc components of vp(t) and ip(t) are determined from the dc equivalent circuit, whereas the
small-signal, variable components are computed using the the ac equivalent circuit.
vp(t) = Vp + v4(t)
ip(t) = Ip +i4(t)

The dc equivalent circuit is obtained by replacing the capacitor C with and open circuit and the diode
D with its static resistance (Fig.2.13).

R1

I'p
v, l__ IDl l Vb Fig.2.13. The dc equivalent circuit

The values of Ip and Vp in the quiescent point are computed using either the graphical or the
analytical methods. For this circuit, the quiescent point is Q(0.63 V; 3.4 mA). The dc value of the
voltage across the diode is Vp=0.63 V, and the dc current though the diode is Ip= 3.4 mA.
The static resistance is:
0.63
5=185.3Q

) 3.4-10
The ac equivalent circuit is obtained by replacing the capacitor C with a short-circuit, setting the dc

voltage source to zero and replacing the diode with its dynamic resistance (Fig.2.14).
The dynamic resistance is:

'p

2:25-103
4 = —=1470Q
3.4-10
R1 RZ

Dlv" Fig.2.14. The ac equivalent circuit
(small-signal)
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The ac component of the voltage across the diode is computed using the voltage divider method,
and the ac component of the current through the diode is determined using Ohm’s law, as follows:

rg |1 Ry
vg(t) = ————
ra || Ri+R;
14.7 || 400

vy(t) = - 10sinwt
14.7 || 400 + 10

“vi(t)

14.1 _
vy(t) = 341 - 10sinwt
) Va(t)
ig(t) = —

d
vg(t)
14.7

ig(t) =
The final values of the ac components are:

vg(t)= 5.8sinwt [mV]
ia(t)= 0.4sinwt [mA]

and the complete expressions of the signals are:

vp(t) = 630 + 5.8sinwt [mV] = 0.63 + 0.0058sinwt [V]
in(t) = 3.4 + 0.4sinwt [mA].

The voltage drop across the diode varies between Vpmax = 635.8 mV and Vpmin = 624.2 mV, and the
current through the diode varies between Ipmex = 3.8 mA and Ipmin = 3 mA. The waveforms of v/(t),
vp(t) and ip(t) are shown in Fig.2.15.

v, IVl
201 -
2 /\/\/
199 -
v_[V]
0.6358
0.63 /\/\/
0.6242
mA] t Fig.2.15. Waveforms of
vi(t), vo(t) and ip(t)

1. Plot v(t), vo(t) and ip(t) for the circuit in Fig.2.12 for Ry = 0.8 kQ, R, =16 Q, V, = 4V,
vi(t) = 8sinwt [mV], Is=10 nA, Vr=25mVand n = 2.

2. Plot v(t), vo(t) and ip(t) for the circuit in Fig.2.12 for R; = 0.85 kQ, R, = 20 Q, V,
vi(t) = 5sinwt [mV], s=4 nA, Vr=20mV and n = 2.

5V,
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2.3 Diodes in switching regime

The exponential model of the diode, based in Shockley’s equation, is used when the diode is in the
permanent conduction regime, and it can be replaced by its equivalent static and dynamic resistances.
For a quick analysis of diode circuits, another model for the diode is employed, the constant
voltage drop model. For this simple model of the diode, the on and off states are described by a
constant value and a variable value (either constant ip and variable vp, or variable ip and constant vp).

2.3.1 The constant voltage drop model

The constant voltage drop model sets the voltage vp = 0.7 V as the boundary between on and off
states, and this will be the voltage drop across the diode in on state. The ip(vp) characteristic of this
model is now linear (Fig.2.16), as opposed to the exponential one in (Fig.2.5), and consist of two
segments, one for on and another for the off state of the diode. The breakdown region is not shown
in Fig.2.16.

i in D
A b A _D> K
ON B |
OFF 7 ip>0mA Vp
ip=0mA vp=0.7V
vp <0.7V
D et ->
0.7V Vb
0

Fig.2.16. The ip(vp) characteristic for the constant voltage drop model of
the diode, vp=0.7 V

The equations for ip and vp in on and off states are valid for the standard (positive) directions of the
current through the diode and the voltage drop across the diode (from anode to cathode).

When the diode is on, the voltage drop is constant, vp = 0.7 V, while the current ip is positive and
determined by the other elements of the circuit.

When the diode is off, it acts as an open circuit (open switch), meaning the current ip is null. The
voltage across the diode vp is determined by the other elements of the circuits, and stays below 0.7 V.

Special attention must be paid to the extreme values of the current through the diode (/omax < Ipmax)
and the maximum reverse voltage across the diode (Vpr < | Vir|), so that the diode is not destroyed.

The diode can be seen as a switch for current, since it either allows a current flow, in on state, or
blocks the current flow, in off state. The equivalent circuit for the diode in on state is a closed switch
in series with a 0.7 V dc source, whereas for the diode in off state, the switch is open (Fig.2.17).

0.7V 0.7V
A : K A 7V
e —

Vb " Yo,
a) ———— b)
vp=0.7V Vo <0.7V
ip>0mA ip=0mA

Fig.2.17. Constant voltage drop model of the diode, vp=0.7 V
a) on state; b) off state.
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When electronic devices switch between two states, on and off, the devices are said to operate in
the switching regime. The diode operates in the switching regime when the constant voltage drop
model is used.

Example ‘

Specify the on/off state of the diode, assuming the constant voltage drop model:
a)ip=0mAandvp=-0.7V

b)ip=0mAandvp=-5V

c)ip=30mAandvp=0.7V

c)ip=72mAandvp=0.7 V.

Solution:

a) the diode is off, because ip=0mA and vp < 0.7 V
b) the diode is off, because ip=0 mA and vp < 0.7 V
c) the diode is on, because ip >0 mAand vp=0.7 V
d) the diode is on, because ip >0 mA and vp = 0.7 V.

2.3.2 Analysis of DR switching two-port circuits

The circuits consisting of diodes and resistors, for which the diodes switch between on and off, are
called DR switching circuits. The input and output of a circuit is called port, so circuits with one input
and one output are hence called two-port circuits or two-port networks.

Four different two-port series circuits can be built using just one diode and one resistor, as shown
in Fig.2.18. The positive directions for the voltage across the diode and the current through the diode
are also specified on the schematics.

A ,D\| K i k DA
—
Vi iD—>I/I <_I'D
lQ ve R Vo VIlQ Vb R Vo
a) b)
i, F L £
1 1
Vi — K Vi iD A
[©) WIRe o 1O | o
ile A [ K
c) d)

Fig.2.18. Two-port DR series circuits
a) and b) output measured across R; c) and d) output measured across D.

The analysis of DR switching two-port circuits, for which both input and output signals are voltages,
means analysing the voltage transfer, vo(v)), from input to output. The voltage transfer characteristic
(VTC) is the graphical representation of vo(v)).
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For DR switching two-ports, the VTC vo(v)) is a non-linear plot, with two segments, on for each state
of the diode. To obtain the VTC vo(vi), the expression of vo and the range of values for v, need to be
determined, for each state of the diode, using the following steps:

Step 1 — write the circuit’s equations, using Ohm’s law, Kirchhoff’s voltage law and Kirchhoff’s
current law.

Step 2 — draw the equivalent schematics for the on and off states of the diode, using the constant
voltage drop model (Fig.2.17). For a DR circuit with one diode, there will be two equivalent schematics.

Step 3 — customize the circuit’s equations written in Step 1 for each state of the diode, by using the
values of vp and ip from the constant voltage drop model.

Step 4 - find vo and the range of values for v,, for the on and off states of the diode. Write the
complete expression of vo(v)).

Step 5 — plot the VTC vo(v)).

Step 6 — based on the previously determined VTC vo(v,), waveforms of vo(t) can be plotted, for any
given v((t).

For the circuit in Fig.2.18. a), the circuit equations are:

V,=Vp+ Vo
Vo=Ip-R
When the diode is on (Fig.2.19. a), the output voltage is computed from the equivalent circuit:
vo=v,- 0.7
vo>0;v,- 0.7 >0;v,> 0.7V

i
— A —~ K I—» A K
I iD>0_i> v, ID=0_’ |

Fig.2.19. Equivalent schematic for the circuit in Fig.2.18. a)
a) D - on; b) D - off.
When the diode is off (Fig.2.19. b), the output voltage becomes:
Vo= 0V
vi=vp< 0.7V
The final expression of vo(v) is:

_ 0, v,<0.7V
Vo= v,-0.7,v,<0.7V

The VTC vo(v)) is plotted in Fig.2.20. a), where the two segments correspond to the two states of
the diode. Sample waveforms for v,(t) and vo(t) are given in Fig.2.20. b). For circuits where the
amplitude of v/(t) is much bigger than 0.7 V (tens, hundreds of volts), the voltage drop across the diode
in on state can be neglected.

The circuits in Fig.2.18. a) and b) can be seen as half-wave voltage rectifiers since the output voltage
is either null or (almost) equal to on half-wave of the input voltage: positive half-wave for the circuit
in Fig.2.18. a), negative half-wave for the circuit in Fig.2.18. b).

The electrical function of the circuits in Fig.2.18 is voltage limiter or voltage clamp circuit, either
superior or inferior, based on the orientation of the diode and whether the output is measured on the
diode or on the resistor.

The circuit in Fig.2.18. c) limits the output voltage to — 0.7 V (inferior limiter or inferior clamp
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circuit), whereas the circuit in Fig.2.18. d) limits the output voltage to 0.7 V (superior limiter or superior
clamp circuit). By connected two or more diodes in series at the output of the circuit, the limit can be
changed to multiples of 0.7 V or -0.7 V.

Vo V]

v,IV]

—_V, [vi

Fig.2.20. For the circuit in Fig.2.18. a)
a) VTCvo(v); b) sample waveforms for v/(t) and vo(t).

Example ‘

For the circuit Fig.2.18. b), using the constant voltage drop model:
a) deduce and plot the VTC vo(v)) for v, € [-10 V; 10 V],
b) specify the application of the circuit,
c) plot v/(t) and vo(t) for
i) vi(t) = 0.3sinwt [V]
ii) vi(t) = 4sinwt [V].
d) find the range of values for R, so that the current through the diode does not exceed
Ipmax = 30 mA and v(t) = 4sinwt [V].

Solution:

a) The circuit in Fig.2.18. b) is shown once again, this time with the chosen directions, clockwise (blue
dotted line).

Step 1.

The circuit’s equations are:

'V,'VD'iD'R=0
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Vo+iprR=0; vog=-ip-R
-V -vp+vp=0
i= - iD

Vi l@

Step 2.
The equivalent schematic for the two states of the diode are:

vp=0.7V vp<0.7V
ip>0mA ip=0mA

Fig.2.21. Equivalent schematics for a) D — on, b) D — off.

Steps 3 and 4.
Replace the values for ip and vpin the circuit’s equations, found at Step 1.
D-on
-v;-0.7-ipR=0
-v-07+vp=0
Vo= Vv, +0.7
Vop=-ip-R<0
v,+0.7 <0
v;<-0.7V

Vo=-ip'R=0
Vo=V, + Vp
Vp=Vo- V="V
v,;>-07V
Step 5.
Plot the VTC vo(v)) for v, € [-10 V; 10 V] (Fig.2.22).

b) The circuit delivers only the negative half-wave of the input at the output. Hence, the application
of the circuit is voltage limiter or voltage clamp.

c) The waveforms for v/(t) and vo(t) are in Fig.2.23 and Fig.2.24.

d) The current through the diode is positive when the diode is on. The expression of vp and the range
of values for viwhen the diode is on are:
Vo= Vv, +0.7
v,<-0.7V
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v, V]
10 -~

v,

slope =1

-10 [~

Fig.2.22. VTC vo(v))

03} —v, V]

—_V, ™

VALY,

Fig.2.23. Waveforms of v,(t) and vo(t) for v,(t) = 0.3sinwt [V]

v, [Vl
v, V1

t
-0.7
3.3+
4t

Fig.2.24. Waveforms of v,(t) and vo(t) for v(t) = 4sinwt [V]

By replacing in the expression of v, R is computed as:
Vo=-ip-R<0
vi+0.7=-ip'R
v, +0.7

Ip
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The maximum current through the diode is obtained for vimin =-4 V.

(-4 +0,7)
Rpyin = 110 Q

Thus, the range of values for Ris [110 Q; ).
The waveforms for vi(t), vo(t) and ip(t) are shown in Fig.2.25.

Al
/\ t
' . NZ
4+
Vo [v] t
0
33 - \/ \/
, iD [mA] t
30- \/ v

Fig.2.25. Waveforms for v(t), vo(t) and ip(t) for v(t) = 4sinwt [V]

Another way of determining the VTC vo(v)) for DR switching circuits is by computing the voltages in
the anode and in the cathode of the diode. The voltage drop across the diode vy is the difference
between v, and vk (Fig.2.26).

Vp = Va - Vg
ip
A D K
>
Vb
Va N~ Vg
1 I
[ |

-]

Fig.2.26. Voltage drop across the diode vp expressed as the difference
between v and vk

Example ‘
Deduce and plot the VTC vo(v)) for the circuit in Fig.2.18. b).

Solution:
The circuit in Fig.2.18. b) is shown once again, for convenience. The voltage drop across the diode
vp is the difference between v, and vi.
Vp= Vo= - ip R
Vk=V,
Vp = Vyg- Vg=Vpo-V
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Vi lQ

When the diode is on: vp=07V and ip>0
Vo-v,=0.7V
Vo= Vv, +0.7
Vo< 0
v+0.7< 0
v,<- 07V

When the diode is off: ip=0 and vp<0.7
Vo -Vv,<0.7
Vp-0.7< vy
Vo= 0
v, >- 07V

The VTC is the one shown in Fig.2.22.

1. For the circuit in Fig.2.18. a), using the constant voltage drop model for the diode:

a) deduce and plot vo(v)) for v, e [-8 V; 8 V]

b) specify the application of the circuit

c) determine the minimum value of the input voltage for which the output voltage is not zero.

2. For the circuit in Fig.2.18. a), using the constant voltage drop model for the diode:
a) plot v((t) and vo(t) for

i) vi(t) = 0.4sinwt [V]

i) vi(t) = 7sinwt [V].
b) compute the maximum power dissipation on R = 300 Q for v,(t) = 7sinwt [V].

3. For the circuit in Fig.2.18. c), using the constant voltage drop model for the diode:

a) deduce and plot vo(v)) for vie [-12 V; 12 V]

b) specify the application of the circuit

c) plot v/(t) and vo(t) for v,(t) = 10sinwt [V]

d) what is the range of values for R, if the maximum current through the diode is Ipmax= 45 mA and
vi(t) = 10sinwt [V]?

4. For the circuit in Fig.2.18. d), using the constant voltage drop model for the diode:
a) deduce and plot vo(v)) for v, e [-12 V; 12 V]
b) specify the application of the circuit
c) plot v/(t) and vo(t) for
i) vi(t) = 0.5sinwt [V]
i) vi(t) = 0.9sinwt [V]
i) vi(t) = 9sinwt [V]
d) what is the range of values for R, if the maximum power dissipation on the diode is Ppmax=35 mW
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and v(t) = 9sinwt [V]?
e) compute the power dissipation on the diode, for the values determined at d).

Connecting the diode in parallel with the voltage source and the resistor is not recommended
(Fig.2.27. a). When the diode is on, two voltage sources (v, and vp) appear in parallel in the equivalent
circuit (Fig.2.27. b). This determines a theoretically infinite current through the circuit, which is
destructive.

If the diode and the resistor must be connected in parallel, the circuit needs to be supplied with a
current source instead of a voltage source, thus preventing the destruction of the diode.

i) — g

AQ X [ |- DD [ f

©° °

a) b)
Fig.2.27. DR circuit, parallel connection — to be avoided
a) circuit; b) equivalent circuit for D — on.

2.3.3 Analysis of DR switching multi-port circuits

A DR switching circuit with more than two ports is called a multi-port. DR switching two-port circuit
is a particular case of multi-port. Usually, a multi-port circuit has multiple inputs and one output.

The analysis of DR switching multi-port circuits uses the same method as the analysis of DR
switching two-port circuits, namely:
— write the circuit’s equations, using Ohm’s law, Kirchhoff’s voltage law and Kirchhoff’s current law
— draw the equivalent schematics for the on and off states of the diodes, using the constant voltage
drop model
— customize the circuit’s equations for each state of the diodes, by using the values of vp and ip from
the constant voltage drop model
— find vo and the range of values for v,, for the on and off states of the diodes. Write the complete
expression of vo(v)).

DR multi-port circuits where the diodes share a common terminal (either anode or cathode) are
analysed next.

The maximum three-port circuit consists of two diodes and a resistor (Fig. 2.28). The two diodes
have their cathodes connected.

Vb1

Vo

Fig.2.28. Maximum three-port circuit
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The graphical representation of the output voltage as a function of the two input voltages is a
three-dimensional plot. This 3D plot can be simplified to a two-dimensional family of characteristics,
by assuming one of the input voltages is constant. For this type of circuits, the electrical function will
be deduced and the waveforms of the input and output voltages, with respect to time, will be plotted.

Assuming the clockwise direction for all circuit loops, the equations of the circuit are:

Vpr + Vo-Va4=0
Vpy + Vvo-vg=0
Vpr- Vpp + Vg- vu=0
Ip1 + ipp = o
Vozio'R

For the three-port circuit in Fig.2.28, there are four equivalent schematics to analyse, based on the
states of the two diodes: both diodes on, both diodes off, first diode on and second diode off, first

diode off and second diode on.
Equivalent schematic 1 — when both diodes are off, the equivalent schematic is shown in Fig.2.29.

The output voltage is zero.

Vp1 < 0.7V
A iDl =0

D,

0 io2=0 bio |
vBl v <07V

v

O

Fig.2.29. Equivalent circuit — D1 and D; off

Vo =0V

io =0mA
Vp1 =Va-Vo=Vap
Vpa =Vg-Vp=Vp

va < 0.7V

vg < 0.7V

When one diode is on and the other one is off, the equivalent circuit is identical to the one in
Fig.2.18. a). For D, - on and D, — off, the output voltage only depends on va.

Vg =V4-0.7 V
inp =0mA
Vo = ip1 ‘R
V4 >0.7 V
Vpy =Vg- vy +0.7<0.7
Va4 > Vg

For D1 - off and D, — on, the output voltage only depends on vs.
Vo =vg-0.7 V
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ipt =0mA
Vo = ipy ‘R
vg>0.7 V
Vpy =Vvg- v, +0.7<0.7
Vg >V,
To have both diodes on, the two input voltages must be equal at the same time, and the two diodes
must have the same threshold voltage. Such a perfect match is rarely achievable in practical circuits.
In theory, if both diodes are on, the equations are:

Va = V=V,
Vo =v;-0.7 V
Vo = (iDl+iD2)-R
o = ip1+ip
v,>0.7 V

By analysing the expressions of the output voltage for each of the four equivalent circuits, the final
output voltage is computed as:

Vo =max (v, -0.7;vg-0.7,0V)

Since the input voltages are variable in time, the application of the circuit - spatial maximum circuit
- becomes obvious: the output voltage is the maximum between the input voltages, at any moment
of time.

Vo(t) =max (v,(t) - 0.7; vg(t) - 0.7, 0 V)

For the circuit in Fig.2.29, the output voltage is always positive, with a minimum value of 0 V. If a
new minimum value of the output voltage is desired, an additional dc voltage source (positive or
negative) must be added in the circuit, as shown in Fig.2.30. The output voltage of the circuit also
depends on the newly added voltage source, V¢.

Vb1
A Ip1
O ‘o)
D,
B D,

O o |
YO

‘!

Fig.2.30. Spatial maximum multi-port circuit with Vomin = V¢

v

O

The output voltage expressed using KVL is:
Vo = io R+ VC
When both diodes are off, there are no currents through the circuit, and the output voltage is equal
to Vc. Both diodes are off if the voltage in their anode is less than (V¢ + 0.7 V).
The final expression of the output voltage is:
Vo =max (v, -0.7; v - 0.7; V()
DR multi-port circuits with more than two inputs can be built, and the above expression can be
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generalized.
When analysing a DR two-port circuit, the above expression can be customized. If the circuit in
Fig.2.18. a) is seen as a spatial maximum circuit with one input, the output voltage is written as:
Vo =max(v,-0.7;, 0V)

Examples ‘

1. Determine the expression of the output voltage and plot vi(t), va(t), vo(t) and io(t) for the circuit
in Fig.2.28, if:

-R=4kQ

- va(t) — rectangular signal, 5 V amplitude and 50 Hz frequency

- v1(t) — sinusoidal signal, 8 V amplitude and 100 Hz frequency.

Solution:
The output voltage and the output current are:
Vo =max (v (t) - 0.7; v,(t) - 0.7, 0 V)
, Vo(t)
io(t) = R
The waveforms for vi(t), va(t), vo(t) and io(t) are depicted in Fig.2.31.

v, V]
8r /\ /\ v, I\

o\ \ :

M \\/ AU
SN

1825 o\ 7\
1.075

Fig.2.31. Waveforms for vi(t), va(t), vo(t) and io(t)

2. Compute the values of vo, Vb1, Vb2, ip1, ip2, io for the circuit in Fig.2.30, if Va= 6V, Vg =2V,
Vc=-9 VandR =2 kQ. Assume the constant voltage drop model for the diodes.

Solution:
The output voltage is:
Vo =max (6 -0.7;2-0.7; -9)=max(5.3; 1.3;-9) =53V

Diode D; is on, diode D, is off. The values for vp1 and ip; are determined from the diode’s equations:
VDl = 07 \Y
iDZ = O mA
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o = ipr+ ipp = ip;
. Vo
lp = —
' >3 2,65 mA
in = = 2,65m
7 2.103

iDl = io = 2.65mA

Vp2 = Vg-VYo
Vpy = 2-53=-33V

The value of ips must be positive, and the value of vp; must be below 0.7 V.

The minimum three-port circuit is obtained by connecting the anodes of the diodes in a common
point, while the input voltages are applied in the cathodes of the diodes, as shown in Fig.2.32.

Vb1
—
Ip1
-—

o L] °
D: N

iDZ

w D N e |

v
* o o)

Fig.2.32. Minimum three-port circuit

The equations of the circuit, considering the clockwise direction, are:

-Vp1 + Vp- vy =0
-Vpy + V- vg=0
-Vp1+ Vpp+ Vg- vu=0
ipy + Ipy = lo
Vo = o 'R

By using the values of ip and v, for the on/off states of the diodes in all four equivalent circuits, the
electrical function of the circuit is spatial minimum.

Vo =min (v, +0.7; vg +0.7;0 V)

Vp1 )
A V.ﬂ .
D1|\
B Dzl/jD_2
_C
D N e |

VBKD “m R
)

Fig.2.33. Spatial minimum multi-port circuit with Vomax = Vs

v

O
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The maximum value of the output voltage is 0 V. To obtain positive output voltages, an additional
positive dc voltage source must be added in the circuit, as shown in Fig.2.33.
Usually, the value of this source is the maximum value of the two input voltages. The output voltage
of the circuit also depends on the newly added voltage source, Vs.
Vo(t) = min (v,(t) +0.7; vg(t) + 0.7; V)

Example ‘

Plot va(t), vs(t) and vo(t) for the circuit in Fig.2.33, if:
-R=8kQ

- va(t) - rectangular signal, 4.7 V amplitude and 20 Hz

- vg(t) — triangular signal, 8 V amplitude and 50 Hz frequency
-Vs=8V.

Solution:
The circuit is a spatial minimum circuit, so the output voltage is

Vo(t) =min (v,(t) +0.7; vg(t) + 0.7; 8)
The output current is ig(t) = volt)

The waveforms for va(t), vs(t) and vo(t) are shown in Fig.2.34.

—_—V, vl
8t —,
4.7
t
0
4.7

v, [Vl

"l N\ N .

A

-1.3 v _\

Fig.2.34. Waveforms for va(t), vs(t) and vo(t)

1. Determine the expression of the output voltage and plot vi(t), va(t), vo(t) and io(t) for the circuit
in Fig.2.28, if R = 2.5 kQ, vi(t) — sinusoidal, 7.7 V amplitude, 50 Hz frequency, and V, = 5.7 V.

2. Determine the expression of the output voltage and plot vi(t), va(t), vo(t) and io(t) for the circuit
in Fig.2.28, if R = 5 kQ, vi(t) = 10sinwt [V] and v,(t) = - v/(t). What is the application of the circuit
(other than spatial maximum), for the given input voltages?

3. Compute the values for vo, Vo1, Vo, ip1, ip2, io for the circuit in Fig.2.28, if Va=-7 V, Vg =-2 V and
R =2 kQ. Assume the constant voltage drop model for the diodes.
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4. Compute the values for vo, Vb1, Vo2, ip1, ip2, io for the circuit in Fig.2.30, if Va=-7V, Vg=-2V,
Vc=-10V and R = 2 kQ. Assume the constant voltage drop model for the diodes.

5. Determine the expression of the output voltage and plot vi(t), va(t), vo(t) and io(t) for the circuit
in Fig.2.30, if R =5 kQ, v/(t) = 10sinwt [V], v2(t) — rectangular voltage, 5 V amplitude, same frequency
as v((t), and Vc=-3 V.

6. Determine the expression of the output voltage and plot va(t), vs(t) and vo(t) for the circuit in
Fig.2.30, if R = 4 kQ, va(t) is sinusoidal, 8 V amplitude and 25 Hz frequency, vs(t) is rectangular, 5V
amplitude and twice the frequency of va(t), and Vc = - 3 V. Find the minimum value of R if the
maximum current allowed through each diode is Ipmax = 120 mA.

7. Compute the values for vo, Vb1, Vba, ip1, ip2, io for the circuit in Fig.2.32, if Va= 6V, V=4V,
Vs =10V and R = 2 kQ. Assume the constant voltage drop model for the diodes.

8 -10. Problems 1, 2, 3 for the circuit in Fig.2.32.

11, 12. Problems 5, 6 for the circuit in Fig.2.33.

2.3.4 Applications of DR switching circuits

The application of a DR switching circuit is given by the cases the circuit is used in. The same circuit
can be analysed from various perspectives, thus the applications can be different. Such an example is
a DR switching two-port circuit, that can be seen as a voltage limiter (clamp), but also as a spatial
extreme circuit (minimum or maximum).

Simple voltage limiter (clamp)

Any of the four possible DR two-port circuits works as a voltage limiter. For the circuits where the
output is measured across R, the output voltage is limited to 0 V. For the circuits where the output is
measured across D, the output voltage is limited to either +0.7 V or -0.7 V, depending on the
orientation of the diode.

When the output voltage needs to be limited to values other than +0.7 V, the most common
solution is to connect multiple diodes, in series, with the same orientation. This way, the output
voltage is now limited to multiples £0.7 V. For the circuit in Fig.2.35. a), the maximum output is 2.1V,
while for the circuit in Fig.2.35. b), the minimum inputis -1.4 V.

The VTCs still show two segments since all diodes have the same state at the same time (both on
or both off) (Fig.2.36 a) and b). A drawback of using multiple diodes in series in real circuits is than the
voltage drop across the diode in on state depends on the current through the diode, and is not a
constant value of 0.7 V.

To deduce the VTC vo(v) for the circuits in Fig.2.35, the steps are identical to the ones used to
analyse DR switching two-port circuits: write the circuit’s equations and customize them for all
possible equivalent circuits.
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Fig.2.35 Voltage limiters with multiple diodes in series
a) superior, Vomax = 2.1V, b) inferior, Vomin =-1.4 V.

v, VI

v0=2.1V,v|>2.1V

¢

a) 2.1
| v, [V]
Vo=V, v|< 2.1& 2.1
v, VI
vo = vl, vI <14V
b)
v, V]

1.4

!

Vo =-1.4V,v|<-1.4V

Fig.2.36. VTC vo(v)) for the circuits in Fig.2.35.
a) Vomax=2.1V, b) Vomin=-1.4 V.

Another method of obtaining a different limit for the output voltage (other than +0.7 V) is to
connect a dc voltage source Vgas (positive or negative), in series with the element the output voltage
is measured across. In practical cases, Vgas can be obtained from regular diodes (as previously
explained) or from Zener diodes (to be discussed in another section).

All four DR two-port circuits in Fig.2.18 can be upgraded to versions that limit the output voltage
to values different from O V or £0.7 V, as shown in Fig.2.37.
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Vo

Vo

VBIAST

e D

Fig.2.37. DR voltage limiters with Vpias
a) inferior, Vomin = Vaias; b) superior, Vomax = Vaias;
c) inferior, Vomin = Viias — 0.7 V; d) superior, Vomin = -Veias + 0.7 V.

The equations of the circuit in Fig.2.37. a) and the equations for the two segments of the VTC are:
V= VD+ Vo
Vo =ip - R+ Vgjas

VI:VD+ iD.R+VBlAS

Table 2.1. Equations for the two segments of the VTC for the circuit in Fig.2.37. a)

D -on

D - off

VO = VI' 0.7

Vo = Vaias

v, > 0.7 + Vgjus

v; < 0.7 + Vius

The VTC vo(v)) is shown in Fig.2.38, where the red dotted line represents the VTC vo(v)) for the
circuit without Vaas.

v, V]

- /

. v, \Y]

0.7 \ 0.7

BIAS *

Fig.2.38. VTC vo(v)) for the inferior voltage limiter in Fig.2.37. a)

Examples

1. Design a superior voltage limiter, with Vomex= 1.4 V, and compute the minimum value of R for
which the current through the diode doesn’t exceed Ipmax = 150 mA, for v(t) = 7.4sinwt [V].

55



ELECTRONIC DEVICES

Solution:
Two possible superior voltage limiters are shown in Fig.2.39.

Fig.2.39. Superior voltage limiter, Vomax=1.4V
a) output measured across diodes; b) output measured across R and Vpjas.

For the circuit in Fig.2.39. a), the diodes are on whenv,;>1.4V,so Vop=1.4V. Foranyv,<1.4V, the
diodes are off, and vo = v.. The current through the diodes exists only when both diodes are on,
meaning when Vo =1.4 V.

iD' R= VI - VO
Vi-Vo

R, . =
i / Dmax

74-14
min= T3 =400Q

150- 103
For the circuit in Fig.2.39. b), the diode is on when v, < 0.7 V (the voltage in the anode is already
1.4 V).

Vo=V, +vp=Vv,+0.7V

The diode is off when v, > 0.7 V, for which Vo = 1.4 V. The value of R is computed as:
- VD' iD' R+ VBIAS_ VI = 0
irR=-07+14-v,=0.7- v,

0.7 - V/
min =
IDmax
R 0.7-(-7.4) 4 Q
™ 150100
v, V] vo V1
14 1) ———
‘ v, [V] pai v, vl
14 27 | 07
a) b)

Fig.2.40. VTCs vo(v)) for the circuits in
a) Fig.2.39. a); b) Fig.2.39. b).
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Two different values for the resistor are thus obtained. Even if both circuits limit the output voltage
to 1.4V, the VTCs vo(v)) are different, as seen in Fig.2.40. For the first circuit, the plot goes through
the origin.

2. Design an inferior voltage limiter, with Vomin = -4 V. Show that the circuit is an inferior voltage
limiter and plot v/(t) and vo(t) for v/(t) = 9sinwt [V].

Solution:

The limit value of the output voltage is not a multiple of 0.7 V, which means that the limit is given
by an additional dc voltage source, Vgas, connected so that it is included in the output voltage, as
shown in Fig.2.37. a) and once again below.

Vi -

Q) vo

Viias = '4Vl

To prove that the circuit is an inferior voltage limiter, the circuit’s equations are written and then
customized for on and off states of the diode.
Vo= V,-Vp
Vo= ip R+ Vas= ip-R-4V

When D - on
Vo=v,-07V
v, >-33V
When D - off
Vo= -4V
v, <-3.3V

The minimum output voltage is -4 V. The VTC vo(v)) is shown in Fig.2.41. a), and the waveforms for
the input and output voltages are Fig.2.41. b).

v, [V]
83f —, V]
—V, \]
v, [Vl 0 L
’3_'27( [
9|
a) b)

Fig.2.41. Inferior voltage limiter
a) VTC vo(v)); b) waveforms.
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Double voltage limiter

The circuits analysed up this point limit the output voltage to either an inferior or a superior value.
A double voltage limiter imposes both an inferior limit, Vomin, and a superior limit, Vomax. The easiest
way to achieve double voltage limitation is by using two diodes, connected in antiparallel (opposite
parallel), as shown in Fig.2.42.

Diodes will never be on at the same time, because of their orientation in the circuit. Diode D; is on
for an input voltage greater than 0.7 V, while diode D, is on for an input voltage smaller than -0.7 V.

i R
- 1
| S |

i D1 l iDZ T
D,

(D Wl |

v

o

Fig.2.42. Double voltage limiter, to 0.7 Vand -0.7 V

D; - on, D, - off:
Vo=Vp1 = 0.7V
v,>0.7V

D, - on, D - off:
VO:'VDZ= -0.7V
v, <-0.7V
D; - Off, D, - Off:
Vo =V,

-0.7V<y,<0.7V

The VTC vo(v)) is shown in Fig.2.43. a), and sample waveforms are depicted in Fig.2.43. b).

vo IV

v,V

—_—V, \]

0.7

0.7 r
v, V] t

0.7 0.7 0.7
0.7

a) b)

Fig.2.43. Double voltage limiter a) VTC vo(v)); b) waveforms.

When the output voltage needs to be limited to values other than £0.7 V, additional dc voltage
sources (Vaus1 and Vaias2) will be connected in series with the two diodes, as shown in Fig.2.44.
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Fig.2.44. Double voltage limiter
V. =V _+07VandV__ = 0.7V

Omax — ' BIAS1 omin ~ ~ VBIAS2”

The dc voltage sources can be both positive, both negative, or one positive and the other negative.
The only restriction regarding Vaias1 and Vgas: is set by the relation between the limits of the output
voltage: the superior limit must always be greater than the inferior limit. If this condition is not met,
the circuit no longer works as a double voltage limiter.

Pulses selector

If the input voltage is a sequence of alternating positive and negative pulses, and only the positive
pulses need to be selected at the output, a DR circuit with the output measured across the resistor
(Fig.2.45) will do the trick. By flipping the diode, the negative pulses are delivered at the output.

D
N
v, Vi iD—>l/| v,
lQD vy R I Vi-0.7V
t t

Fig.2.45. Positive pulses selector circuit

Half-wave rectifier
The DR circuit in Fig.2.45 is said to be a half-wave rectifier when the input signal is obtained from
the secondary winding of a transformer. A half-wave rectifier delivers one half-wave (positive or
negative) of the input signal at the output. The voltage obtained from the electrical outlet is 230 V
effective value, and this voltage is connected to the primary winding of the transformer. If the
transformer ratio is 23:1, the amplitude of the voltage in the secondary is 14.1 V.
_ 2302
T3

=141V

The waveforms for the input and output voltages are shown in Fig.2.46.

Full-wave rectifier

A full-wave rectifier delivers both half-waves of the input voltage at the output, but the output is
only positive (most common) or only negative. There are many circuits that can perform this task, and
these circuits are found in systems where the ac signal needs to be transformed into dc signal.

The spatial maximum DR multiport acts as a full-wave rectifier when the two input voltages have a
phase shift of 180° (half a period). In practical implementations, the two input voltages v, and —v; are
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obtained from the secondary winding of a centre-tapped transformer, as shown in Fig.2.47. a). The
waveforms are depicted in Fig.2.47. b). The voltage drop across the diode in on state can be neglected
if the amplitude of the input signal is significantly bigger (e.g., 100 V).

14.1 +
13.4 + v, [V]
—V, [V]
t
| v \—/
Fig.2.46. Half-wave rectifier - waveforms
Vp1
_
a N
— L~
v, o1 D,
v VO
—
Vs —T—1—
4 RL
v Vb2
v Il —
—
DZ
b) v v

-y /\ t
N N

o7 | N\ P
N

Vo VI
0 NN N

Fig.2.47. Full-wave rectifier obtained with a DR spatial maximum multi-port
a) circuit; b) waveforms.

Another version of a full-wave rectifier is the circuit in Fig.2.48, with the four diodes connected in
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a diode bridge or rectifying bridge. The diodes are on/off based on the input voltage.

V}H{v,

L
Fig.2.48. Full-wave diode brigde rectifier

Diodes D, and Ds are on for v;> 1.4V, so vy = v, - 1.4 V. For this range of values of v;, diodes D, and
D, are off. The output current ip is positive, meaning the output voltage is also positive.

Diodes D, and D, are on for vi < -1.4 V, so vo = -v,+ 1.4 V For this range of values of v,, diodes D,
and Ds; are off. The output current jo is once again positive, meaning the output voltage is positive.

All four diodes are off, as long as -1.4 V < v, < 1.4 V. Here, both the output current and the output
voltage are null.

The waveforms for the input and output voltages are shown in Fig.2.49.

—v, v
14.1+ —v, V]

12.7 |

1.4 t

14k

-14.1 -

Fig.2.49. Waveforms for the full-wave diode bridge rectifier

Logic circuits
Logic circuits built with DR multi-ports are often the starting point when learning digital circuits.

However, logic circuits built with DR multi-ports are not found in integrated circuits, where rapid
switches between on and off are required.

To describe the behaviour of a logic circuit, two tables can be drawn: the electrical operating table,
containing voltages and values in volts, and the logic operating table or truth table, containing logic
variables and logic values, namely ”0” and ”1”.

A DR multi-port can implement the OR logic function (spatial maximum multi-port) and the AND
logic function (spatial minimum multi-port). The number of inputs of the logic function is given by the
number of input voltages.

A three inputs OR logic circuit, built with a spatial maximum multi-port, is shown in Fig.2.50.

The electrical operating table (Table 2.2) contains all eight combinations of values of the three
input voltages. The truth table (Table 2.3) is obtained from the electrical operating table, by replacing
the voltages with logic variables, and the values with logic values. The logic convention used here is 0
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V —-"0" logic, 5 V—"1" logic. The output voltage of 4.3 V is considered “1” logic.
A DI D1 Y
o »—o0

B D2 I io
" l() C D|D3 !
VBleCl(ﬁ > R

Fig.2.50. Three input OR logic circuit

Table 2.2. Electrical operating table Table 2.3. Truth table
valVl | Vs[V] | Vc[V] | Wy[V] AlB|C|Y
0 0 0 0 0({0|0]|0
0 0 5 4.3 0O|0f1]|1
0 5 0 4.3 0[1(|0]|1
0 5 5 4.3 0[1(1]|1
5 0 0 4.3 1/0|0|1
5 0 5 4.3 11011
5 5 0 4.3 11|01
5 5 5 4.3 11111

The logic function of the circuit is deduced by analysing the truth table, and it can be written as a
logic expression:

Y=A+B+C

For a logic AND circuit, an additional dc voltage source is connected in the anode of the diodes
(Fig.2.33). The value of this voltage source must be equal to the value corresponding to”1” logic.

1. Design an inferior voltage limiter, with Vomin = -1.4 V. Deduce and plot the VTC vo(v)). Plot vi(t),
vo(t) and ip(t) for vi(t) = 11sinwt [V] and R = 4 kQ.

2. Design a superior voltage limiter, with Vomax = 7 V. Deduce and plot the VTC vo(v)). Plot v(t), vo(t)
and io(t) for v (t) = 14sinwt [V] and R = 0.5 kQ.

3. For the circuit designed at Problem 2, deduce and plot VTC vo(v)) if the diode is flipped. What is
the application of the new circuit? Plot v((t), vo(t) and io(t) of the new circuit, for v/(t) = 14sinwt [V]
and R =0.5kQ.

4. For the voltage limiter in Fig.2.43, cu Vpgjas1 = 6.3V, Veias2 =-3.3Vand R =5 kQ:
a) deduce and plot the VTC vo(v;) for v, € [-10 V; 10 V].

b) plot vi(t), vo(t) and io(t) for vi(t) = 3sinwt [V]

c) plot v((t), vo(t) and io(t) for vi(t) = 6sinwt [V]

d) plot v/(t), vo(t) and io(t) for vi(t) = 10sinwt [V].
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5. For the full-wave diode bridge rectifier in Fig.2.48 and v/(t) = 12sinwt [V]:

a) deduce and plot the VTC vo(v)) for v e [-12 V; 12 V]

b) plot vi(t) and vo(t)

c) find the minimum value of R for which the maximum output current is lomax = 160 mA.

6. For the full-wave diode bridge rectifier in Fig.2.48 with v/(t) = 9sinwt [V] and R = 0.4 kQ:

a) deduce and plot the VTC vo(v)) for v, € [-9 V; 9 V]. Specify the states of the four diodes on the plot.
b) plot v,(t) and vo(t).

c) plot the currents through D1, ipi(t), and through D, ipa(t).

7. Design a three input AND logic circuit, using diodes. Use the logic convention 0 V —”0” logic and
3.3V —-"1" logic. Show that the circuit achieves the desired logic function.

8. For the circuit in Fig.2.50, specify the states of the three diodes and compute the current through
each diode, for all eight lines of the electrical operating table.

2.4 DC switching circuits

DC switching circuits consist of diodes and capacitors. Since the capacitor is equivalent to an open
circuit for dc signals, the VTC vo(v)) is not relevant. DC switching circuits are analysed using ac input
voltages.

There are four different versions of the series DC circuit built with one diode and one capacitor,
based on the orientation of the diode and the element that the output voltage is measured on.

The analysis of these simple series DC circuits begins by establishing some premises:

- initially, the capacitor is discharged (v(0) =0 V)

- the capacitor charges when a current passes through it. If the positive direction of the current is
assumed, the capacitor will charge to a positive voltage.

- the current through the circuit only exists when the diode is on, thus the capacitor charges when
the diode is on

- once charged to the maximum value, the capacitor maintains a constant voltage (does not
discharge).

2.4.1 DC switching circuits with the output on C

The two DC circuits with the output voltage measured across the capacitor are shown in Fig.2.51.

_in D D v
. O . O
) o e lw v 'CT__C "o
Q) ve| == NO) vl
a) b)

Fig.2.51. DC circuits, output on C
a) positive peak detector; b) negative peak detector.
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The analysis is now detailed for the circuit in Fig.2.51. a). Initially, the capacitor is discharged:
ve(0)=0V
For the diode to be on, the input voltage needs to be at least 0.7 V. When this happens, the
capacitor starts to charge because of the positive current in the circuit.

vp=07V
. av,
ID=IC:C‘E

ve(t) = v,(t) - 0.7V

The capacitor charges to the maximum value of:
Vemax = Vimax - 0.7V >0V

From this point on, the input voltage begins to decrease, thus the voltage drop across the diode

also decreases below 0.7 V. The diode is now off, and the current through the circuit is null:
Vp(t) = Vi(t) - Vipay <07V
ip=ic=0

This point marks the end of the transient regime and the beginning of the permanent regime or
steady-state. The voltage on the capacitor remains constant since there is no consumer (load
resistance) to discharge the capacitor. The voltage on the capacitor is the output voltage of the circuit.

Vo(t) = Vonax = COnstant

If the input voltage exhibits a new positive peak, greater than the previous maximum value (Vimax),
the diode will once again enter the on state, and the capacitor will charge to the value of the new
positive peak (Vimax— 0.7 V).

The application of the circuit is positive peak detector or maximum detector — the circuit identifies
and holds the maximum value of the input voltage.

The waveforms for vi(t), vc(t) and vp(t) are depicted in Fig.2.52.

v, V]
Vo=V [\
v -0.7 - N
Imax j
03 1 \ / \ t
Transienti
regime |
Permanent regime (steady-state)
v, V] ‘ ¢
0.6 N
*vI . +0.7 b
min

Fig.2.52. Waveforms for the positive peak detector

For the negative peak detector in Fig.2.51. b), the circuit identifies and holds the minimum value
of the input voltage. The diode is on and the capacitor charges when the input voltage is below -0.7 V.
When the diode is on:
v, <-0.7V
vol(t) =-vc(t)
vo(t) =v(t)+0.7V<0V
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Once the capacitor is charged to the maximum value, the diode is off, and the voltage on the
capacitor remains constant (capacitor stays charged). This marks the end of the transient regime and
the beginning of the steady-state. The waveforms for vi(t), vc(t) and vo(t) are shown in Fig.2.53.

Vemax = = Vimin - 0.7V
Vomin = Vimin + 0.7 V = constant
Vp(t) = -vc(t)-v(t)<0.7V
vp(t) = volt) - v/(t) <0.7V

0.7 +

v -
Imax

o

v, .
Imin

Fig.2.53. Waveforms for the negative peak detector

2.4.2 DC switching circuits with the output on D

The two DC series circuits with the output measured across the diode are shown in Fig.2.54. Notice
that the circuits are the same as the ones in Fig.2.51, the difference is that now, the focus is on the
diodes, rather than the capacitors.

;l’I—“lTDO i<— TiD o
vi l<> ” VDl a Vo, l() "DTZ% Vo
a) e b) °

Fig.2.54. DC switching circuits with the output on D
a) translation towards negative values; b) translation towards positive values.

The output voltage for the circuit in Fig.2.54. a) is the same as the voltage across the diode for the
circuit in Fig.2.51. a).

Vol(t) = vp(t) = v(t) - v <0.7V

Cmax
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vo(t) = v(t) - v, <07V
The output voltage is the same as the input voltage, but with a negative dc offset (-vcmax ). This gives
the application of the circuit — translation towards negative values or downward translation. The
waveform of the output voltage is vp(t) in Fig.2.52.
For the circuitin Fig.2.54. b), the output voltage is still measured across the diode, but from cathode
to anode:
Vo(t) =-vp(t) >-0.7V
vo(t) = vi(t) +v,p > 0.7V

The application of the circuit in Fig.2.54. b) is translation towards positive values or upward
translation. The waveforms for vi(t), vc(t) and vo(t) are shown in Fig.2.55.

—_—, v]

—_— vl

0.7 PN

LN N

v_=-v_[V]
v -0.7 © D
Imax

.0_9 - N N

Fig.2.55. Waveforms for v(t), vc(t) and vo(t) for the upward translation circuit

2.4.3 Applications of DC switching circuits

Voltage multipliers

The four series DC circuits discussed in the previous section can be connected, so that the output
is a dc voltage, with a value twice the amplitude of the input signal. These new circuits are called
voltage doublers. As a rule, for all voltage multipliers, the output is measured across one or more
capacitors.

Two different schematics for the positive voltage doubler are given in Fig.2.56, both consisting of
two diodes and two capacitors. The circuit in Fig.2.56. a) shows a positive and a negative peak
detector, both with the same input voltage. The output is the difference between the voltages across
the two capacitors. For this circuit, there is no common terminal between input and output, hence the
input must be obtained from a floating source, such as the secondary of a transformer.

In steady-state, the output voltage vo is computed as:

Vo(t) = voi(t) - vealt)
Vo1 = Vimax- 0.7 V = constant
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Vo2 = Vimin + 0.7 V = constant
VO = Vlmax -0.7 - Vlmin -0.7
Vo =2 Vipax - 1.4V = constant

For small values of the amplitude of the input voltage, the circuit will not work as a voltage doubler
(e.g., if the input voltage is 1V, vo1 is 0.3 V and vo is -0.3 V. The output is vo = 0.6 V, less than the input
of 1V).

The voltage drop across the two diodes in on state can be neglected, for large values of the input
voltage (e.g., for V; =100 V, Vo = 198.6 VV = 200 V).

ST
il

Y lGD T l Vo, Yo

<«

b)

a)
Fig.2.56. Positive voltage doubler
a) positive and negative peak detectors; b) upward translation and positive peak detector.

Another way of obtaining a voltage doubler is shown in Fig.2.56. b), where an upward translation
circuit is chained with a positive peak detector. The output of the upward translation circuit is the
input for the positive peak detector. In steady-state, vo is:

vor(t) = vi(t) + v, o
Voimax = Vimax + Vimax - 0.7V
Vo = Voimax - 0.7V
Vo =2 Vipax - 1.4V = constant

The output voltage is the same, regardless of which version of the positive voltage doubler is used.

The steady-state waveforms for vi(t), vca(t), voi(t) and vo(t) for the positive voltage doubler in
Fig.2.56. b) are shown in Fig.2.57. By reversing both diodes, a negative voltage doubler is obtained.

v, [Vl
Ve, \Y|
v -0.7 NN N
Imax
\ / \ t
07 \/ \/
Vo1 v
—_— [v]
24y, -14 PN L
max /
\ / \ /t
.0_9 - p— NS

Fig.2.57. Steady-state waveforms for v/(t), vca(t), voi(t) and vo(t) for the positive
voltage doubler in Fig.2.56. b)

67



ELECTRONIC DEVICES

Circuits where the dc output voltage is three times the amplitude of the input voltage (ignoring the
voltage drop across the conducting diodes) are called voltage triplers and are built using three diodes
and three capacitors. In general, circuits where the dc output voltage is a multiple of the amplitude of
the input voltage are called voltage multipliers.

Rectifiers with capacitive filter

Voltage rectifiers are the most used applications of diode circuits, as they represent the first stage
in any dc power supply [1]. A dc power supply provides a constant output voltage, with little (millivolts)
to (ideally) no variations. The block diagram of a dc power supply is shown in Fig.2.58. The voltage v,
is the output of the rectifier with capacitive filter, while Vo is the output of the dc power supply.

o)
. _
530V Voltage  [—°—| Voltage Electronic
I’eCtIerI" wlth l\/r regulator circuit
50 Hz capacitive | ¥ |
filter
o—

Fig.2.58. Block diagram of a dc power supply

The voltage rectifier with capacitive filter (also known as DRC rectifier) is shown in Fig.2.59.

ip
-3 D

' g O
i I
V) > Ic l o v
Vp C

Q"= (]

* O

(0]

Fig.2.59. DRC rectifier

The circuit can be seen either as a half-wave DR rectifier with a capacitive load, or as a DC positive
peak detector with a resistive load. For a half-wave rectifier, the variation or ripple of the output
voltage, Avo = V4, - 0.7 V. For the positive peak detector, Avo = 0 (Fig.2.60).

The DRC rectifier is analysed as a DC positive peak detector with resistive load. The capacitor is
initially discharged. As long as the diode is on, the capacitor charges up to the maximum value:

Vemax = Vimax - 0.7V
... Vo dv,
ip=ig+ic= = + o

Once the capacitor is charged to the maximum value and v,decreases, the voltage across the diode
drops below 0.7 V, and the diode will be off. The capacitor starts to discharge through R, until the
input voltage is once again large enough to bring the diode back to on state. When the diode is on, the
capacitor charges up to the maximum value and this sequence happens each period. The waveforms
of the input and output voltages in steady-state are shown in Fig.2.61.

The output voltage ripple Avo depends on the time constant T = R-C of the circuit and the
period/frequency of the input voltage: the bigger the time constant with respect to the period T, the
less the capacitor discharges and Avp is smaller.

When t >> T, as in Fig.2.61, the diode is on for short amounts of time, t,, around the maximum
values of v,. Here, the capacitor charges to the maximum value with an amount of electric charge that
was previously lost during the discharging time, t..
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T= tc + td
VOmax = Vlmax -0.7V

Vv —
Imax

v -0.7
Imax

Fig.2.61. DRC rectfier waveforms

During the discharge time of the capacitor, t;, the output voltage decreases as an exponential
function of 7, from maximum to minimum. The minimum value is reached at the end of the discharge
time, which is assumed to be approximately equal to the period of the signal, for this analysis.

td =T
Vomin = Vomax -8Vo =V, -0.7 - Avg

Imax

The voltage on the capacitor is expressed as:

Velt) = €T Ve(0) + (1- €77) V(o)

The purpose of a voltage rectifier with capacitive filter is to obtain an almost dc output voltage,
that is a voltage with minimal to no variation. The output voltage varies during the discharge of the
capacitor:

Ve (0) = Vomax
V(o) = 0V

The voltage on the capacitor after an infinite time is null because the capacitor discharges
completely in time unless the voltage starts to increase. With these assumptions, the voltage on the

capacitor becomes:
t

Vc(t) =ert- Vomax
t T

Vomin =€ T Vomax =€ T * Vomax

Since the time constant is significantly larger than the period of the signal, t™>>7, another

approximation can be used:

I T
e t=]1-—

T
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Vomin = (1 - ;) Vomax
VOmax - AVO = VOmax - ; 'VOmax
Avg = — -V,
[0} T Omax

T Vimax - 0.7
Do = (Vi = 0.7) = ’:‘f’x—c_f

This shows that the bigger the time constant t = R-C compared to the period of the input signal T,
the smaller the variation of the output voltage Avo. Since the load resistor R is not part of the rectifier,
but depends on what is connected at the output of the rectifier (R is the input resistance of the circuit
connected at the output of the rectifier), small variations of the output voltage are obtained by using
larger values of the capacitor.

A capacitor C connected at the output of a diode bridge full-wave rectifier, in parallel with R,
transforms the circuit into a full-wave rectifier with capacitive filter. Based on the value of C, the
variation of the output voltage decreases from (Vimax — 1.4 V) to a much lower value. The capacitor
charges and discharges twice over a period of the input signal, hence the discharge time can be
approximated to half a period:

tdz

NIl

The variation (ripple) of the output voltage then becomes:

Do = T (Vimgy = 14)
. w Vimax=14
°" 2.R-C-f

Examples ‘
1. Size a half-wave rectifier with capacitive filter, for which the maximum output voltage ripple Avo
is 6% of the input voltage. Assume vi(t) = 14sin2n50t [V] [Hz] and R = 0.2 kQ.

Solution:
6
Avp= — -14=084V
100
Vlmax - 0.7
AVO =
R-C-f
Vimax - 0.7
R . AVO _f
Y97 _15834F
200 - 0.84 - 50

The value obtained for C is the minimum for which the condition is met, any capacitor above
1583 WF can be used (e.g., 2200 pF).

Check that the chosen value meets the condition:
Vimax - 0.7

R-C-f
14-0.7

" 2002200 - 10°®- 50

AVOz

Avy
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Avp =06V
Check that Av is under 6%:

Avo= T - 100 = 4.28% < 6%
The design condition is met.

2. What is the maximum value of the output voltage ripple computed at Problem 1, in the case of
a full-wave rectifier with capacitive filter?

Solution:

For a full-wave rectifier with capacitive filter, two changes must be taken into account: the
maximum output voltage is 1.4 V smaller than the maximum input voltage, and the discharge time
of the capacitor is approximated to half a period of the input voltage.

Vimax - 1.4

2-R-C-f
14-1.4

~2.200-2200- 10 - 50

AVO =

Avg

Avy =028V
The percentual value is:

0.28
Avp= —— - 100 = 2%
14

Envelope detectors

Information signals are modulated in telecommunications networks, to obtain higher, more
efficient transmission rates. By modulation, the properties of the information signal are transferred
upon a high-frequency carrier signal.

TR T
Bt et
LR

Fig.2.62. Envelope detection of the carrier signal [2]
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On the receiver side, demodulation implies extracting the information signal out of the carrier
signal. Based on the capacitor’s ability to repeatedly charge and discharge in a rectifier with capacitive
filter, the output voltage follows the envelope of the modulating (carrier) signal, that is extracting the
information signal.

The waveforms for the carrier and demodulated signals are shown in Fig.2.62.

1. Compute the minimum value of vo(t) for the circuit in Fig.2.59, for C = 2.2 uF and R = 2 kQ. Plot
vi(t) and vo(t) and specify the state of the diode on the plot, for v/(t) = 6sin2n600t [V][Hz].

2. Size a half-wave rectifier with capacitive filter, for which the maximum output voltage ripple Avo
is 8% of the input voltage, when v,(t) = 20sin2n150t [V][Hz] and R = 0.2 kQ.

3. Compute the minimum value of vo(t) for a full-wave rectifier with capacitive filter, for C=2.2 uF
and R = 0.8 kQ. Draw the circuit and plot v,(t) and vo(t) for vi(t) = 11sin2m60t [V][Hz].

4. Size a full-wave rectifier with capacitive filter, for which the maximum output voltage ripple Avo
is 5% of the input voltage, when v/(t) = 18sin2rt300t [V][Hz] and R = 0.55 kQ. Show that the design
condition is met.

2.5 Zener diodes

There are diodes for which the breakdown region is not destructive — Zener diodes, denoted ZD. In
forward bias, a Zener diode behaves just like a conventional diode, and a voltage drop of
approximately 0.7 V can be measured from anode to cathode. However, this special type of diode
exhibits a different behaviour in reverse bias: first, the breakdown voltage Vs, is closer to 0 V than it
was for conventional diodes; second, when in breakdown, an approximately constant voltage can be
measured on it, the Zener voltage, denoted V7. Zener diodes are built with standard values of the
Zener voltage, ranging from 2 V to 200 V.

2.5.1 The current-voltage characteristic

There are two non-destructive breakdown mechanisms of the pn junction in a Zener diode: the
Zener effect and avalanche multiplication.

The Zener effect is present in Zener diodes with 2 V < Vz < 5 V. The Zener effect is the increase in
the number of free carriers, because of the electric field that appears when the pn junction is in
reverse bias (biased with a negative voltage). The Zener effect appears in semiconductors with high
levels of impurities.

Avalanche multiplication occurs in Zener diodes with Vz> 7 V. When the reverse voltage across the
pn junction increases, the electric field also increases, which provides the minority carries with enough
kinetic energy to break the covalent bonds in the atoms, thus releasing other carriers. These newly
released carriers have enough energy to release other carriers, and the process continues, like an
avalanche, until there are enough free carriers to ensure the current through the Zener diode.
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For Zener diodes with 5V < Vz <7V, the current can appear as a result of both effects.

There are two ways of representing the current-voltage characteristic i(v) of the Zener diode: either
in(vp), where the current and voltage are measured form anode to cathode (like for conventional
diodes), oriz(vz), where the current and voltage are measured from cathode to anode, typical for Zener
diodes. The symbol of ZD and the two representations for the current-voltage characteristic i(v) are
shown in Fig.2.63.

I a) i Vb , .
b _b Az
A |EI K Q(Vz, I2)
i Iz
v,
-Vz Vi Vb ) vz

(: Vmm Vb 0 Vz

-1
N

Q (-V,, -I2) b) c)

Fig.2.63. Zener diode
a) symbol; b) ip(vp); c) iz(vz).

For the ip(vp) characteristic, the 1°* quadrant shows the positive ip and vp, while iz and vz are in the
3" quadrant (negative values). For the i,(vz) characteristic, the focus is on the reverse bias: iz and v;
are shown as positive in the 1%t quadrant, while ip and vp (how negative) are found in the 3" quadrant.
Quadrants 1 and 3 are reversed between the two characteristics.

The Zener diode exhibits three states: on, off and breakdown (Fig.2.64). The operating regions,
determined by the value of the voltage drop across the diode, are forward bias and reverse bias.
Breakdown can be interpreted either as an operating region or as a state. The Zener diode is commonly
used in breakdown, hence the iz(v;) characteristic, for which both current and voltage are positive, is
preferred.

v . ._ . .
ip —2» iz Quasi-linear region
A K 4 IZmax
+—
— IZ
v, Iz
IZmin
0
off
i;=ip=0
————————————————————————— > >
forward bias reverse bias

Fig.2.64. Zener diode — operating regions and states

The value of the Zener voltage V7 is indicated in the name of the Zener diode (i.e., for ZD3V3,
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Vz = 3.3 V). In the datasheet, specifications regarding the current are also given. For example, for
ZD3V3, Vz;=3.3 Vis obtained at a current I = 76 mA. If the current specifications are not met, V; will
be slightly different from 3.3 V. To ensure a constant V; in the quasi-linear around a quiescent point
in breakdown, the current though ZD needs to be within [Izmin, Izmax] (Fig.2.64). This ability of the Zener
diode to provide a constant voltage drop when the current varies is called voltage regulation.

2.5.2 Relative regulation factor

The relative regulation factor, denoted Fz, measures the regulation capabilities of the Zener diode.

The regulation factor is the ratio between the dynamic and the static resistances of ZD:
r
FZ = =
rz
To compute the relative regulation factor, ZD must be connected in a circuit, so that it operates in
breakdown (Fig.2.65). The input voltage must exceed V7. Computing the static and dynamic equivalent

resistances is done using the same method as for conventional diodes.

1 .
| I | llz
R

D 20 me

B\

V,l Fig.2.65. Circuit for computing the relative
T regulation factor of ZD

The lower the dynamic resistance, the lower Fz, meaning better regulation properties (Vz is more
stable, when I varies). For an ideal ZD, F;=0.

The behaviour of Zener diodes is also affected by temperature variations. The temperature
coefficient TC depends on the nominal Vz and /. For Zener diodes with Zener effect, TC < 0, while for
Zener diodes with avalanche multiplication, TC > 0.

Examples ‘

1. Compute the relative regulation factor for the following ZDs, assuming a nominal current I; =5
mA. Which ZD exhibits the best regulation properties?

i) ZD3V6: Vz=3.6 V; Izmax =88 Q; rz=0.9 kQ
ii) ZD5V1: Vz=5.1V; rimax=50 Q; rz=1.2 kQ
i) ZD10: Vz=10V; rzmex = 12 Q; rz= 2 kQ.

Solution:
88
F;; = —=0.097
900
F >0 =0.041
471200
12
Ziii m =0.006

ZD10 has the best regulation properties (lowest F).
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2. Compute the maximum value of Iy for which ZD works as a voltage regulator, knowing that the
maximum power dissipation for ZD10 is Pgmax = 0.3 W.

Solution:
_ Pdmax

IZmax TZ

Izmax = 2= 0.03 A=30 mA

2.5.3 Applications of the Zener diode

Any circuit with Zener diodes and resistors can be used as a voltage limiter (clamp). Moreover,
since V; is approximately constant when I; varies within specified boundaries, ZD can be used in
voltage regulator circuits.

Double voltage limiter

Double voltage limiters are obtained by replacing the conventional diodes in the circuits in Fig.2.18
c) and d) with Zener diodes, as shown in Fig.2.66. a) and b).

i R i R
I || ||
Vi Z D V) Z D

[0 AR e 1D o | W7 oo

a) b)
Fig.2.66. Asymmetric double voltage limiters with ZD

The equations that describe the circuit in Fig.2.66. a) are:
VI = iZ R+ VO

Vo= Vz
V/='iD'R+VO
Vo= -Vp

The three equivalent circuits, based on the states of ZD, are shown in Fig.2.67.

i R i R
1 — | |
Vi ZD

V| ZD

D vzilqp 0 VFOJVL -

a) b)
RN R
v e } Fig.2.67. Equivalent circuits for the
lQD 7D voltage limiter in Fig.2.66. a)
a) breakdown;
% b) on;
' c) off.
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ZD is in breakdown for v,> V7, and the output voltage is limited to Vomax= Vz. ZD is on for v;<-0.7 V,
and the output voltage is limited to Vomin=- Vo=-0.7 V. Finally, ZD is off for -0.7 V < v;< Vz and vo=v..
The VTC vo(v)) and the waveforms for v, and vp are depicted in Fig.2.68.

v V]

'0:7 v, V]

a)

L v, vl
v, V1

b)
Fig.2.68. Asymmetric double voltage limiter a) VTC vo(v)); b) waveforms.
A symmetrical double voltage limiter is obtained by using two identical ZDs (Vz = Vz), connected

in antiparallel, at the output of the circuit (Fig.2.69. a). The VTC of the symmetrical double voltage
limiter is shown in Fig.2.69. b).

i R Vo V]
1
e
ZD1

vV, +07 L
V 21
7 an T b1
Q) ‘o

y ‘ ‘ v, V1
VZZ D2 -V, -0.7 Vv, +07

a) V" 07 - b)

Fig.2.69. Symmetrical voltage limiter
a) circuit; b) VTC vo(v)).

Forv,> (V21 + 0.7 V), ZD1 is in breakdown, ZD2 is on, and Vomax= Vz1 + 0.7 V.

Forvi<-(Vx+0.7V), ZD1is on, ZD2 is in breakdown, and Vomin=- Vz + 0.7 V.

For-(Vz+0.7V)<v,< (Va1 +0.7V), ZD1 and ZD2 are off, and vo = v,. In this case, there is no current
through the circuit, so the voltage drop across R is null.
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Example ‘

Design a double voltage limiter with Vomax = 7.5 V and Vomin = -4 V, when the input voltage is
vi(t) = 12sinwt [V].

a) deduce and plot the VTC v (v))

b) plot vi(t) and vo (t)

c) compute R so that the maximum power dissipation across ZD is 0.4 W.

Solution:

a) The circuit is the one in Fig.2.69, where ZD1 is ZD6V8 and ZD2 is ZD3V3.
vi>(6.8V+0.7V); Vomax=7.5V
vi<-(33V+0.7V); Vomn=-4V

-4V < v, < 7.5 V; Vo=V

The VTC vo (v)) is shown in Fig.2.70. a).

b) The waveforms are depicted in Fig.2.70. b).

—v,

—v, V]

a) b)

Fig.2.70. Asymmetric double voltage limiter with Vomaex=7.5V and Vomin=-4 V
a) VTC vo(v)); b) waveforms.

c) The voltage drop across R is computed as:
Vg=i-R=v;-vg

The elements of the circuit are connected in series, so the same current goes through each of them.
This current can go clockwise or counterclockwise. When vo = v, the current is null, since both ZDs
are off. The extreme values of the current are obtained when the output voltage is at the peak (limit)
values. Both cases are analysed, to determine the maximum value of the current, which results in
the maximum power dissipation.

i) vi>7.5V for ZD1 in breakdown

Vimax = 12v
Vomax=7.5V
iR =45V
lZlmax = M
VZl

0.4

lZlmax - ﬁ

I71max = 59 mA

IZlmax =1
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R=——=76Q
59-10
ii) vi< -4V for ZD2 in breakdown
Vimin=-12V
Vomin=-4V
iR =-8V
IZZmax = M
Vz,
0.4
Z2max 33

IZZmax =~ 121 mA
IZZmax =-1

R=———5=660
-121-10

The final value of R is the greatest of the two, thus R =76 Q.
In this case, for v,> 7.5 V, the maximum value of the current is 59 mA, while for vi< - 4 V, the

maximum current through ZD2 is 105 mA (8 V/76 Q), below the maximum accepted value of 121
maA.

If Ris chosen as the smallest value, R =66 Q, the maximum current through ZD1 is 68 mA. The power
dissipation across ZD1 becomes:

Plemax = IZlmax ' VZl
Pyzimax =68 -6.8=0.46 W >04 W

In this case, ZD1 might be destroyed.

Parametric voltage regulator

The block diagram of the dc power supply in Fig.2.58 contains a dc voltage regulator, right after the
rectifier with capacitive filter. A voltage regulator maintains a constant output voltage (ideally), when
the input voltage, load current, temperature, etc. vary within specified limits.

The parametric voltage regulator with ZD is shown in Fig.2.71. The Zener diode must be in
breakdown, so that the output voltage is regulated (stable, constant). The current through the Zener
diode must also be constant, or with as little variation as possible.

Vo=V,
ig=iz+1p

iz=ig-1lo
. V-V
IR=—R
Vo V7
“RLR
I_V/'Vz_ﬁ
7 R R

lo

The current through the Zener diode depends on the input voltage, resistor R and the load
resistance. The value of R must be chosen so that the current through the Zener diode is
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iz € [Izmin; Izmax]. Assuming the input voltage is v, € [Vimin; Vimax] and the output current is lo € [lomin; lomax],

the extreme values of the current through the Zener diode are computed as:
Vimin-Vz ~ Vz  Vimin- V7

IZmin = - - - IOmax
Rmax RLmin Rmax

/ _ Vimax ~ Vz Vz _ Vimax - Vz |

Zmax ~ - - ~ 1Omin
Rmin RLmax Rmin

o —1—— l,-z o /ol
vi l() v4) lvz R. [] Vo

Fig.2.71. Parametric voltage regulator with ZD

Consequently, the range of values for R is R € [Rmin; Rmax]. If, by any chance, the computed values
result in Rmax < Rmin, the circuit cannot work as a voltage regulator.

~ Vimin - Vz
Rmax - | |
Zmin t lomax
_ V/max - VZ
Rmin -

IZmax +1 Omin

The absolute voltage regulation factor, Fyq, is the ratio between the variations of the output and
input voltages. This factor does not include the nominal values, only the absolute variations. Ideally,
FVg = 0.

Avg
Fva = A_V,

The relative voltage regulation factor, Fy, which includes both the variations and the nominal values

of the output and input voltages, is defined as:

Avo/Vo
YT av/vy,

Avp V,
= — - —

Av, Vo

To compute the relative regulation factor, the Zener diode is modelled using its static resistance,
in the dc equivalent schematic (Fig.2.72), and using its dynamic resistance, in the ac (small-signal)
schematic.

Fig.2.72. Parametric voltage
Vi l() rz R lVo regulator with ZD:
dc equivalent schematic
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Rillrg . Rllr,

Vos ——2% .V, AV,= —— 2 .
O TR || rp+R ! OT R || r,+R

AV,

Vi _Rllrz+R — 4Vo _ Rlr,
Vo Rullry’ AV, R ||r,+R

Rl _RL||rz+R
Rillr,+R Rillr;

Fv

In practical implementations, both the static and the dynamic resistance are much smaller than R;.

The relative regulation factor is then approximated to:
r, r; +R

F., =
v r,+R rz

F _r r+R r, F
v= T =—==F
r; r,+R ry

The lower the relative regulation factor, the better the voltage regulator. If R is significantly bigger
than r, and r,, the second ratio can further be approximated to 1. In this case, the relative regulation
factor Fy becomes equal to the regulation factor of the Zener diode, F..

Example ‘
Find R for a parametric voltage regulator with ZD, with Vo =9.1V; v, € [12; 16] V; Io € (10; 40) mA
and the dynamic resistance of ZD is r, = 5 Q. Compute Av,, for the final circuit.

Solution:
Since Vo = 9.1V, the Zener diode ZD9V1, 1 W is selected. For this ZD, V;=9.1V at I; = 28 mA and

IZmin = 8 mA, Izmax = 100mA.

R 212791 haq
mexT 8440
. _16-9.1_627Q
minT100+10

The standard value of R =62 Q is selected.
To determine Av,, the relative regulation factor is computed, knowing that r, = 5 Q (given) and
rz=325Q(9.1V/28 mA).

5  325+62
FV= .
325 5+62
Av V
F,=0088= — - —
Av, Vo

The equation is solved for Avo:
AV = Vimax - Vimin=4 V; Vo =9.1V; V, = (Vlrnax + Vlrnin)/2 =14 V.

Avy =0.088-4 - —
14

Avp =023V

For Vo=9.1V, a variation of 4 V in the input voltage determines a variation of 0.23 V in the output
voltage.
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Voltage reference

In complex voltage regulators, the Zener diode can be used as a voltage reference, due to its ability
of maintaining a constant voltage drop, when operating in the breakdown region.

For voltage references, the current /; must also be maintained constant: either by using a current
source, or by using a resistor in series with ZD (Fig.2.73).

Vps VPS
R
/ /
O L, L,
—0
ZD
ZD lVRef lvz lVRef
/z l IZ l
a) b)

Fig.2.73. Voltage reference with ZD
a) biasing using a dc current source; b) biasing using a resistor.

The value of R in Fig.2.7. b) is sized so that ZD operates at the nominal current /;:

Vps - Vrer  Vps- Vz
I I

R=

I/= IZ+IO

In practical circuits, the current /o drawn from the reference source must by significantly lower than
the current the Zener diode, so that:
II = Iz

1. Design and size an asymmetric double voltage limiter using ZD12, with /=21 mA.
a) Draw the circuit. Deduce and plot the VTC vo(v)) for v(t) = 14sinwt [V].
b) Plot v/(t) and vo(t) for v((t) = 14sinwt [V].

2. Design and size a symmetric voltage limiter, to £ 8.9 V.

a) Draw the circuit. Select an appropriate Zener diode and specify the values of Vzand /2.
b) Deduce and plot the VTC vo(v)) for vi(t) = 10sinwt [V].

c) Plot vy(t) and vo(t) for vi(t) = 10sinwt [V].

d) Compute R, so that the maximum power dissipation on ZD is 1 W.

3. Compute the relative regulation factor Fy for a parametric voltage regulator with ZD, for which
v, €[8.5; 14] V; Vo € (6.18; 6.22) V.

4. Determine the value of resistor R for a parametric voltage regulator with ZD, for which Vo =12 V;
v, € [15; 20] V; Io € (10; 40) mA the dynamic resistance of ZD is r, =9 Q. Compute Av, for the final
circuit.

5. Design and size a voltage reference using a ZD and a resistor, with V,es=11 V at I; =23 mA. The dc
power supply is considered big enough to ensure the proper functioning of the circuit.
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2.6 LEDs and photodiodes

The pn junction of a light-emitting diode (LED) converts electrical energy into light. The bigger the
current through the LED, the more photons are emitted, hence the brighter the light. The arrows
pointing outward on the LED’s symbol represent the emission of photons (light) (Fig.2.74). To emit
light, the LED must be in forward bias, and the voltage drop across it needs to exceed the threshold
voltage of the LED. Different colours of the emitted light are obtained by doping the pn junction with
alloys of Ga, As, In.

The threshold voltage above which the light becomes visible, as well as its colour, depends on the
material the LED is made of (Fig.2.74). The threshold voltage is commonly within [1.2; 2.5] V. The
breakdown voltage for LEDs is closer to 0 than for conventional diodes, meaning LEDs get destroyed
a lot easier.

/7

 LED K

_—
Vb

20 mA

Br

L >
f

0 Vrm Vi v,

forward bias

»
»

Fig.2.74. LED
a) ip(vp) for different colours of LEDs; b) symbol.

Typical values for the current through an LED are within [5; 20] mA. To control the current through
the LED, a resistor R is placed in series (Fig.2.75); its value is determined based on the desired current
through the LED.

: Li
i, R D
v N
v D
’l() 1 SZ\ Fig.2.75. Simple circuit with LED and R

iD'R= V- Vp

R = 4 ' Vb

Ip

LEDs are used in optical voltage level indicators, traffic lights, display panels, measuring
instruments, etc. LEDs can be connected in series or in parallel (Fig.2.76), each type of connection with
its own advantages and drawbacks.

For three LEDs connected in series (Fig.2.76. a), the conditions are:

v,>3 - vp i=ip Vo= 3 - Vp
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For three LEDs connected in parallel (Fig.2.76. b)), the conditions are:
v, > Vp i=3 -ip Vo= Vp

When the LEDs are connected in series, the required input voltage is bigger, but the circuit needs
less current than the parallel connection.

4 R i R
N =T
R VA v NI LED;
VIlQD LED; Vi, N ° V,lQD VLDEDl V\EEDS\WZ\\“ Yo
it o]
a) )

Fig.2.76. Simple circuits with LEDs
a) in series; b) in parallel.

A photodiode is a pn junction sensitive to light (photosensitive), meaning it converts light into an
electrical signal. The arrows pointing inward on the photodiode’s symbol (Fig.2.77) represent the
absorbed luminous radiation. To generate current, the photodiode is used in reverse bias/breakdown,
like a Zener diode. The current-voltage characteristic of a photodiode is shown in Fig.2.77. When there
is no light, the current is almost null. When the light increase, the reverse current also increases.
Photodiodes can be found in smoke and fire detectors, medical instruments, solar panels, etc.

A

io p W

1500 luxx _~— | 200 pA

A

reverse bias

Fig.2.77. Photodiode
a) ip(vp) for various photodiodes; b) symbol.

Example ‘
Compute R for the circuit in Fig.2.75, if V, =5V, and the current through the LED is 10 mA.

Solution:
Assume Vp =2V when the LED is on:

R=———7=3000Q
10 10
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Problems
1. Compute R for a circuit with four LEDs connected in series, if V, =10V, and the maximum current
through the LEDs is 20 mA. What is Vimin for which the LEDs are on?

2. Compute R for a circuit with four LEDs connected in parallel, if V,= 10V, and the maximum current
through the LEDs is 20 mA. What is Vimin for which the LEDs are on?
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Chapter 3

ELECTRONIC AMPLIFIERS

In this chapter, you will learn:

what electronic amplifiers are

types of amplifiers

how electronic amplifiers are supplied
parameters of electronic amplifiers
how electronic amplifiers are modelled

voltage transfer characteristics of electronic amplifiers.
k,kkhkkkhkkkhkkkhkkhkkhkhkhkhhkhkhkhkhkkihkhkhkkhkhkkhkhkkhhkhkhhhkhhhhhhhkhkhkkhkhkkhkhkkhkhkhkhkkihhhhhhhhhhhhkihkhhkihkihkihkiiiikik

R R

3.1 Introduction

Electronic amplifiers are fundamental circuits, found in almost any signal processing system [1].
This chapter treats the amplifier as a functional block, analysing its external characteristics, without
going into details regarding the internal structure.

Whenever the amplitude of a processed signal is small (103 or less), the signal can easily be
“drowned” in noise, so an increase in amplitude becomes mandatory. This is achieved by the
electronic amplifier.

An electronic amplifier is a three-port circuit, with two inputs and one output. Signals are applied
at the inputs, and the amplified (magnified) signal is collected from the output.

The signals applied at the inputs are the input signal and the power supply, as presented in Fig.3.1,
where the electronic amplifier is depicted as a “black-box”.

For electronic amplifiers, the input is a variable signal (ac), while the power supply is a dc signal.
The variable component of the input is found at the output, with the same type of variation, same
frequency/period, but with greater power. Since the power at the output is greater than the power at
the input, the electronic amplifier is an active circuit. The additional power at the output comes from
the power supply, without which the electronic amplifier cannot function.
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Power supply

Xps ¢

Input Electronic Output
— amplifier —>
x(t) Xo(t) = A - x(t)
_
A

Fig.3.1. “Black-box” representation of the electronic amplifier

The parameter that defines the electronic amplifier is the gain (amplification), denoted A in Fig.3.1.
This value shows the ration between output and input, in other words, how many times the output is
bigger than the input. The gain A is a constant value, that does not depend on the amplitude of the
input signal.

Xo(t) = A - x(t)

_ Xolt)

x,(t)

The input and output are directly proportional, hence electronic amplifiers are active and linear
circuits, in the active region.

3.2 Types of electronic amplifiers

Based on the nature of input and output signals (voltages or currents), denoted x(t) and xo(t) in
Fig.3.1, there are four types of electronic amplifiers:
e voltage amplifier, x,(t) and xo(t) are voltages - v/(t) and vo(t)
current amplifier, x/(t) and xo(t) are currents - i|(t) and io(t)
e transconductance amplifier, x(t) is voltage - v/(t), and xo(t) is current - jo(t)
e trans-resistance amplifier, x,(t) is current - i|(t), and xo(t) is voltage - vo(t).
For a voltage amplifier, the absolute value of the voltage gain Av is computed as the ratio between
the amplitude of the output voltage and the amplitude of the input voltage. The voltage gain is
dimensionless.

0
Ayl = —=
A=

For a transconductance amplifier, the absolute value of the transconductance gain A,y is computed
as the ratio between the amplitude of the output current and the amplitude of the input voltage.
Other notations for the transconductance gain are G, or gm. The transconductance gain is measured
in Siemens.

[S]

S

A =
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Another way of classifying electronic amplifiers is by analysing the input-output relation. If the
output increases with the increase of the input, the amplifier is noninverting, and the gain Ay is
positive. For a noninverting amplifier, the input and output signals are in phase (Fig.3.2. a).

If the output decreases with the increase of the input, the amplifier is inverting, and the gain Ais
negative. For an inverting amplifier, the input and output signals are in anti-phase (opposite phase)
(Fig.3.2. b); the output is shifted with 180° (half a period) with respect to the input. Even if the gain is
negative, the amplitude of the output signal is still greater than the amplitude of the input signal.

v, vl
v, V]

a)

v, [v]
vy V]

b)

Fig.3.2. Voltage amplifier - waveforms
a) noninverting; b) inverting.

When the gain is -1 < A < 1, the amplitude of the output signal is smaller than the amplitude of the
input signal, and the circuits are called attenuators.

Finally, electronic amplifiers can be classified based on the electronic device that performs the
amplification — operational amplifier, transistor, etc. Electronic amplifiers are analysed from the point
of view of the active electronic device, relationship between input and output, types of input and
output signals.

3.3 Supplying electronic amplifiers

In most cases, electronic amplifiers are supplied using dc voltage sources, but dc current sources
can also be used.

When a single source is used, the supply is called single supply or unipolar supply, and the dc
sources can be positive or negative (Fig.3.3 a) and b). The remaining supply terminal is grounded.
When the amplifier is supplied using two sources, the term is differential supply. One of the sources is
positive, while the other one is negative, and their absolute values are usually equal, as shown in
Fig.3.3. c).
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+Vpsl _l_ +Vpsl

x(t) x(t) (1) Xolt)  x(t) X (t)
. pe .pe o
—» amplifier [ —» amplifier [ —»{ amplifier >
J_ T Vs T Vs
a) b) c)

Fig.3.3. Amplifier supply
a) unipolar, positive; b) unipolar, negative; c) differential.

The output power of a differential supply amplifier is greater than the output power of a single
supply amplifier, which explains why the differential supply is preferred. Supply voltage specifications
(i.e., extreme values of the supply voltage, unipolar, differential or both types of supply) are given in
the datasheet of any electronic device or integrated circuit that can be used as amplifier.

3.4 Amplifier parameters

The behaviour of an electronic amplifier, connected in a circuit, depends on a series of parameters,
out of which the most important ones are:
e gain
e inputresistance
e output resistance
e active region
e gain-bandwidth product (GBW).

The gain A

The gain A shows how many times the output signal is bigger than the input signal. Three types of
gain can be determined: voltage gain Ay, current gain A, and power gain Ap, all of them being
dimensionless.

The input resistance R;

The input resistance is the resistance “seen” by the input source, from the point it is applied to,
towards ground (0 V). The meaning of this resistance is that the amplifier draws or absorbs current
from the input source.
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The input resistance is computed using Ohm’s law, as the ratio between the input voltage and the
current drawn from the input source (Fig.3.4):

Amplifier X,

Vi IQD ’7'
1 1

Fig.3.4. Circuit for computing R;

The output resistance R,

The output resistance determines changes of the output voltage when the amplifier delivers a
current through the load. R, can be seen as the resistance from output towards input when the input
is grounded. The circuit for computing R, is shown in Fig.3.5. A test voltage source is applied at the
output of the circuit, and the output resistance is the ratio between the test voltage and the current
draw by the output of the circuit:

Viest
R, =

Itest

test

Amplifier ‘a QDI V...
i I

Fig.3.5. Circuit for computing R,

The active region

An electronic amplifier behaves as an amplifier only in the active region. Here, the VTC xo(x)) is
linear, and its slope is the gain of the amplifier. The range of values of the input signal for which the
amplifier works in the active region depends on the value of the power supply and the gain of the
amplifier.

When the input signal is outside the active region of the amplifier, the output is limited to the
values of the supplies (+Vps and/or -Vps). In this case, the shape of the output signal is no longer
identical to the shape of the input signal (the output signal is limited/clamped), thus the gain can no
longer be computed as the ratio between the amplitudes of the output and input signals.

The gain-bandwidth product GBW
The behaviour of any electronic circuit is specified for a certain frequency range of the input signal.
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Electronic amplifiers exhibit a bandpass filter behaviour, for which the amplifier-frequency
characteristic is shown in Fig.3.6.

|A| A |Amax|
0.707 - |Amex|

V\hl

1, £y
Fig.3.6. Gain-frequency plot of an amplifier

The bandwidth B is the difference between the high and low cut-off frequencies:

B=fH'fL

The two cut-off frequencies are obtained at a 3 dB attenuation of the maximum gain expressed in
dB ((or 0.707 times the linear gain), and the signal is said to be inside the bandwidth when the
frequency is within [f; f, . If the frequency is within [f ; f,], the gain is assumed constant.

The conversion between the linear and the logarithmic scale (dB) of the gain is:

Av[dB] =20- /Og |Avl
A,[dB] =20- /Og |A/|
Ap[dB] = 10- /Og |Ap|

An amplifier behaves as a bandpass filter when using the capacitive coupling between consecutive
stages. For integrated amplifiers, the amplifier stages are directly coupled, which leads to a lowpass
filter behaviour, in the frequency domain.

Regardless of the capacitive or direct coupling between consecutive stages, the bandwidth of the
amplifier must be known before using the amplifier in a circuit. For frequencies outside the band,
amplifiers will additionally attenuate and introduce phase shifts in the output signals.

The gain-bandwidth product GBW is computed as the product of the gain and the frequency band
for which the output is not attenuated and there is no phase shift.

GBW = |A| - B=constant

The gain-bandwidth product GBW is given in the datasheet of any electronic device that has gain
as one of its parameters.

Example ‘

Determine five possible scenarios in which an amplifier with GBW = 200 kHz can be used.

Solution:

i) Gain A = 2, bandwidth B = 100 kHz

ii) Gain A = 5, bandwidth B = 40 kHz

iii) Gain A = 10, bandwidth B = 20 kHz

iv) Gain A = - 25, bandwidth B = 8 kHz

v) Gain A = 160, bandwidth B = 1.25 kHz.
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3.5 Modelling electronic amplifiers

Electronic amplifiers deliver a greater output power than what was drawn from the input source
and the power supplies. For signal variations, an electronic amplifier is modelled using a controlled
source (CS). Controlled sources are pseudo-sources used to model the behaviour of active electronic
devices (transistors, operational amplifiers) or active circuits (amplifiers). Devices modelled using
controlled sources absorb power from the power supplies (dc power) and convert it into power for
the variable output signal.

Controlled sources are active two-port networks for which the transfer parameter between input
and output (i.e., the gain) is finite and not null. The output of controlled sources depends (is controlled)
by the circuit connected at the input. The input represents the command (control) signal, while the
output is the controlled signal.

The relation between the command signal and the controlled signal is linear (non-linear), and in
this case the controlled source is also linear (non-linear). Electronic amplifiers are modelled using
linear controlled sources. Based on the type of the controlled signal, there are voltage (Fig.3.7. a) or
current controlled linear sources (Fig.3.7. b).

.

Fig.3.7. Symbols for controlled sources
a) voltage controlled source VCS;
b) current controlled source CCS.

a) b)

For the complete modelling of an electronic amplifier, the input and output resistances must also
be included. The models of the four types of amplifiers are shown in Fig.3.8. The input and output
resistances of an amplifier become important when the amplifier is connected in a real signal
processing chain, like the one shown in Fig.3.9. Here, a voltage source is connected at the input, and
a load resistance at the output.

Two resistive dividers are formed, one at the input, between R; and R;, the other at the output,
between R, and R;.

R
v, = v
""Ri+R,
R, A
v Y
°" g +Rr, "V
The final expression of the output voltage is:
RL R/ A
Vo = .
0 R, +R, R;+R; sV

To obtain a voltage that is not artificially attenuated, the two ratios must be as close to 1 as
possible.

R
=1
R; + R,
R
L ~1
R, +R,

The ideal values of the input and output resistances are:
Ri>>R, R; - ©
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Ro<<R_, R, >0

| R |
1 o 1 a)
Vi | R, Ay V,l | Yo
o i ® ® i o
i i
> T TTTTTTTTTTTTTTTTT T T T T —
1 I o
| R, A i/l R i b)
1 o 1
© i E 0
i
Tt TT e e —2
1 I %
v, i Rl A//v' V/l RO i c)
ot i : o
il _____________________________
> | 1
i R, | "
i R, Av// ’ Ill | Vo
o i ® : o
Fig.3.8. Modelling electronic amplifiers
a) voltage amplifier; b) current amplifier;
c) transconductance amplifier; d) trans-resistance amplifier.
R T R,
VSl Vi i Ri Avevi l

_____________________________

Fig.3.9. Amplifier with input voltage source and load resistance

The gain of the entire circuit is closer to the ideal value when the input resistance is as big as
possible (ideally, infinite), and the output resistance is as small as possible (ideally zero). The ideal
values of R;and R, for the four amplifiers are given in Table 3.1.
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Table 3.1. Gain and ideal values for R; R,

Type of amplifier Gain Riand R,
Vo Ri= o0
Ay= — ’
Voltage 4 v R,=0
i =
Current Ai= - e
II Ro =
iO Ri =0
Ay = —
Transconductance vz, R, = @
Vo Ri=0
; Ayi=— ’
Transresistence v/i i R,=0

3.6 Voltage transfer characteristics

For electronic amplifiers, the transfer characteristic depends on the gain (positive, negative) and
the type of supplies (unipolar, differential).

A voltage amplifier with differential supply +Vps is shown in Fig.3.10, assuming ideal values for R;
and R..

The VTC vo(v)) is depicted in Fig.3.11, where the linear relation between vo(t) and v(t) is visible. The
output voltage is limited to Vou (upper limit) and Vo, (lower limit). For rail-to-rail amplifiers (which are
more precise and thus more expensive circuits), Vou = +Vps and Vo, = -Vps; for common amplifiers, there
will be a 1 + 2 V difference between the values of the power supplies and the extreme values of the
output voltage.

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

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

Fig.3.10. Voltage amplifier with differential supply

The range of values for which the amplifier works in the active region is:

vi€[Vi, Vipl
Vor
= A_v
_ Vou
"=,

The active region is directly influenced by the gain. When the input voltage is outside the active
region, the output is limited. If the power supplies don’t change, the active region becomes narrower
when the gain increases.

Sample waveforms for v/(t) and vo(t) are shown in Fig.3.12, where in Fig.3.12. a) the amplifier works
in the active region, while in Fig.3.12. b), the amplifier works in both the active and the passive regions
(output voltage is limited).
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Avo [V]
Vou
/ slope = A,
Vie Vin vi[V]
! 0 !
- - : V. ; . .
Passive region | o . Passive region
(saturation) | (saturation)

Active region

Fig.3.11. VTC vo(v)) for the voltage amplifier with
differential supply

VOH_ vl[v] a)
v, VI
\
IH t
(o}
| W W
I
vV _ L
oL
_vl[V]
—v, V] b)

t
0 : :
Fig.3.12. Waveforms for v(t) and vo(t) for the voltage amplifier with differential supply
a) active region; b) active and passive regions.

For amplifiers with differential supply, the output voltage can be positive and negative, there is no
need for additional bias.

94



ELECTRONIC DEVICES

For amplifiers with unipolar supply, if the supply is positive, the output is limited to Vou = Ves and
Vor = 0 V. In this case, for an input that is both positive and negative, only half the signal will be
amplified. To amplify the entire signal, a bias dc voltage source Vgis is added, in series with the input
(Fig.3.13).

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

Fig.3.13. Voltage amplifier with unipolar supply and Vgas

By adding Viias, the amplifier is biased in a quiescent point Q(Vgias, Vo) located (ideally) in the middle
of the active region. The signal at the input of the amplifier has both an ac component and a dc
component:

vi(t) =Vpas + vi(t)

The output signal is also a sum between ac and dc components. The dc component V; is the voltage

in the quiescent point, as an effect of Vgas, and the ac component v,(t) is obtained by amplifying vi(t):

Vo(t) = Vo + Vol(t)

Vo =f(VB/As)
Vo(t)=A, - v;

The VTC vo(v)) for the voltage amplifier with unipolar supply and Vgas is shown in Fig.3.14, and
sample waveforms are depicted in Fig.3.15.

4 vo v
Von
Q

Vo

V 1

o an VBias Vin Vi [V]‘
Passive| | Active 3 Passive
region | region } region

< - < » >

Fig.3.14. VTC vo(v)) for the voltage amplifier with unipolar supply

The range of values for which the amplifier with unipolar supply works in the active region is:
v € [Viy, Vil
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VOL
VIL_ 2 A ZOV
"4
Von
Vin =3 A,
v, [Vl
_vo[V]

Fig.3.15. Waveforms of v(t) and vo(t) for the voltage amplifier with
unipolar supply in the active region

Examples ‘

1. Compute the output voltage v,(t) for a differential amplifier with A, = 14, vi(t) = 20sinwt [mV][Hz].

Solution:
Vo(t) = A, - vi(t)
Vo(t) = 14 - 20sinwt [mV][Hz]
Vo(t) = 0.28sinwt [V][Hz]

2. Compute the active region for the amplifier in Problem 1, if the supplies are +21 V.

Solution:

[VOL VOH]
v € |[—; —
Ay Ay

-21 21
ve |05 | m

14 " 14
ve[-15; 1.5] [V]

3. Determine the expressions of the input and output voltages for a voltage amplifier with unipolar
supply, with A, = 14, v{(t) = 20sinwt [mV][Hz], +Vps = 15 V, biased in the quiescent point Q, with
Visias=4V and Vo =7.5V. Plot V/(t) and Vo(t).

Solution:

vo(t) = Vo + vo(t)
vi(t) = Vgjas + vi(t)

vi(t) =4+ 0.02sinwt [V][Hz]

Vo(t) = A, - vit)
Vo(t) = 14 - 20sinwt [mV][Hz]
Vo(t) = 0.28sinwt [V][Hz]
vo(t) =7.5 + 0.28sinwt [V][Hz]
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7.78 —v,v]
—_, v1

75

722 F

4.02 -
4 /\/\/
3.98 -

Fig.3.17. Waveforms for v,(t) and vo(t)
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Chapter 4

OPERATIONAL AMPLIFIERS

In this chapter, you will learn:

the terminals and operation of the op-amp

the behaviour of the op-amp in the active region and in saturation
the analysis of circuits with op-amp as a comparator

applications of comparators with op-amp

the analysis of circuits with op-amp as an amplifier

the non-ideal performance of op-amps

applications of op-amps with negative feedback.
k,kkhkkkhkkkhkkkhkkhkkhkhkhkhhkhhkhkhkkihkhkhkhkhkhkhkkhhkhhhhhhhhhhhkhhkkhkhkhkhkhkhkkhhkkihhhhhhhhhhhhkihkkihkihkkihkihkihkiikik

SRR IR

4.1 Introduction

The Operational Amplifier (OA or OpAmp or op-amp) is an integrated circuit, whose properties are
very close to an those of an ideal electronic amplifier. The op-amp is made of active (transistors) and
passive components (resistors and usually a capacitor), connected in a complex structure. The op-amp
will be analysed as a device or building block, without going into details regarding its internal structure.
The focus is on its terminal characteristics and typical applications.

Op-amps are highly versatile and are present in almost any electronic circuit. Depending on the
application, a designer chooses from a wide variety of op amps, each designed for a specific purpose:
high gain, high speed, thermal stability, low noise, low power consumption, rail-to-rail, low cost, low
power supplies.

One of the most used op-amps, UA741, consists of 24 transistors, 12 resistors and a capacitor,
integrated on the same silicon chip. The UA741 is available in metal or plastic cases, with 8, 14 or 16
terminals. The integrated circuit is implemented using THT (Through Hole Technology), as shown in
Fig.4.1. a), or SMT (Surface Mount Technology) — Fig.4.1. b). For the UA741 in the 8 terminals case, the
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dimensions of the case (length x width x height) are 10 x 8.5 x 5 mm for THT, and 5 x 6 x 1.75 mm for
SMT.

Integrated circuits built using Through Hole Technology are connected on a PCB Printed Circuit
Board) by inserting the terminals into holes and soldering on the opposite side. Integrated circuits
built using Surface Mount Technology are soldered directly on the main side of the PCB. Integrated
circuits and other components aimed to be soldered on the main side of the PCB are called Surface
Mount Devices (SMD). SMDs have gradually replaced THT components in industrial fabrication, due to
their reduced size and the ability to automate the soldering process.

a) b)

Fig.4.1. OA integrated circuit
a) 8 terminals, THT ; b) 16 terminals, SMT.

4.1.1 Op-amp terminals

The op-amp terminals are inputs, output, and supplies, as shown in Fig.4.2. The input terminals are
called noninverting input, denoted v*, and inverting input, denoted v. The supply terminals are
denoted +Vps, for the positive power supply, and -Vps, for the negative power supply. Although
sometimes the supply terminals are omitted from the schematics, and only the input and output
terminals are shown, one must also assume a correct supply of the IC.

Positive supply

o +VPS
Noninverting input v+ o—\ Output
- VO
Inverting input v 0—/
° v

PS
Negative supply

Fig.4.2. Op-amp terminals

The voltages applied at the input and supply terminals have one wire connected to ground, and
any voltage in the circuit, including the output voltage, is measured with respect to this ground (0 V).
The voltages applied at the two input terminals must be in the range determined by the two power
supplies, for a proper functioning of the op-amp.

Symmetric differential supplies are commonly used for IC op-amps (the two dc voltage sources
have the same absolute value). When one of the supplies is connected to ground (unipolar supply),
the op-amp needs external biasing circuits (as discussed in Chapter 3), so that both the positive and
the negative half-waves of the input are amplified.
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Op-amps are directly coupled amplifiers or dc amplifiers, thus exhibiting a low-pass frequency
characteristic.

4.1.2 Op-amp operation

The output voltage of an op-amp is a function of the differential voltage vp and the open loop gain,
denoted a (Fig.4.3). The currents absorbed by the two inputs of the op-amp are considered null (no
current consumption).

VO =a- VD
vp =vT- v~
iT=i=0mA
+ o +Vp
o
v —
O—\ Vo=a'VD
le >
Vo /

PS

Fig.4.3. Op-amp operation

The op-amp can be modelled using a voltage-controlled voltage source, with the input vp, as shown
in Fig.4.4. The op-amp is close to an ideal amplifier when it comes to properties:

e highgain,a > o

e high input resistance, r; - oo, which implies no current consumption on the two inputs
i*=i"=0mA

e low output resistance, r, = 0, which implies that the output voltage is independent of the
load current

e high bandwidth, B->00, which results in constant gain, regardless of the frequency of the
input signal.

Fig.4.4. Modeling the op-amp with a voltage-controlled voltage source

Since the gain is high, ideally infinite, the output voltage becomes:
VO =Q - VD

This equation gives the two possible modes of operation for op-amps, as a switch and as an
amplifier.
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Op-amp as a switch

The electrical function of the op-amp when used as a switch is voltage comparator.
vp>0,vpg =+ 00
Vp<0,vg =-00

The output voltage cannot exceed the values imposed by the two power supplies, and it will be
limited to Vou (upper limit) and Vo, (lower limit). For rail-to-rail op-amps, Vou = +Ves and Vo, = -Vps.

{VOH, vp>0, vi>v-
Vo = + -
Vo, vp<0,vi< v

The output voltage switches between the two extreme values when the differential voltage vp = 0.

Op-amp as an amplifier

To use the op-amp for voltage amplification, the differential voltage vp must always be keptat 0V,
by means of an external circuit. The output voltage then becomes v, = 00 - 0, an indeterminate form
which results in vo € [Vor; Vor.

vp =0, vo =00 -0 = constant
Vo €[ Vor; Voul

The differential voltage vp is kept at 0 V by adding a negative feedback loop in the circuit
(connection between output and inverting input of the op-amp).

4.2 Voltage comparators with op-amp

When using the op-amp as a switch (in switching mode) the output voltage switches between the
two extreme values, Vo, and Vop. The circuits in which the op-amp works as a switch are called voltage
comparators. A voltage comparator is a circuit that signalizes the relative state of two input voltages
(v and v), through two different states of the output voltage. For op-amp comparators, the input is
the differential voltage vp=Vv*-v .

_(Vow vp>0, vi>v-
Vo= { Vo, Vp<0,vi<v-

The VTC vy(vp) of an ideal op-amp, with vp as input and vo as output, is depicted in Fig.4.5. The op-
amp is considered rail-to-rail:
Vor = +Vps, Vo = -Vps
Two types of voltage comparators can be built using op-amps: simple comparators and positive
feedback (hysteresis) comparators. For all circuits discussed in this chapter, the op-amps are
considered rail-to-rail.

4.2.1 Simple comparators

A simple comparator is obtained when using the op-amp without feedback. In electronic circuits,
a feedback loop is a backward connection, from output to input. By using feedback loops, the input is
influenced by the output. It is common to use variable signals for one of the op-amp’s inputs, and a
dc voltage source or even connection to ground, for the remaining input. Two simple comparators are
shown in Fig.4.6: a) v,applied to the noninverting input, and b) v, applied to the inverting input.
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v, VI
VOH
v, V]
v
oL
Fig.4.5. VTC vo(vp) of an ideal op-amp
(o] o
+ VPS ¥ VPS
v v
Vv } VRef © +\
. v }
| Qul v| >
O T et
v
- o Vi i - o Vi —T—

Fig.4.6. Simple comparators with op-amp: a) vi=v*; b)v;=v".

Judging by the input of the op-amp to which the variable voltage v, is applied, comparators are
categorized into:

e noninverting comparators, v, goes to v*, either directly or by means of other components,
Fig.4.6. a)

e nverting comparators, v, goes to v, either directly or by means of other components,
Fig.4.6. b).

The particular, special value of v, for which the output voltage vo switches between the two
extreme values Vo, and Voy is called the threshold voltage of the comparator, denoted V. The output
switches when vp =0 V.

VTh =Y | vp=0

Based on the value of the threshold voltage, there are comparators with Vr, = 0V, as well as
comparators with Vr, 20 V.

Comparators with Vi, =0V

These are the simplest voltage comparators with op-amp. A zero-threshold voltage means that the
“free” input of the op-amp is grounded. The circuit in Fig.4.6. a) is a noninverting voltage comparator,
with V=0 V.

The VTC vo(v)) is determined by replacing the values of v* and v~ in the equation of the op-amp. For
the circuit in Fig.4.6. a), the equations are:

+

v =VI
v=0V
VD=V/
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{VOH, vp >0, vi>v.,y >0V
Vo = )
0 Vo, vp<0,vi< v,y <0V

When the input voltage is above 0V, the output is maximum, while for the input below 0 V, the
output is minimum. In other words, a high input determines a high output, a low input determines a
low output, hence the noninverting character of the comparator.

The VTC vo(v)) of the simple comparator, noninverting, with Vr = 0 V is shown in Fig.4.7. a), and
sample waveforms for v/(t) and vo(t) are presented in Fig.4.7. b). The VTC vo(v)) is in the 1% and 3™
guadrants, and the input and output voltages are in phase. The threshold voltage can be deduced
from the VTC vo(v)), as being the particular value of v, for which the output voltage switches.

v, VI

OH a)

/ V=0V
v, V]

oL

v, V]
v V]

OH

b)

oL [

Fig.4.7. Simple comparator, noninverting, Vin =0V
a) VTC vo(vi); b) waveforms for v/(t) and vo(t).

To obtain a simple inverting comparator with with V7, = 0 V, a switch must be done between the
voltages applied at the inputs of the op-amp. The input voltage is now connected to the inverting input
(hence the inverting character of the comparator), while the noninverting input is grounded, as seen
in Fig.4.8 a).

vi=0V
V-:V/
Vp=-YV,

{VO,.,, vp>0, vi>v vy <0V
Vo = i
0 Vo, vp<0,vi< v,y >0V
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The VTC vo(v)) is depicted in Fig.4.8. b). The VTC is in the 2" and 4" quadrants. Sample waveforms
for v/(t) and vo(t) are shown in Fig.4.9. The input and output voltages are in anti-phase (a low input
determines a high output, and vice versa).

v, V]

Vv

:H/vTh= ov

v, V]

oL

a) b)
Fig.4.8. Simple inverting comparator with with Vi, = 0 V: a) circuit;) VTC vo(v)).

OH[

v, V]
—V, [v]

\
oL

Fig.4.9. Simple inverting comparator - waveforms for v/(t) and vo(t)

Comparators with Vi, 20V

There are cases when the input voltage needs to be compared to a non-zero reference value,
denoted Vizer. These circuits are also simple comparators, and, based on the terminal to which the
input voltage is connected, can be inverting or noninverting.

A simple comparator, noninverting, with Vrz, # 0 V is shown in Fig.4.10, and its VTC vo(v)) is in
Fig.4.11. a), along with sample waveforms for v,(t) and vo(t) in Fig.4.11. b). The extreme values of the
VTC are still in the 1% and 3 quadrants (noninverting), and, for the chosen example, the threshold

Fig.4.10. Simple comparator,
noninverting, with Vi, 20V
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voltage is positive. The input and output voltages are in phase, but this time, the output voltage no
longer switches at 0 V, but at a positive value.
The equations of the circuit are:

vt =y,
vV = VRef
Vp = V) - Vger
VTh =V | vp=0

When v, =0, the threshold voltage is Vyj, = Viges
VOHI Vp > 0, vi> VRefI v, > VRef
Vo= VOL/ Vp < 0, V+< VRefI v, < VRef

v, V]

VOH -

V_ #0V

v, V]

oL

v | v, V]
OH
v, V]

AN A N

oL

Fig.4.11. Simple comparator, noninverting, Vi 20V
a) VTC vo(vi); b) waveforms for vi(t) and vo(t).

The reference voltage Vzer Which gives the threshold of the comparator is usually obtained from
the dc supplies of the op-amp, and thus Vzes € [-Vps; +Vprs]. The easiest way of obtaining a non-zero
threshold voltage is to use a voltage divider, i.e. resistors connected between the dc supply and the
input of the op-amp. For a positive Vg, the resistive divider is connected to +Vps (see Fig.4.12), while
for negative Viey, the resistive divider is connected to -Vps.

For the circuit in Fig.4.12, the same current, coming from +Vps, goes through both resistors (the
resistors are in series, since (i" = 0).
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The reference voltage Vi is the voltage drop across resistor R; and computed as:
Ry
Vger = ———— V,
Ref Ri+ R, Ps

R R
I_Il ? +VPS
4—
VRef > _
i"=0 °
l v Fig.4.12. Simple comparator,
vV o— 1+ 0]
! y noninverting, Vm # 0V, with resistive
ps i divider

A non-zero threshold voltage Vi, # 0 V can also be obtained using a potentiometer, a Zener diode
in series with a resistor or a current source (to bias the Zener diode with the appropriate current).

An inverting simple comparator with Vm, # 0 V is shown in Fig.4.13. a), its VTC vo(v)) is in Fig.4.13.
b), along with sample waveforms for v/(t) and vo(t) in Fig.4.13. c).

R1 R2 +V v v, V]

PS OH
| = V, 20V
%
Ref
+

vi b)

vV, + S

v, IVl

OH

v, V]
v, V]

oL

Fig.4.13. Simple comparator, inverting, Vi #0 V
a) circuit; b) VTC vo(v)); c) waveforms for v(t) and vo(t).

There are op-amps dedicated to being used as comparators: high speed (rapid switch between Vps
and -Vps), additional external resistance, additional grounded terminal.
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Example ‘

Design and size a simple noninverting comparator with Vr, = -3V, differential supply of + 12 V.
Deduce and plot the VTC vo(v)) for vi(t) = 8sinwt [V][Hz]. Plot v/(t) and vo(t) for:

i) vi(t) = 2sinwt [V][Hz]

ii) vi(t) = 5sinwt [V][Hz].

Solution:

The proposed circuit is shown in Fig.4.14. The reference voltage, which also represents the
threshold, is obtained using a resistive divider connected to the negative supply, because Vr, needs
to be negative.

Fig.4.14. Simple noninverting comparator with
negative threshold voltage

-12v

The circuit’s equations are:
vt =y,
VvV = VRef
Vp = V) - Vger
Ve =y |VD=0
Vp = Vger
Vo= = (V)
Ref — R1+R2 “Vps
R1
3= (-12)
Ri+ Ry
R, 3 1
Ri+R, 12 4
RZ = 3' R1

Possible values for the two resistors are:
R1:3kQ;R2:9kQ
R, =5kQ; R, =15 kQ

The VTC vo(v)) is next deduced and plotted in Fig.4.15.

N
oo Vor» Vp >0, v*> Vg v, >V,
0=

Vo Vp <0, V< Vgep, vy <V

12V, vp >0, vF> Vg vy >-3V
Y07 ) 112V, vp<0, V< Voep v <-3V
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v, V]
12

vV

-8 -3 8

Fig.4.15. VTC vo(v)) for the
simple noninverting
comparator with Vi, =-3V

12 -

The output voltage vo(t) does not switch for the input voltage in i), because the input voltage is
always above the threshold - Fig.4.16. a). For the input voltage in ii), the output switches between
Vor and Vo, each time the input voltage is equal to Vr, — Fig.4.16. b).

12
v, V]
v, V]
27 N t a)
0
ol \_/ \/
3 -
_12 L
v, [Vl
v, [Vl
12 —
5 |-
/\ t
0
sl N VY N4
Sl N N 0
-12 [

Fig.4.16. Waveforms for v/(t) and vo(t) for a) case i); b) case ii).
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1. Design and size a noninverting simple comparator with Vq, = 0V, differential supply of + 15V.
Deduce and plot the VTC vo(v)) for vi(t) = 8sinwt [V][Hz]. Plot v,(t) and vo(t).

2. Design and size an inverting simple comparator with Vr, = 4V, differential supply of + 10V. Deduce
and plot the VTC vo(v)) for v(t) = 8sinwt [V][Hz]. Plot v/(t) and vo(t).

3. Modify the circuit proposed at Problem 2, so that the threshold voltage becomes adjustable,
Vmme[-10V; + 10 V].

4.2.2 Applications of simple comparators

Comparators with op-amp are used in logic circuits, circuits that interface between analog and
digital stages, circuits that transform a sinusoidal or a triangular wave into a square (rectangular) wave,
optical voltage level indicators, pulse-width modulation circuits, command and signalling circuits,
analog-to-digital converters, etc.

Shaping a square wave from a sinusoidal (or triangular) wave

A square wave with adjustable duty cycle is obtained by using a simple comparator with adjustable
threshold voltage, with a sinusoidal or triangular input - Fig.4.17. The duty cycle of the square output
voltage is adjustable from 0% to 100%. The reference voltage is a function of the values of the
resistors, value of the potentiometer, and the two power supplies:

y k-P+R y (1-k)-P+R ¥
Ref= b ioR (+Vps) + T hi2R (-Vps)
P-(2-k-1)

Rf= “pra R “(+Vps)

k €[0; 1]

-Vps), —— V,
( PS)/P+2'R ps]

Vigr € [———
ki oo

Fig.4.17. Circuit for obtaining a square wave
from a sinusoidal wave
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Sample waveforms for v,(t) and vo(t) are given in Fig.4.18, for two different values Vs (positive and
negative). Note the change in the shape of the square signal, by examining the duty cycle.

—v ™
v | —v, V] Vou —
v, V]

v I VN ™\ /\
TN NSNS L

a) ol b)

Fig.4.18. Waveforms for v/(t) and vo(t) for the circuit in Fig.4.17
a) Vger > 0; a) Vger < 0.

oL

Optical voltage level indicator

One or more simple comparators with op-amp can be used to build an optical voltage level
indicator. The example in Fig.4.19 has three noninverting comparators (same input voltage, connected
to the noninverting input) and four LEDs. For the practical implementation of this circuit, IC324 is used.
Each op-amp is % of the IC324, which consists of 4 independent op-amps in a single chip.

The threshold voltages for each of the three simple comparators are obtained by means of the

resistive network connected between +12 V and ground.
Ry

V= ——————— +(+12V
Th Ri+Ry+R3+ Ry ( )
Ri+R;

Vipy = ———————— (+12V)

Ri+Ry+R3+ R,

Ri+Ry+R3

Vipg = ——————— (+12V)

Ri+Ry+R3+R,

The output voltages are:
12V,v,;>2V

Yor= 1 ov,v,<2V

_(12V,v,>4V
Vo2 = ov,v, <4V

12V, v,>6V
V3= 1 ov,v,<6V

Table 4.1 synthesises the functioning of the circuit.

Table 4.1. Functioning of the optical voltage level indicator — one LED on at any given time

Range of v, LED, LED, LED; LED,
[0V;2V] on off off off
(2V;4V] off on off off
(4V;6V] off off on off

(6V;12V] off off off on

Based on the value of the input voltage, the LEDs successively turn on. A single LED is on at any
given time, based on the range of values of the input voltage. For example, if the input voltage is 3V,
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that is v, belongs to (2 V; 4 V], LED, will be on, while the other three LEDs are off. The threshold values
of the three op-amps determine the ranges for v,. If other threshold values are required, the resistive
divider R; to R4 needs to be resized.

+12V

R, Virn1
—1_ 2V
J_ 10 k
R 10 k
Virna
4V
R; [] 10k
+12V  Ra gT\hf
o1
30 k
Vi
o

Fig.4.19. Optical voltage level indicator —one LED is on at any given time

Another type of optical voltage level indicator is the one where the LEDs gradually turn on, in
accordance with the value of the input voltage. The bigger the input voltage, the more LEDs are on.
Such a circuit is presented in Fig.4.20, with two op-amps and three LEDs. The threshold voltages are
Vi1 = 2.5V, Vpp =6 V. Table 4.2 describes the functioning of the circuit.

+10V

2.5k Vint
J_ —_— 25V
3.5k
Vrna
6V
4 k
+10V
Vi
o

Fig.4.20. Optical voltage level indicator — LEDs gradually turn on
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Table 4.2. Functioning of the optical voltage level indicator— LEDs gradually turn on

Range of 1/} LED1 LEDz LED3
[0V;2.5V] on off off
(2.5V; 6 V] on on off
(6V;10V] on on on

Pulse width modulation

Pulse width modulation is obtained when both signals applied at the inputs of the op-amp are
variable, one is a sinewave — vi(t), and the other a triangular wave — vj;(t), with a higher frequency
(Fig.4.21. a). The information signal is the sinusoidal wave, vi(t). The higher the frequency of the
triangular wave, the lower the modulation errors. The period of the output rectangular voltage is that
of the triangular wave, and the duty cycle is variable. The waveforms for vi(t), via(t), and vo(t) are
shown in Fig.4.21. b).

0 t
a)
VO
VOH B ] ] B
t
VOL = s — —
b)

Fig.4.21. Pulse width modulation
a) circuit; b) waveforms for vii(t), via(t), and vo(t) [2].

4.2.3 Hysteresis comparators

In a signal processing system, when the information signal is, often, affected by noise, simple
comparators reveal their drawback: the output switches between Vo and Vo, each time the signal
meets the threshold voltage. The waveforms for v,(t) and vo(t) for a simple inverting comparator with
V=0V are shown in Fig. 4.22. a). The input voltage v(t) is affected by noise and therefore intersects
with the threshold voltage multiple times. Consequently, the output voltage exhibits unwanted,
parasitic switches. The simple comparator instantly reacts (switches the output voltage) whenever the
input meets the threshold.

The solution is to use a comparator with two threshold voltages, and the difference between the
two thresholds must exceed the amplitude of the noise — Fig.4.22. b). At any given time, only one of

112



ELECTRONIC DEVICES

the two thresholds is active (determines a switch in the output voltage). The active threshold is based
on the previous value of the output voltage.

—v, [v]
v, VI

OH [

v\/\/\lt a)
0

oL

—, vi
—V, W]

OH

The [

oL |

Fig.4.22. Waveforms for v(t) and vo(t) for a noisy input
a) simple comparator, V=0 V — parasitic switches in the output voltage;
b) hysteresis comparator — no parasitic switches.

To obtain two threshold voltages, a part of the output is fed back into the op-amp, through the
noninverting input. This mechanism is called positive feedback. Comparators with two threshold
voltages, Vi and Vi, are called positive feedback comparators or hysteresis comparators. Hysteresis
comparators can also be inverting or noninverting, based on the terminal to which the input voltage
is connected.

Hysteresis comparator with symmetric threshold voltages

The positive feedback loop is obtained by means of a resistive divider between output and the
noninverting input of the op-amp, as shown in Fig.4.23. The circuit is inverting (input goes to v) and
the thresholds are symmetrical (with respect to 0 V).

The values of the threshold voltages are computed by using the same starting point as for simple
comparators: the thresholds are particular values of v, when v, =0 V.

VTh= 4 |VD:0

vp=vi-v’
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-V _T_

PS

Fig.4.23. Hysteresis comparator, inverting, with symmetric threshold voltages

The threshold depends on the output voltage, and since there are only two possible values for the
output voltage (Von and Vo,), there will be two different thresholds.

v H= ! V H
Th R1+ RZ 0

v = ! V
ThL Rl RZ oL

Two threshold voltages mean that, on the VTC vo(v)) of the inverting hysteresis comparator
(Fig.4.24. a), there will be two values of v, for which the output vo switches between its extreme values,
Vornand Vo,. This special shape of the VTCis called hysteresis, and it indicates a phenomenon according
to which the current value of a quantity (material) also depends on previous values of other quantities
determining it.

The two thresholds are symmetrical with respect to 0 V. When v, is below the high threshold and
it increases, the direction is left to right on the hysteresis (1 = 2 - 3, or clockwise), and the active
threshold is V. In other words, the output is Von until v, meets the high threshold, then switches to
Voi. When v, decreases, the direction is right to left on the hysteresis (3 - 4 = 1), and the active
threshold is V.. In other words, the output is Vo, until v meets the low threshold, then switches to
Von. A hysteresis comparator can be seen as a memory circuit: the active threshold is determined by
the previous value of the output.

The distance between the two thresholds is called the hysteresis width and is always positive. The
hysteresis width determines the comparator’s immunity to noisy signals and is computed as:

1
AV, = Vi - Vi = —R +R, ’ (VOH -Vou)
1

Sample waveforms for v(t) and vo(t) are shown in Fig.4.24. b). The input and output voltage exhibit
a phase delay, but the inverting character of the comparator is still noticeable: high/low input
determines a low/high output.
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Vo © 2 —um
o —v,

Y
V V VThH [
ThL 0 ThH t
> 0
v
1 L \/ \/
Y

v
—e & o>

- hysteresis width=i
a) b)
Fig.4.24. Hysteresis comparator, inverting, with symmetric threshold voltages
a) VTC vo(vi); b) waveforms for vi(t) and vo(t).

Hysteresis comparators are bistable circuits, the two stable states of the output voltage are Vou
and Vo,. The circuit can remain in either state for an infinite time, if the input voltage does not change.
The input voltage triggers the switch of the output voltage, and this switch is further sustained by
means of the positive feedback. Hysteresis comparators are also known as bistable multivibrator
circuits or Schmitt triggers.

A noninverting hysteresis comparator is obtained when the input voltage is connected to the
noninverting input of the op-amp. Note that when going from inverting hysteresis comparator to
noninverting hysteresis comparator, switching the inputs of the op-amp (inverting and noninverting)
does not do the trick: the positive feedback loop must stay in place, so the viable solution is to just
move the input voltage to the desired input, in this case the noninverting input.

The schematic for a noninverting hysteresis comparator with symmetric thresholds is given in
Fig.4.25. a), while the VTC vo(v)) is in Fig.4.25. b).

Vo [V]
A
R
Vi l;l Y
— Vrht Vi V'JV]
0
- 7
a) Vou b)

Fig.4.25. Noninverting hysteresis comparator with symmetric thresholds
a) circuit; b) VTC vo(v)).

To determine the threshold voltages, the same condition as for simple comparators is used: the
threshold(s) is the value of the input voltage, when the differential voltage is zero.

VTh= 4 |VD:0
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Vp= V-V
. R R,
vV = . + .VI
Ri+ R, Ri+ R,
v =0V
. R1 R,
ViV = —— syp+ —— -V, =0
Ri+ R, Ri+ R,
Ry

Vip= -— v,
™= g, Vo

The high threshold voltage Vy,4 is obtained for the low output Vo, as a consequence of the minus
sign in the expression of Vy,. The values of the two threshold voltages are:

V. ! V,
ThH = R, oL

V. ! V,
ThL = R, OH

When the input voltage increases, the active threshold is Vi, that is the output voltage switches
from Vo, to Voy when the input voltage crosses Vmy When the input voltage decreases, the active
threshold is Vr, that is the output voltage switches from Vo to Vo, when the input voltage crosses
V. The memory of lag feature is, once again, obvious. The arrows on the VTC vo(v)) (Fig.4.24. b))
show the active threshold, based on the ascending/descending trend of the input voltage. Sample
waveforms for v,(t) and vo(t) are shown in Fig.4.26.

v, V]

—V, [\Y]

SN AN\

Fig.4.26. Waveforms for v,(t) and vo(t) for the noninverting hysteresis
comparator with symmetric thresholds

The hysteresis is centred on 0 V (symmetric thresholds). The width of the hysteresis depends on
R1, R2, Vor and Vo, Changing any of these four values leads to a change in the width of the hysteresis.

R1
AVrp = Vg - Vi = R_z “(Vow - Vor)

Hysteresis comparators with asymmetric thresholds

Both the inverting and the noninverting hysteresis comparator can be modified so that the
threshold voltages are no longer symmetric with respect to 0 V. The idea is to add an additional dc
voltage source, Vges, 0on the other input of the op-amp (one input already receives v)).
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An inverting hysteresis comparator with asymmetric thresholds is shown in Fig.4.27. a), and the
corresponding VTC vo(v)) is in Fig.4.27. b).

vp= vty
e Rq R,
Ry+R, Ri+R,
v=v,
vi=v = Ra cvp + R2 Vgor = V-
Ri+R, © Ry+R, &~ 7Th
Voo 2y R,
M R R, VoM R R, VRS
V. oy R
= +
e RiR, V0T RAR Ref
Vo
A
R2 L Von _
— < >
LI
+V
Ri v ” vy
—1 + v
Vb l —————o »
Vref l . lVO Vi 0 %
vi v
! 'VPS _L N
Vor B o
a) b)

Fig.4.27. Inverting hysteresis comparator with asymmetric thresholds
a) circuit; b) VTC vo(v)).

When Vger = 0V, the thresholds become symmetric with respect to 0 V. Both thresholds move to
the right on the horizontal axis for Vges > 0V, or to the left, for Ve < 0 V. The width of the hysteresis is
not influenced by the change of V.

A noninverting hysteresis comparator with asymmetric thresholds is presented in Fig.4.28. a), along
with its VTC vo(v)) in Fig.4.28. b). The dc voltage Vzes can be obtained by using a resistive divider,
connected between one of the supply terminals and the inverting input, as shown in Fig.4.28. a), or
from a potentiometer, if an adjustable Vi is needed.

vp= V-v
. R R,
= Vot "V
Ri+ R, Ri+ R,
V, s (V)
v -
Ref Rs+ R, PS
vi=v R Ry V=V
Ri+R, O R+R, "R
1 Rl
Vip= (1+ 3 ) - Vier R Vo
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Vo
< 2
Von
V) Rl Y y 3
LI Vira Vinn Vi
VRef 0
«—
Rs3 Y A
_C—
<> oo Vo
-Ves b)

Fig.4.28. Noninverting hysteresis comparator with asymmetric thresholds
a) circuit; b) VTC vo(v)).

V. (1 —Rl) v, By
= + . - .
ThH R, VRef "R VoL
Vory = (1 Rl) Rs (-Vps) Ry
= + =) — . (- .
ThH Rz R3+ R4 PS RZ oL
Vi = (1+ ). VRer - iy Von
R, R,
Vi = (14 2y Ty By,
= + —). .- o — .
ThL Rz R3+ R4 PS R2 OH

Because Vge< 0, the two threshold voltages V. and Vrmy are shifted towards the left (towards
negative values) on the horizontal axis.

Examples ]

1. Design and size an inverting hysteresis comparator with Vmy = 3V and Vi, = -3V, with a differential
supply of £12V. Plot the VTC vo(vi). Plot vi(t) and vo(t) for:

i) vi(t) = 2sinwt [V][Hz]

i) vi(t) = 8sinwt [V][Hz].

Solution:
The circuit that meets the requirements is the one in Fig.4.23, inverting hysteresis comparator with

symmetric thresholds.
Ry Vinw 1

Vi = ——— - Vo = =
TH= R +R, " 7 R+R, Vo 4
Ry Ve 1

Ri+R, Vo 4

Vipe=—— Vo, =
Thi R+ R, oL

R1+R2:4'R1=> R2:3'R1

Any two resistors that meet the condition can be chosen. Some possible values are:
Ry =2kQ; R, =6kQ
Ry =5kQ; R, =15kQ
R;=3.2kQ; R, =9.6kQ

The VTC vo(v)) is shown in Fig.4.29, and the waveforms for v(t) and vo(t) are in Fig.4.30.
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For v/(t) = 2sinwt [V][Hz], the input voltage never crosses any of the two thresholds, meaning that
the output voltage never switches. The output voltage is constant, at the value of either V, or V.

For vi(t) = 8sinwt [V][Hz], the input voltage crosses both thresholds, the active threshold is given by
the trend of the input voltage (increasing/decreasing) - Fig.4.30. b).

v, 12V

>
r g

N
\ 4
A 4

-3V 0 3V

Fig.4.29. VTC vo(v))

&

3 12V

N
N
Y

'
'

Hysteresis width

e v]

—_—y v

12 12
—, [\Y]

—v, 8
3l
t t
0
) \/ \/
.8 .

S12

L o Nw

Fig.4.30. Waveforms of v/(t) and vo(t)
a) case i); b) case ii).

2. Modify the circuit in Example 1, so that the width of the hysteresis is halved.

Solution:
The width of the hysteresis in Example 1 is:

1
AV = Vg - Vi = Rt R, (Vo - Vou)

AVy = 3-(-3)= 6V

The new width is:
AVTh,new = AVp, /2
Rlnew
— . (V,,- Vo) =3V
Rlnew+ RZnew oH

The supply voltages are commonly left unchanged, so, to modify the width of the hysteresis, the
resistors are subject to change.
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R
new  .(12-(-12))=3
Rlnew+ RZnew
lnew

— " .24=3
Rlnew+ RZnew
lnew _ 1

Rlnew+ RZnew 8
Rinew * Ranew =8 * Rinew = Ranew =7 - Rinew

Any values for Ry, and Ry, that meet the condition can be chosen. Also, it is not mandatory to
change both resistors, one of them can be kept at the previous value.
Possible solutions are:

Rinew =2 kQ; Rypen =14 kQ

Rinew = 3 KQ; Rypew = 21 kQ.

3. Modify the circuit in Example 1, so that the hysteresis is shifted towards the right with 2 V. Plot
vi(t)and vo(t) for v/(t) = 8sinwt [V][Hz].

Solution:
The circuit in Fig.4.23 is modified by adding a dc voltage Vzes at the noninverting input of the op-
amp, as shown in Fig.4.27. a). The threshold voltages are computed as:

v oy Ry
= . + — .
ThH Ri+ R, OH Ri+ R Ref
V. Ra Vo + —2
= . +
Thi Ri+ R, oL Rit R, Ref

From the expressions of the threshold voltages, the 2 V shift towards the right is given by:
R2

— 2 Ve, =2V
Ri+R, ¢

Vger = ———-2 =2 i
4 R+ R, R,

A pair of values for the resistors is:
R]_:ZkQ, R2:6kQ
which results in

2
VRef= 2 - (1+_6)
Vies = 2.67 V

The new values of the threshold voltages are obtained by adding 2 V to the previous ones. The width
of the hysteresis remains unchanged.
Ry R>
R+ R, Vor + Ri+R, Vies
Vi = 3V+2V=5YV
Vi =-3V+2V=-1V
AVy,=5V-(-1)V=6V

Vi =
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The waveforms of v,(t) and vo(t) are shown in Fig.4.31.

—v,v
—v V]

0
\/ \/ Fig.4.31. Waveforms of v/(t) and vo(t)

4. Plot the VTC vo(v)) for the circuit in Fig.4.28. a), if R1 = 2 kQ, R, =10 kQ, Rs = 3 kQ, Ry = 6 kQ,
+Vps=+12 V. Plot v/(t) and vo(t) when:

i) vi(t) = 2sinwt [V][Hz]

i) vi(t) = 8sinwt [V][Hz].

Solution:

The circuit in Fig.4.28. a) is a noninverting hysteresis comparator, with asymmetric thresholds. To
plot the VTC vo(v)), the values of the threshold voltages, as well as Vg are computed:

R3
V= Vges = R Ra “(-Vps)

3
Veer = 5 (12) V=-4V

Vorn = (1 —Rl) Voo DLy,
= + . - .
ThH R, Ref R, oL
R1 R1
Vi, = (14 —) “Vrer - &= Von
2

2
Vi = (1 + —) (-4) - — - (-12)=-4.8+2.4=-24V]
2 2
Vi = (1+ 10) (-4) -—-(12)=-4.8-24=-7.21V]
The VTC vo(v)) is shown in Fig.4.32.

v, [Vl
12

"
7
\ 4

-7.2 -2.4 v, [V]

N
v

\ 4

......... -12 Fig.4.32. VTC vo(v))

When the input voltage is increasing (left to right on the horizontal axis), the active threshold is Vry;
when the input voltage is decreasing, the active threshold is V.. The waveforms for v,(t) and vo(t),
for both cases, are depicted in Fig.4.33.
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12 -
—, V] 8
e /\ /\
t
t 0

12t

12

oo~
T T

12 b

a) b)
Fig.4.33. Waveforms of v(t) and vo(t)
a) case i); b) case ii).

1. Design and size an inverting hysteresis comparator with symmetric thresholds, Vmy =5 V and
Vme = -5V, differential supply of £15 V. Plot the VTC vo(v)), then plot v/(t) and vo(t) assuming
vi(t) = 12sinwt [V][Hz].

2. Modify the circuit in Problem 1, so that the width of the hysteresis is 5 V.

3. Add a dc voltage source Vzes= 6 V to the circuit in in Problem 1. Draw the new circuit. Plot the VTC
vo(vi). Plot v/(t) and vo(t) for v/(t) = 12sinwt [V][Hz]. Compute the width of the hysteresis.

4. Add a dc voltage source Vzes = -6 V to the circuit in in Problem 1. Draw the new circuit. Plot the
VTC vo(vi). Plot vi(t) and vo(t) for v/(t) = 12sinwt [V][Hz]. Compute the width of the hysteresis.

5. Plot the VTC vo(v)) for the circuit in Fig.4.25 a), if R1 =4 kQ, R, = 6 kQ, +Vps=+£12 V. Compute the
width of the hysteresis. Plot v/(t) and vo(t) for:

i) vi(t) = 2sinwt [V][Hz]

i) vi(t) = 10sinwt [V][Hz].

6. Plot the VTC vo(v)) for the circuit in Fig.4.28 a), if R1 =1 kQ, R, =4 kQ, Vrer=2 V, £Vps= 112 V. Plot
vi(t) and vo(t) for:

i) vi(t) = 2sinwt [V][Hz]

i) vi(t) = 8sinwt [V][Hz].

Modify the circuit so that Vg.ris obtained from Vps. Size the newly added components.

7. Plot the VTC vo(v)) for the circuit in Fig.4.28 a), if R1=1kQ, Ry =4 KQ, Vzes=-2V, £Vps= 120 V. Plot
vi(t) and vo(t) for:

i) vi(t) = 2sinwt [V][Hz]

i) vi(t) = 8sinwt [V][Hz].

Modify the circuit so that Vges is obtained from -Vps. Size the newly added components.

8. Modify the circuit in Problem 7, so that the width of the hysteresis is halved. Draw the new circuit
and plot the VTC vo(v)).
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For all the comparators discussed in this chapter, the threshold voltages depend on the extreme
values of the output voltage, which in turn are given by the values of the supply voltages. To eliminate
the dependence of the output voltages on the power supplies, a resistor and two Zener diodes are
connected at the output of the op-amp, as shown in Fig.4.34.

+Vbps

Fig.4.34. Inverting hysteresis comparator with output voltage
independent of the two power supplies

Usually, the two Zener diodes are identical, so that the extreme values of the output voltage are
equal, in absolute value. Resistor R ensures an appropriate value of the current through the two Zener
diodes:

ip = Vo, 04 — Vo
R

When the differential voltage vp >0V, the voltage at the output of the op-amp is vg ga= Vor = +Ves.
Thus, ZD1 is in breakdown, and ZD2 is on, in forward bias. The extreme value of the output voltage is:
Vor =Vz+Vzp, on = Vz+0.7 [V]

When the differential voltage vp <0V, the voltage at the output of the op-amp is vy pa= Vo = -Vps.
Thus, ZD2 is in breakdown, and ZD1 is on, in forward bias. The extreme value of the output voltage is:
Voo =-(V, + Vzp, on) = -(Vz+0.7) [V]

4.2.4 Applications of hysteresis comparators

Hysteresis comparators are used to ensure the immunity of comparators to the noise that occurs
in signal processing circuits. The difference between the two threshold voltages (the width of the
hysteresis) is small, between 100 and 200 mV, but enough to eliminate the effect of noise.

Hysteresis comparators are used in digital circuits (logic inverters, monostable and bistable
circuits), due to their memory property.

Hysteresis comparators are also found in analog-to-digital converters, where they transform the
triangular or sinusoidal input signal into a rectangular (digital) signal.

Another important application of hysteresis comparators is oscillators. For the circuit shown in
Fig.4.35. a), an RC network is connected on the negative feedback loop of an op-amp, which also has
positive feedback. The circuit does not have an input voltage, hence it is an oscillator — produces an
output signal, rectangular in this case. The signal obtained at the inverting input (charging and
discharging of the capacitor) can be considered triangular, so the circuit is called rectangular and
triangular signal generator. Sample waveforms are shown in Fig. 4.35. b).
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Rz Vo, Vc

1 O S B

R VC —_VTH-——————___ _————-} -
1 " max h \ /‘K /—
———o 0 \-/-___
VCmin—Vth -== - _x.l____

Voo - mooc

R

==
I a) b)

Fig.4.35. RC and positive feedback op-amp oscillator
a) circuit; b) waveforms of vc(t) and vo(t).

4.3 Voltage amplifiers with op-amp

The operational amplifier can be modelled as a voltage-controlled voltage source (VCVS), as
previously shown. The output voltage is computed as:
Vo=0a"Vp
vp=Vv-v
The parameters of the op-amp are very close to the parameters of an ideal electronic amplifier,
with the extremely high gain, considered to be infinite:
Vo = - Vp

To obtain an output voltage that is different from the extreme values Vo, or Vou, the differential
voltage vp must be kept at 0 V, always. This is achieved by connecting an external circuit between the
output of the op-amp and the inverting input, that is building a negative feedback loop (NF). Thus, the
output voltage is now an indeterminate form, meaning the output voltage can now be any value
between Vo, or Vou:

vp =0, vy =00 -0 =constant
Vo €[ Vor; Vonl

A qualitative analysis that explains how the differential voltage vpis kept at 0 V, by means of the

negative feedback, is performed on the circuit in Fig.4.36, a noninverting voltage amplifier with op-
amp (the input voltage is connected to the noninverting input).

+Vps
+
Vo
TOREES -
v
F > Fig.4.36. Noninverting voltage
R1 Vs amplifier with op-amp

R>
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The circuit’s equations are:
+

vV = VI
. R1
vV = "
Ri+R, ©
Ry
VD=V/'— 'Vo
Ri+R,

There are two possible situations to be analysed: when v, increases and when v, decreases.
v NV vp v v vp
v vidsvp v bsvidsvp 1

In both cases, the negative feedback counteracts the effect of the input voltage upon vp: if vp tries
to increase, the op-amp and the negative feedback loop will bring vp back down; when vp tries to
decrease, the op-amp and the negative feedback loop will bring vp back up. This was, vpis kept at 0 V.
The same analysis can be performed for an inverting amplifier (the input voltage is connected to the
inverting input).

Based on where the input voltage is connected, amplifiers with op-amp can be inverting,
noninverting, summing (inverting or noninverting), differential (Table 4.3). Summing amplifiers have
two or more input voltages, connected at the same input of the op-amp. Differential amplifiers have
two input voltages, each connected to one input of the op-amp.

Table 4.3. Types of voltage amplifiers

No.nlnvert+|ng Itwertm_g Type of amplifier
input v input v
v ov noninverting amplifier
oV v inverting amplifier
Vit, Vi2 ... Vin oV summing noninverting amplifier
oV Vi1, Vi2 ... Vin summing inverting amplifier
7 Vi2 differential amplifier

4.3.1 Noninverting amplifier

The noninverting amplifier with op-amp is shown in Fig.4.37.

i . +Vps
LN y
+ v
O L >
! v
D Ry R, Vs Fig.4.37. Noninverting amplifier
|
pan IR
!

Through the negative feedback loop, the differential voltage vp is maintained at 0 V. An op-amp
without feedback (open loop) behaves as an ideal amplifier, with the open loop gain a—>00. By adding
the negative feedback loop, the gain of the circuit decreases to a finite value.
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Voltage gain and active region
The starting point in analysing the circuit’s behaviour and determining the voltage gain is that the

differential voltage is always null, as a consequence of the negative feedback. The circuit’s equations
are:

Vp=0V=2v=v

vt =y,
) R1
vV = *V
Ri+R, °
Ry
v, = Y
"" R+R, °
A_V_O—R1+R2—l+&—l+ﬁ
Yy R, R, R.

The voltage gain is the ratio between the output and the input voltages, and has a finite value given
by the resistors that were added outside the op-amp, to build the negative feedback loop.

The gain can also be computed by using the current that flows through the resistors, R;and R, are
in series (no current consumption on the inputs of the op-amp).

v Vo-V
j= —=
Ri Ry
vV V-V,
vi= v —v,:>—'= 9 1
Ri R,
Vo R1+R2 RZ 1 RNF
v 7 - R1 - Rl_ R

The extreme values of the output voltage are still Von and Vo, and the range of values of the input
voltage for which the circuit works as an amplifier is:

Voo Vou
Vo €[ Vo Vol @2 vie[ —; —
O[OLOH]I[AVAV
Vo 4
Von
Ra
Slope= 1+ -
1
el
Vimin Vimax
0 'V/
Fig.4.38. VTC vo(v)) for the
noninverting amplifier
Vou
+— PP —>

passive region  active region  passive region
(saturation) (saturation)

The range of values of the input voltage for which the circuit works as an amplifier is called the
active region of the amplifier. The active region becomes narrower when the voltage gain increases.

The VTC vo(v)) is a line located in the 1%t and 3™ quadrants, that passes through the origin (the
output is zero for zero input) - Fig.4.38. The slope of the line is the voltage gain of the amplifier. When
the input exceeds the active region, the output voltage is clipped/limited to the Vo and Vo, and the
amplifier works in the passive region.
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Input and output resistances

When the amplifier is connected in a circuit, voltage dividers appear both at the input (between
the output resistance of the previous stage and the input resistance of the amplifier) and at the output
(between the output resistance of the amplifier and the input resistance of the next stage). These
voltage dividers influence (decrease) the gain of the entire circuit.

The input resistance is the equivalent resistance seen by the input source, measured between the
terminal it is connected to, and ground.

vi vt

I
R = ; = I_+ —F— (0 0)
In a similar way, the output resistance is the equivalent resistance seen from the output towards
the input, when the input is grounded. To compute the output resistance, Ohm’s law is once again
used, with the open-circuit output voltage and the short-circuit current, assuming R, = 0 Q. The short-

circuit current is iosc = 00.

_ Voopen _ Voopen =00
losc @

The noninverting amplifier is ideal, from the point of view of input and output resistances, R; = o
and R, = 0 Q. The model of a noninverting amplifier with op-amp as a voltage-controlled voltage
source, including R;and R,, is shown in Fig.4.39.

Jopgem oo . io

T e A )

2 -
________ R—_—_—_—_]
—_ R,' I_ZI Ro
I
- A&
a)
S — _
v i A, V/l | Yo
o i ! o b)

Fig.4.39. Modelling the noninverting amplifier as a VCVS
a) with the model of the op-amp; b) without the model of the op-amp.

By changing either or both resistors on the negative feedback loop, the gain of the amplifier is
changed.

When A, = 1 (unity gain), the amplifier is called noninverting voltage follower. A unity gain can be
obtained either by setting R; to infinity (open circuit) or R, to 0 Q (shortcircuit). When both resistors
are changed to these values at the same time (recommended), it is said that the circuit has total
negative feedback (Fig.4.40).

Vp=0V=vh= v~
vt =y,

vV = VO
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Fig.4.40. Noninverting voltage

,_ - follower

An adjustable voltage gain is obtained by connecting a potentiometer in series with either R;or Ry,
or in between the two resistors, as shown in Fig.4.41.

v
I +
v
o
R, ki,_| R, Fig.4.41. Noninverting amplifier
Ha [ }— [ 1 Wwithadjustable gain
P
The circuit’s equations:
vp=0V=2v=v~
vt =y,

Ry +kP

V=——- vy
Ri+R, +P
Ry + kP

V= ———— -V,

! Ri+R,+P °

_Vo _ Ri+R,+P

v 7 R1 + kP
A _R1+R2+P_1+ R, +P
vmax — — o5
Ry Ry
A = R1+R2+P_1+ R,
vmin R, +P R, +P

Av € [Avmin; Avmax]

The maximum gain is obtained for k = 0, when the tap of the potentiometer is at the extreme left,
whereas the minimum gain is obtained for k = 1, extreme right position for the tap of the
potentiometer.

Amplifiers with op-amp are usually directly coupled (the variable input signal is directly connected
to one of the op-amp’s inputs). When the input signal has both a variable component and a dc
component, capacitive coupling is used. A coupling capacitor is connected between the input signal
and the input of the op-amp, as shown in Fig.4.42. The coupling capacitor C; and resistor R must be
chosen so that the gain decreases at low frequencies and is zero for dc components. Resistor R ensures
a charging path for capacitor G in transient regime.

Capacitive coupling is also needed when the op-amp has unipolar supply (see Section 4.5.2).
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= + V;
V) V/ Vi Ci Vi

Fig.4.42. Noninverting amplifier with capacitive coupling

4.3.2 Inverting amplifier

For an inverting amplifier with op-amp, the input voltage is connected to the inverting input -

Fig.4.43.
To determine the gain, the starting point is the same as for the noninverting amplifier: vp =0V,

due to the negative feedback.

i* +Vps
— v
+ Vo
—oO
-Vps
1 Fig.4.43. Inverting amplifier
R,

vVp=0V=2vi=v

vi=0V
R R
v = L. Vo + 2. Vv,
Ri+ R, Ri+ R,
v=0V
L S T oV
. v V =
Ri+R, ° ' Ry+R,
R1 R,
"Vo=- Vi
Ri+ R, Ri+ R,
Vo R NF

Yy, R, R.

The gain is determined by the same ratio of resistors as for the noninverting amplifier. The gain is
negative, meaning there will be a 180° phase shift between the input and output signals (when v; is
positive, vo is negative, and vice versa).

Because of the negative feedback, vis also 0 V, even if the inverting input is not actually connected
to ground. Point G is hence called virtual ground (the dotted line represents a virtual connection to
ground).

Another method for determining the gain is by using the currents through R:and R, (same current
through both resistors, no current consumption on the inputs of the op-amp).

ovi-vo oy,
Il = = —
Ri Ry
., V-Vo Vg
Iy = =-—
R, R,

129



ELECTRONIC DEVICES

The extreme values of the output voltage are still Vo and Vo, and the active region is:
Von Vou
Vp € [Vp,; Vol @ v e[—, —
o € [Vou, Vou] /[AV Av]

The minimum value of the input voltage for which the circuit works as an amplifier is computed
using Vo, and the maximum value is computed using Vo, since the gain is negative.

The VTC vo(v)) is a line located in the 2" and 4™ quadrants, that passes through the origin (the
output is zero for zero input) - Fig.4.44. The slope of the line is the voltage gain of the amplifier. When
the input exceeds the active region, the output voltage is clipped/limited to the Vou and Vo, and the
amplifier works in the passive region.

Vo 4
................ Von
Ry
Slope = - ==
o Y Ry
Vimin 0 Vimax
%,
Fig.4.38. VTC vo(v) for the
Vo inverting amplifier
............... W
< > < >
passive region  active region  passive region
(saturation) (saturation)

Input and output resistances

The resistance seen by the input source v, towards ground is R; (G is virtual ground), smaller than
the one of the noninverting amplifier. The output resistance is 0 Q, same as for the noninverting
amplifier.

Ri:Rl
R,=00Q

Modelling the inverting amplifier as a voltage-controlled voltage source, with the values of R; and
R,, is shown in Fig.4.45.

o

Fig.4.45. Modelling the inverting amplifier as a VCVS

There are ways of obtaining a high R; and a high gain. For a high input resistance, R must be very
high — tens, hundreds of kQ or even more. To obtain a high gain (in absolute value), R; must be even
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bigger than R; (hundreds, thousands of kQ). Such high values for resistors are uncommon for op-amp
circuits.
A solution that provides a high gain and high input resistance using common values for R;and Rz is
shown in Fig.4.46. Resistor R, from the circuit in Fig.4.43 is replaced by a T-shaped resistor network.
Resistors R»; and Rz are in parallel, connected between points N and ground (point G is virtual
ground), meaning they share the same voltage drop.
Ry1 i =R3 - i3

Point N is a current node:
i22 = i2 + i3

Fig.4.46. T-network inverting amplifier

The voltage drop across resistors R,1 and Ry is:
“Vo =Ry iy + Ry - (ix +13)

Vo =-(Ryy - ia + Ryp - i3 + Ryp- %' 7))

R22* Ra1 )

Vo = - (R21+ R22+ R
3

.IZ

To determine the gain, a relationship that contains vo and v, must be found:

. Vi
iy=iy = A
Vo =- (R21+ Rypt 22R' Ry1 ) ,:I
A= Ra1 + Ry, ’322 Ry '
Ry Ri-R3

The gain is inversely proportional with R; and Rs. Since the input resistance is given by Ry, the values
for R; cannot be small. So, to obtain a high gain, R; must be chosen as small as possible.

Example ‘

Compute the gain for the circuit in Fig.4.46, if: R1 =5 kQ, R,1 =3 kQ, R =2 kQ and R3=30 Q.

Solution:
The gain is:
Ra1+ Ry Ry Ry
Ay =-( + )
R1 R1-Rs
3+2 2:3
Av=-(—+ o)
5 5-0.03

Ay=-41
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A inverting voltage follower (A, = - 1) is shown in Fig.4.47. The input voltage cannot be connected
directly to the inverting input, because then it would cancel the negative feedback, and the circuit

would behave as a simple comparator. A resistor R thus needs to be connected between v,and v, and
an equal sized resistor R between vp and v.

V=——- vogt —— -
RR+R R+R

VA = -

R+R ©
A R 1
|72 R -

An adjustable gain can be obtained by connecting a potentiometer in series with either R; or R..

The circuit in Fig.4.48 shows an inverting amplifier with adjustable gain, where the potentiometer is
connected between the two resistors.

N
_OVO
R, kP R Fig.4.48. Inverti lifier with
v, 1 e 5 ig.4.48. Inverting amplifier wit
—T] I ey IR 1— | adjustable gain
p

The circuit’s equations are:
vp=0V=vi=v~
vi=0
R1 + kP RZ +(1'k)P
V=——— Vgt ——— "V
Ri+R, +P Ri+R, +P

Ry + kP R, +(1-k)-P

—.VO - .VI
Ri+R, +P Ri+R, +P

Vo _ R +(1-k)-P

v

7 Ry + kP
Ry +P
k=0=> |Avmax| = R
1
R,
k=1= |A/minl = Ri+P

The minus sign in the expression of the gain shows that the input and output signals are in anti-
phase (a positive input results in a negative output, and vice versa). The maximum gain (absolute
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value) is obtained for k = 0, when the tap of the potentiometer is at the extreme left, whereas the
minimum gain (absolute value) is obtained for k = 1, extreme right position for the tap of the
potentiometer.

Examples ‘

1. Design and size a noninverting amplifier with Ay = 6, differential supply of £ 12 V. Deduce and plot
the VTC vo(v)) for v((t) = 4sinwt [V][Hz]. What is the active region of the amplifier? Plot v(t) and vo(t)
for:

i) vi(t) = 1.5sinwt [V][Hz]

ii) vi(t) = 4sinwt [V][Hz].

Solution:
The circuit to size is the one in Fig.4.37. Using the same notations for the resistors, the gain is:
Vo Rz
Aj=—=1+—
7 R1
R
1+ —2=6
R1
RZ = 5 . Rl

Any two resistors that meet the above criterion can be chosen. A sample pair of values is:
Rl = 2.5 kQ = Rz = 12.5 kQ

The VTC vo(v)) is shown in Fig.4.49.

AVo
12V
-2V 2V vV
0
-12V . . . .
Fig.4.49. VTC vo(v)) for the noninverting amplifier
>

active region

12 12 F —v, V]
9t —v, V]
v, V]
—_V, vi
4
1.5 t t
0 0
1.5 ¢
-4 +
.9 L
12 1t
a) b)

Fig.4.50. Waveforms for v,(t) and vo(t)
a) vi(t) = 1.5sinwt [V][Hz]; b) v/(t) = 4sinwt [V][Hz].
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The active region is:

-12 12
7 G[?; E][V]
v, €[-2V;2V]

The waveforms for v,(t) and vo(t) are shown in Fig.4.50.
For v(t) = 4sinwt [V][Hz], the output voltage is limited by the positive and negative power supplies.

2. For the circuit in Problem 1, draw the model of the amplifier.
Solution:

To model the amplifier using a voltage-controlled voltage source, the input and output resistances
must be determined:

vi vtV
Ri =— = - =—=Q0
i 0
Ro - V?open _ VOopen =0
losc @
The model of the amplifier is shown in Fig.4.51.
ot Y
vi i 6-v, l | Yo
o i ! 0

Fig.4.51. Model of the noninverting amplifier

3. Design and size an inverting amplifier with A, = -4, differential supply of + 12 V. Deduce and plot
the VTC vo(v)) for v((t) = 4sinwt [V][Hz]. What is the active region of the amplifier? Plot v(t) and vo(t)
for:

i) v(t) = 1.5sinwt [V][Hz]

i) vi(t) = 4sinwt [V][Hz].

Compute the input resistance of the amplifier.

Solution:
The circuit to size is the one in Fig.4.43. Using the same notations for the resistors, the gain is:
Vo R>
Yy B Ry
Ry
-— =4 3R,=4-R,
R1

Any two resistors that meet the above criterion can be chosen. A sample pair of values is:
R1:5kQ =>R2:20kQ

The input resistance is equal to Ri.

The VTC vo(v)) is shown in Fig.4.52. The active region is:
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12 -12
7 E[j;j][V]
v, €[-3V:3V]

N 12V

-3V | 3V oy,

Fig.4.52. VTC vo(v)) for the inverting amplifier

active region

The model of the amplifier is presented in Fig.4.53 and the waveforms for v(t) and vo(t) are shown
in Fig.4.54.

_____________________________

: )
Vi Rl 4 Yi l | Vo
! o
Fig.4.53. Model of the inverting amplifier
—V, vl
12 + —_V, [v] —_V, v
—v, v P
6l
al
15
0 t . t
-1.5 F
-4+
-6
a) b)
12+ Azp

Fig.4.54. Waveforms for v(t) and vo(t)
a) vi(t) = 1.5sinwt [V][Hz]; b) v((t) = 4sinwt [V][Hz].

4. Design and size an inverting amplifier with adjustable gain, A, € [-17; -2].

Solution:
The circuit is the one in Fig.4.48, and the extreme values of the gain are computed as:
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|Avmax| = R, = R,
R> R>
|Avmln|_ 2=
R, +P R, +P

The value of P is chosen first, since there are fewer standard potentiometer values. For P =5 kQ, the
equations become:

R, +5
17 = =>R,+5=17-R;
Rq
Ry
2= >R, =2-R; +10
Ri+5
RZ = 17'R1 - 5

The values of the two resistors are computed as:
17-Ry -5 =2-R, + 10
15-R; = 15
Ry =1kQ
R, =12kQ

The values of the components are P =5 kQ; R1=1kQ, R,=12 kQ.

There are other solutions to obtain an amplifier with adjustable gain, such as the one in Fig.4.55,
where P is on the negative feedback loop, in series with resistor R,.
The general expression of the gain is:

i a—
VO
R, kP R, Fig.4.55. Inverting amplifier with
i — |__T_‘ adjustable gain — alternative solution
p
Vo R, + kP
v R1
R,+P R,+P
|Avmax| = =17=
1R R 1
2 2
|Avmin| = E =2= H

The equations that determine the values of the resistors are:
Rz + P = 17R1
Ry,=2-Ry

The value of P is chosen first, and then the two resistors are sized.
2:R{+P =17-R; > P=15R;

For P =5 kQ, the closest standard values for the two resistors are R;1= 332 Q and R, = 665 Q. Note
that these values are significantly different than the ones determined for the first solution, the

circuit in Fig.4.48.
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The extreme values of the gain are checked:
Ry+P 0.665+5 5.665

Aymax] = = = =17.063
Pvmox R, 0.332 0.332
A, min| = R L 085 ) 003
vmint = R, 0332

Considering the tolerances of the components, it is considered that the proposed set of values meets
the requirements.

A third possible solution is to connect the potentiometer in series with R

1. Design and size a noninverting amplifier with A, =5, differential supply of + 15 V. Deduce and plot
the VTC vo(v)) for v((t) = 8sinwt [V][Hz]. What is the active region of the amplifier? Plot v(t) and vo(t)
for vi(t) = 8sinwt [V][Hz]. Draw the model of the amplifier.

2. Design and size an inverting amplifier with Ay = -8, differential supply of + 10 V. Deduce and plot
the VTC vo(v)) for v((t) = 3sinwt [V][Hz]. What is the active region of the amplifier? Plot v(t) and vo(t)
for v((t) = 3sinwt [V][Hz]. Draw the model of the amplifier.

3. Design and size an inverting amplifier with adjustable gain, A, € [-10; -4]. Prove that the gain is
adjustable within the specified range.

4. Design and size an amplifier with adjustable gain, A, € [-5; -1]. Prove that the gain is adjustable
within the specified range.

5. Design and size an amplifier with adjustable gain, A, € [1; 8]. Prove that the gain is adjustable
within the specified range.

6. Design and size two possible versions of an amplifier with adjustable gain, A, € [10; 50].

7. Design and size an inverting amplifier with adjustable gain, A, € [2; 12]. For v/(t) = 3sinwt [V][Hz]
and Avmay, deduce and plot the VTC vo(v)), plot vi(t) and vo(t). What is the active region of the
amplifier? Compute the input and output resistances.

8. Design and size an inverting amplifier with adjustable gain, A, € [-12; -2]. For v(t) = 1.5sinwt [V][Hz]
and Ay = -12, deduce and plot the VTC vo(vi), plot vi(t) and vo(t). What is the active region of the
amplifier? Compute the input and output resistances.

4.3.3 Summing amplifier

When two or more input voltages are connected at the same input of the op-amp, the circuit is
called summing amplifier. If the input voltages are connected to the inverting/noninverting input, the
circuit is an inverting/a noninverting summing amplifier.

A noninverting summing amplifier with two input voltages is shown in Fig.4.56. To find the
expression of v*, the superposition method or Millman’s method can be employed, knowing that no
currents are drawn by the inputs of the op-amp.
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i Ry vt +Vbps
RZ VO
Vi — } —o
— v-
F Fig.4.56. Noninverting summing
Rs ~Ves amplifier with two input voltages
1
| —
Rq

The circuit’s equations are:
NF=>vp,=0V; vi=v~

. R, Rq
ViEo——Vp t o/ Vp
Ri+ R, Ri+ R,
) R3
vV = -V
Ry+R, ©
—RZ Vb —— v, = Rs Y
Ri+R, ™ Ry+R, > Ry+R, ©
Vo=(1+ —)( Fa Vi)
0 Ry 'Ri+R, ' Ri+R, ?

Each input voltage appears with a different gain in the expression of the output voltage. If the same
gain is required for both input voltages, R1 must be equal to R,. The output voltage is then computed

as:

(1 R4)1( )
vo=(1+—) = -(vqp+v
o R, 2 tvnt e

The name of the circuit is now obvious, since it amplifies the sum of the input voltages.
Two input resistances can be determined, one for each input voltage. The input resistance seen by

vi1, when v, is set to zero, is:
Ril = R1+ RZ

The input resistance seen by v, when vy is set to zero, is:
Riz = R1+ RZ

The two input resistances are equal. The output resistance is:
R,=00Q

A summing amplifier can have more than two input voltages. A noninverting summing amplifier

with n input voltages is shown in Fig.4.57.

Vin

Fig.4.57. Noninverting summing
[ I amplifier with n input voltages
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To compute the voltage at the noninverting input, either the superposition method (it requires n
steps) or Millman’s method (preferably, since it requires a single step) can be used.

Vin Vi Vin
2+ t2 4 4+ 0
sof R Rn
1 1 1

R—1+R—2+...+

X

n

An inverting summing amplifier has two or more input voltages connected to the inverting input
of the op-amp. An inverting summing amplifier with two input voltages is shown in Fig.4.58.

+ Vv
V R Y
n — .
| S|

Fig.4.58. Inverting summing
2, 1| R, amplifier with two input voltages

The circuit’s equations are:
NF=vp=0V; vi=v~
vi=0V
v v v
v = i.,.i.l.l =0V
Ri Ry Rs

Vii Vi Vo
— 4+ — 4+ —=
Ri Ry Rs

R3

3
Vo:'(R_ Vit N “Vp)
1 2

0

To have the same gain for both input voltages, resistors R; and R, must be equal.
R3
R1:R2:R = VO: - ? '(V,1+V12)

Knowing that v =0 V (virtual ground), the input resistances seen by the two input voltages are:
Ri1 =Ry R = Ry
R,=00Q

4.3.4 Differential amplifier

The differential amplifier has two input voltages, one connected to the noninverting input, and the
other connected to the inverting input, as shown in Fig.4.59.

v, o_:|__|:|7 Fig.4.59. Differential amplifier

139



ELECTRONIC DEVICES

The circuit’s equations are:
NF=>vp,=0V; vi=v~

V+ = V/l
v = d Vo + L vV
Ri+R, ° Ri+R, "
Rq R,
V= ——— Vo + v
1" Ri+R, ° Ri+R, ?
Vo=(1+ —2)-v & Y
(6] Rl 11 Rl 12

The output voltage can also be determined by using the superposition method. The voltage applied
at the noninverting input is amplified with a positive factor (the amplifier is noninverting, from the
point of view of vi1), and the voltage applied at the inverting input is amplified with a negative factor
(the amplifier is inverting, from the point of view of vp). To obtain an output voltage like
Vo =A, (vj1 - vpp), the two factors must be equal, in absolute value.

Ra| _|R2
|1 + ===
Ryl IR,

This equality cannot be met, regardless of the values of the resistors. The solution is to add a
resistive divider for vi;, which means that only a fraction of v;; actually gets to the noninverting input,
and only that fraction is to be amplified. The complete schematic is presented in Fig.4.60. The values
of the newly added resistors depend on the values of the R;and R,.

VO
———o

Fig.4.60. Differential amplifier
with resistive divider

The voltages v* and vo are computed as:

R4

vt = -V
Ry+R,
R R R
Vo=(1+ %) —0 -

"% 'V
R, R3+R, ™ R, "

If both input voltages need to be amplified with the same factor (absolute value):
R, ) R, R, R, R,

(1+ = = =
Ri" R3+R; R; Rs+R; Ri+Ry

Rs+R, Ri+R,
R, R,
R R R R
1+ = =1+ — =2 =_21
R4 R, Ry R

A special case of the sizing equation is when R; = Rzand R, = Rs, but any values that meet the
criterion can be used.
The input resistance seen by v;;, when v;; is set to zero, is:
Ri1 =R3+ Ry
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The input resistance seen by v;;, when vy is set to zero (G is virtual ground), is:
Ri2 =Ry

Both input resistances are finite values. The output resistance is 0 Q.

When vi; = vpp, the output voltage is vo= 0 V, meaning that the circuit amplifies the difference
between the input voltages, and rejects the common mode signal.

Differential amplifiers are used as instrumentation amplifiers, when a high input resistance and a
high common mode rejection ratio is required. The standard instrumentation amplifier is shown in
Fig.4.61.

LR v R R
OA1l ﬁ
_ R,
f Vin
il +
Ry 0A3 —o Vo
E Vi2
R2
0A2 s T
o——+ v R R

Vi

Fig.4.61. Instrumentation amplifier

The highest value of the input resistance is found in the noninverting configuration, and this is the
reason why noninverting amplifiers are used for each of the two input voltages. The first amplifier
stage is represented by AO1 and AO2 and it sets the gain, while the second stage, represented by OA3,
has a unity gain, and ensures the transition from two intermediate output voltages, vo: and vo,, to a
single output voltage vo. The second stage also provides an additional common mode rejection.

The circuit’s equations are:

R, R,
V01=(1+R—1)'V/1'R_1'V/2
R
2 2
V02=(1+R_1)'V/2'R_1'V/1
R R
Vo=(1+—=)"—— Vo1 - = - Vpy =Vp -V,
o= R)2-R 01~ 7 "Yo2=Vo1" Vo2
v:v +&.v-&.v _V-&.v +&.v
o 11 R, 1 R, 2 -Vi R, 2 R, 1
R, R,
Vo=V +2: — V-2 -— - Vp- V,
o=Vn R, il R, 2- Vi

R,
Vo=V - Vp+2 7. (vin- vp)
1

2'R2
vo=(1+ e ) (Vi1 -vp)
1

The instrumentation amplifier rejects common mode signals and amplifies the difference between
the input voltages. Additionally, the input resistances seen by the two input voltage sources are
infinite, which means that the instrumentation amplifier is quite close to an ideal differential amplifier.
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4.4 Nonideal properties of the op-amp

For all the circuits presented and analysed so far, it was assumed that the op-amp is ideal. In most
applications, this assumption leads to a satisfactory precision of the results. However, there are cases
where the nonideal properties of the op-amp can be an issue, especially in integrated circuits.

The nonideal properties are analysed in:

e acregime (variable signal) — nonideal gain, bandwidth, slew rate, input and output resistances.

e dcregime (biasing) — offset voltage and bias currents.

4.4.1 Nonideal properties in ac regime

Finite voltage gain

The open-loop gain of an op-amp, denoted g, is a finite value (tens, hundreds of thousands). For
OA741 (most common general-purpose op-amp), the open-loop gain is a = 200000.

The VTC vo(vp) of the UA741 with differential supply of 12 V is shown in Fig.4.62. Since UA741 is
not a rail-to-rail amplifier, the extreme output voltage is around 10 V.

Vo = a- Vp
Vo 4
10V
slope = 200000
el
-50 uv 50 uv v
5 >
-0V Fig.4.62. VTC vo(vp) of a finite
P open-loop gain amplifier

active region

The active region of the op-amp is [-50 puV; 50 pV], obtained by dividing Von and Vo, to a. The
differential input voltage vp needs to be inside the active region, for the op-amp to work as a voltage
amplifier. Outside the active region, the op-amp works as a comparator, when vp>50 pV and
Vp <-50 pV.

The finite gain of the op-amp also influences the voltage gain of an amplifier with op-amp. For the
noninverting amplifier in Fig.4.63, the voltage gain Ay is a function of the open-loop gain a.

it . +Vps
A,
| “|
—
1 R1 Fig.4.63. Noninverting

1 amplifier
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l1+a

"Ri*R,

Example ‘

Compute the voltage gain for the noninverting amplifier in Fig.4.63, for R1 = 4 kQ and R, = 28 kQ,
assuming:

i) a >oo (ideal op-amp)

ii) @ = 200000 (OA741).

Determine the relative and the percent error of the voltage gain considering an ideal op-amp.

Solution:
i) For an ideal op-amp, the voltage gain is:

R>
Av,ideal =1 +R_; A v, ideal = 8
1

ii) For a nonideal op-amp, the gain is:

A a
v,a~ Rl
l1+a- R+ R,
200000
A, q= 7 ;A g =7.9996
1+ 200000 - 3
The difference between the two values is 0.0004 (relative error), and the percent error is:
A, 4 A,
&=| =222 |. 100 = 0.005%
v, ideal

Both the relative and the percent error are smaller than the tolerances of resistors, thus justifying
the use of the ideal value of the open-loop gain, when determining the voltage gain of an amplifier
with op-amp.

Finite bandwidth

The gain of an op-amp is not constant throughout the entire frequency range, but decreases when
the frequency increases. The magnitude response of a general-purpose op-amp is that of a low-pass
filter [1], as shown in Fig.4.64. The open-loop gain, ao = 10°, or 100 dB, and fo = 10 Hz. The gain
decreases with the increase of frequency, the unity gain is obtained at f; = 10° Hz.

For unity gain, the op-amp is a voltage follower. Outside the bandwidth, the gain drops
20 dB/decade (for op-amps with internal compensation, which have a capacitor C for frequency
compensation). The angular frequencies are:
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wo =2-1 - f, [rad/s]
w; =21 f, [rad/s]

The complex gain is:

a
A(jw) = O.w
1+42
wo
For w >> wo, the complex gain becomes:
. o0 "Wo
Aljw) = —
jw
. o "Wo
|A(w)|=

The unity gain is obtained for w:
W =0p "We; f,=00 "fo

For the noninverting amplifier, the voltage gain is:

R,

AV = 1 + —

R1

The -3 dB frequency and the bandwidth is:
ft aO

fo,szBsz RZ =fo' RZ
1+ 5% 1+ 5
R1 R1

The bandwidth of a noninverting amplifier with op-amp (negative feedback) is greater than the
bandwidth of the op-amp without feedback, but the drawback is the decreased voltage gain.

4 a [dB]
g, = 100 13 4B
80 T
60 T Slope =-20 dB/dec
40 +
20 T
Jfo fe
0 10 100 10° 100 100 10° fHz]
B,

Fig.4.64. Gain-frequency plot of a general-purpose op-amp
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Slew rate (SR

Due to the presence of a frequency compensation capacitor, the output voltage cannot exhibit an
instantaneous variation. To exemplify the slew rate of an op-amp, a step signal (Fig.4.65. b) is
connected at the noninverting input of a voltage follower Fig.4.65. a).

Vi, Vo

V o
: + Vo 0.9 Vo TVI

VvV~

a) b)

Fig.4.65. Noninverting voltage follower with step input voltage
a) circuit; b) illustration of slew rate

The output voltage does not instantaneously increase from 10% to 90% of the maximum value, but
in a finite time, At. Between 10% and 90%, the variation of the output voltage is considered linear,
and the slope of the segment is the slew rate (SR) of the op-amp, determined as:

AV
SR= —
At

The slew rate is measured in V/us and is specified in the datasheet of the op-amp. An ideal op-amp
has infinite slew rate. The output voltage can be distorted, due to limitations imposed by the slew rate
of the op-amp, even if the voltage is a sine wave - Fig.4.66.

TVo IdeaI op-amp
Real op-amp
// N \ ’ \
) / \ Fig.4.66. Output voltage distorted
/ by finite SR

Input and output resistances
For an ideal op-amp, ri= o0 and r, = 0. For real op-amps, the input and output resistances are
finite/non-zero: mega ohms for r; and tens, hundreds of ohms for r.. The effects of these real values
upon the R;and R, of an amplifier with op-amp are analysed on a noninverting amplifier (Fig.4.67).
The input resistance of the amplifier is:

v
Ri:,_l
Iy
)/
i=—= Vo) /r;
i r /R1 (0] i
7 R4
Vo avD:>R———r(1+aR+R)
2
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——o0— : + S — l o
I ' r | i i
VDl | ri l O L ' Vo
v ! 1
Il() i a-Vp ! ‘j
R —) 1+ - E T 0
1 _l L R, ‘Ro
Te—

Fig.4.67. Model of the noninverting amplifier

The input resistance of an op-amp with negative feedback, R, is greater than the input resistance
of the op-amp, r;, and greater than all other resistances in the circuit. Thus, the effect of negative
feedback is to increase the input resistance, bringing it closer to the ideal infinite value.

To determine the output resistance, a test voltage source is applied at the output, and the input
voltage is set to zero - Fig.4.68.

_ Viest
o~ .
Itest
i i+ = Vtest + Viest ~d°Vp
test 2 o R1 + RZ r,
ITTTTTT ST oo e : lo test
: e ot
1
- i ro |
| ! l iz
VDl | G'Vol | C)lvtest
| : Pa—
1
1 1
— T ' 1o
L L e 1
R; R Ro
| ey
e—

=0- . = .
Vp Rl +R test R1+ RZ test
r
RO:(R1+ RZ)II 2 Rl 2 Rl
1+c7;:‘,1+R2 1+0R1+R2

The output resistance of an op-amp with negative feedback, R,, is smaller than the output
resistance of the op-amp, r,, and smaller than all other resistances in the circuit. Thus, the effect of
negative feedback is to decrease the output resistance, bringing it closer to the ideal zero value.

4.4.2 Nonideal properties in dc regime

Offset voltage
For all real op-amps, the output voltage is different from 0 V, when both inputs are connected to

oVv:
vi=v =0V = vp=0V, but vp=a-vp 20V
The differential voltage that needs to be applied at the input of the op-amp so that the output is
0 Vis called the input offset voltage (Vore) and is specified in the datasheet of the op-amp. This voltage
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appears as an effect of the fabrication process of the op-amp: the input stages of the op-amp are not
perfectly balanced (input currents are not perfectly equal). In general-purpose op-amps, Voeris a few
millivolts, while for precision op-amps, as small as some microvolts (4 uV for MAX400M). The input
offset voltage can vary in time, due to aging of the components inside the integrated circuit.

Every op-amp has terminals dedicated to offset compensation (offset null). Using a potentiometer,
it is possible to obtain a 0 V output when both inputs are set to 0 V. Additional circuits for offset
compensation can also be used [3].

Reducing the effect of the input offset voltage is possible, in some cases, by using capacitive
coupling on the negative feedback loop of the op-amp, as shown in Fig.4.69, for a noninverting
amplifier.

Vorr
o N\ ) Vo= Vorr + Avvi
Vi U/
a p————oO0
— .

C>wo R R,

| — |

| I |

Fig.4.69. Capacitive coupling of the negative feedback
loop to reduce the effect of the offset voltage

Bias currents
For the op-amp to properly function, dc currents must flow through its input terminals. These
currents are called input bias currents, [fand I
The average value of these two currents, I, is specified in the datasheet of the op-amp, along with
their difference, the offset current, .
rr+r
lg = — lopp=1"+1

For op-amps that have bipolar transistors (BJTs) in the input stage, /s = 100 nA and /o = 10 nA,
whereas for op-amps built with field-effect transistors (FETs), Igis smaller, picoamps.
An amplifier without input voltage is shown in Fig.4.70. For Is = 100 nA and R, = 20 kQ, if I'=T,
the output voltage is:

F'=r=1,
VO=R2-/2=R2-/'=R2-IP=>VO=2mV

R3=R1||Rz /+
—

1
T E— +
B | L, - Vo Fig.4.70. Op-amp with negative
1 R: R feedback and bias currents
2
— 1

Although the output voltage determined by the input bias currents is small, there are methods of
counteracting this effect, in applications where precision is paramount. One such method is to make
sure the same resistance is seen by both inputs of the op-amp, in dc regime, in other words, that the
inputs of the op-amp are balanced. For the circuit in Fig.4.70, resistor R3 was added to the noninverting
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input of the op-amp. This newly added component does not influence the amplifier’s behaviour in ac
regime. Resistor Rsis the parallel equivalent of resistors R; and R3,

R
Vo=-Rs-I"+Ry - (- —-I*)
R1
R,-R
Vo=ly- (Ry+R, - 23
Ry

)

The output voltage Vo becomes null when:
Rl ‘ Rz
" Ry +R,

R3 =R.[IR;
When the two input bias currents are not equal, the output voltage will no longer be null, but a
value determined by the offset current /orr, much smaller than the output voltage caused by /5.
Vo = Rz lorr

4.5 Applications of op-amp amplifiers

From the multitude of applications where the op-amp works as an amplifier (with negative
feedback), some of the most important are:

e voltage domain converters — circuits that convert the input voltage range into a different
range at the output (e.g., vi€[2 V; 10 V] is converted to vo €[3 V; 6 V])

e unipolar supply amplifiers — the op-amp needs additional biasing, so that both the positive
and the negative halfwaves of the input voltage are amplified

e precision halfwave and full wave rectifiers — the op-amp is used to build a “superdiode”

e integrators and differentiators — active filters

e capacitively coupled amplifiers — the input voltage has both ac and dc components, and
only the ac component (variable) is amplified

e logarithmic and exponential amplifiers, multipliers and division circuits — there is a
transistor on the negative feedback loop of the op-amp

e current sources —the generated current is independent of the load resistance

e voltage regulators — the output voltage is constant

e sinusoidal and non-sinusoidal signal generators — circuits with no input voltage, that
produce a variable output voltage.

Some of these circuits include transistors, electronic devices that will be discussed in the next

chapter. Hence, an in-depth analysis is made for voltage domain converters and unipolar supply
amplifiers, whereas the other circuits are only briefly presented.

4.5.1 Voltage domain conversion circuits
A conversion of the voltage domain can be achieved by using either inverting or noninverting
voltage amplifiers. The range of values of the input voltage, called command voltage, is
converted/transformed into a new range of values at the output:
Ved € [Vcd,min; Vcd,max] -> Vo € [VO,min; VO,max]

Vcd,min * VO,min; Vcd,max * VO,max
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I

The range of values for the command voltage can be wider or narrower than the range of values
of the output voltage.

Choosing the inverting or noninverting amplifier depends on whether the minimum value of the
command voltage leads to a minimum or maximum value of the output voltage. For a noninverting
voltage domain converter, the minimum command voltage results in a minimum output voltage:

Vcd,min > VO,min; Vcd,max > VO,max

For the inverting voltage domain converter, the minimum command voltage will result in a
maximum output voltage:
Vcd,min > VO,max; Vcd,max - VO,min

Converting the voltage domain cannot be achieved without the use of an additional dc voltage
source, Vges, applied at the other input of the op-amp. With one voltage applied to each input, the op-
amp operates as a differential amplifier.

A noninverting voltage domain conversion circuit is presented in Fig.4.71. The op-amp is
considered to have differential supply, which is not shown on the schematic.

R3
1 Vo
“ *
L g
V
Refl I R R> Fig.4.71. Noninverting voltage

—1 domain converter

The circuit’s equations are:
NF=vp=0V; vt =v"~
vh= vy

i Rq R, y
V= SV + .
R+R, ©C R+R, &

2 2
Vo=(1+—) vyg-— "V
0 ( Rl) cd Rl Ref

For the noninverting configuration, the minimum/maximum command voltage leads to the
minimum/maximum output voltage:
Vcd,min - VO,min; Vcd,max -> VO,max

Vo,max = (1+ &) *Vedmax - -y VRef
’ R1 ’ R1
Rz Rz

VO,min =(1+ R_l) ’ Vcd,min - R_l ’ VRef

The two equations are solved for Vg and Rz/R;. By subtraction, the term that contains Vzes
disappears, and the ratio Ry/R; is found as a function of the extreme values of the command and
output voltages:

& _ VO,max - VO,min & _ VO,max - VO,min

1+ -1

R 1 Vcd,max - Vcd,min R 1 Vcd,max - Vcd,min
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R
(1 + R_i) : Vcd,max - VO,max
VRef = R,
Ry

Resistor R is sized as the parallel equivalent of resistors R; and R,, as explained in Section 4.4.2:
Rs3=Ry || R,

The VTC vo(ves) of a noninverting voltage domain converter is depicted in Fig.4.72. Note the positive
slope of the segment, and the fact that only part of the active region is shown (for such circuits, the
amplifier doesn’t go into saturation).

v, V]

Omax [

Fig.4.72. VTC vo(ve4) of a
noninverting voltage domain
converter

Omin [

v,V

For an inverting voltage domain conversion circuit, the command voltage is connected to the
inverting input, as seen in Fig.4.73. The circuit’s equations are:
NF=>vp=0V; vi= v~

V+ = VRef
R Rz
vV = “Vp + “V,
Ri+R, ° Ri+R, ©
R, R,
Vo=(1+—) vyg-— "V,
o ( Rl ) cd Rl cd
R3
| Vo
T "
1 -
Vcdl R1 . .
R Fig.4.73. Inverting voltage

—1 domain converter

For the inverting configuration, the minimum/maximum command voltage leads to the
maximum/minimum output voltage:
Vcd,min - VO,max; Vcd,max - VO,rnin
R> R>

VO,max =(1+ R_l) : VRef' R_l
R>

R;
VO,min =(1+ R_l) : VRef’ R_l : Vcd,max

: Vcd, min

& _ VO,max - VO,min
R 1 Vcd,max - Vcd,min
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Resistor R is sized as the parallel equivalent of resistors R; and Ra:
Rs3=Ry || R,

The VTC vo(ve) of a noninverting voltage domain converter is depicted in Fig.4.74. Note the
negative slope of the segment.

v

Omax [

Vomn | Fig.4.74. VTC vo(ve) of an inverting
voltage domain converter

Vg 1

Example ‘

Design and size a voltage domain convertor, with differential supply +10 V for which:
de=-4V vcd=-1V
VO:3.5V ’ VO='2.5V

Plot the VTC vo(Vcd).

Solution:

The convertor is inverting, based on the requirements (Vcgmin determines Vo max, and Vedmax
determines Vo min) — see Fig.4.73.
R,
R1
R,

25=(1 RZ)V (-1)
-25= + —). - —= (-
Rl Ref Rl

R>
3.5=(1+ R—)'VRef- (-4)
1

The ratio of the two resistors is obtained as:
R
35 -(-25)=4- —- —

R R
6 = 3 . _2 = _2 -
Ri Ry
The voltage Vger is computed as:
3.5 =(1+2) Vg -2 (-4)

3+ Vper=-45> Vpg=-15V

Finally, the computed values are replaced in the second equation of the circuit:
-25=(1+2)-(-15) - 2-(-1)

151




ELECTRONIC DEVICES

-25=-45+2
-25=-25

The equation is verified, meaning the computed values are correct. The resistors must be chosen so
that:
RZ = 2 . Rl

Any two values that meet the criterion can be chosen, although the values must be in kQ, to keep
the currents small (milliamps). Possible solutions are:
Ry = 5kQ Ry = 6 kQ Ry = 11kQ Ry = 4.7kQ
1:{R2 = 10 kQ}; >’ {Rz =12 kQ}; S3:{R2 =22 kQ}; 54:{5’2 =94 kQ}

The value of Rsdepends on the values of Ry and R,. For S,, the value of Rs is:
Ry=6|12=4kQ

The final circuit is shown in Fig.4.75.

4 kQ
-1.5V — 10V Vo
= '
I 1 -
Ved l 6 kQ 10V F|g.4.7.5. Inverting voI.tage. .
domain convertor — final circuit
— 1
12 kQ

The voltage Ve can be obtained from the negative power supply, using either a resistive divider, or
a 1.5V Zener diode.

The VTC vo(Ve) is shown in Fig. 4.76.

v, Iv)

Vg [\Y]

\ as) Fig.4.76. VTC vo(vcqd) for the

proposed inverting voltage
domain convertor

1. Design and size a voltage domain convertor, with differential supply 10 V for which:
Vcd='2V Vcd=1v
{vo: 10V}'{V0=4V}
i) Plot the VTC vo(vcg). What is the value of veq for which vo =-4 V?

ii) Propose a schematic to obtain Vzesfrom the power supply. Size the newly added components.
iii) For Vger = 0V, deduce and plot the new VTC vo(ves). What is the new application of the circuit?
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2. Design and size a voltage domain convertor, with differential supply £12 V for which:
vcd=—2.5V Vcd:SV
{vo =-13.5 V} ’ {vo =9 V}
i) Plot the VTC vo(vcq). What is the value of ve for which vo =0 V?

ii) Propose a schematic to obtain Vg.rusing a Zener diode. Size the newly added components.
iii) For Vger = 0V, deduce and plot the new VTC vo(ves). What is the new application of the circuit?

4.5.2 Amplifiers with unipolar supply

The noninverting amplifier in Fig.4.77 has an input voltage with both ac and dc components. The
capacitor G, together with resistor R, forms a high pass filter, whose cut-off frequency needs to reject
the dc component, and allow all frequencies of the ac component to pass, including the one close to
zero frequency.

vi =V +v; C

+

]
R, R _T_
[ s S e

Fig.4.77. Noninverting amplifier with capacitive coupling

The circuit amplifies only the ac (variable) part of the input signal, and the output voltage is only
ac. The circuit’s equations are:
vi=V,+ vy
NF=vp=0V; vi=v~

For amplifiers with differential supply, both halfwaves (positive and negative) of the input voltage
are amplified (the output voltage can be both positive and negative).

If the op-amp is amplified from a single power supply (unipolar supply), positive or negative, the
output voltage will only show the positive or negative halfwave. A noninverting single supply amplifier,
with positive supply, is shown in Fig.4.78, together with the VTC vo(vi) and sample waveforms for vi(t)
and vo(t).

To amplify the entire input signal, not just the positive halfwave, the solution presented in [4]
involves adding to the initial circuit:

- aresistive divider out of the positive power supply, to obtain a dc component that will be added

to the variable (ac) input voltage

- two capacitors, to add the ac and dc parts of the input voltage, and to obtain different voltage

gains for ac and dc.
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g T e N e
v, VI

OH [

—v, V]
vy V]

VARV
c)

Fig.4.78. Noninverting amplifier with unipolar supply
a) circuit; b) VTC vo(v)); c) waveforms for v,(t) and vo(t) for op-amp in the
active region.

b)

The complete circuit is shown in Fig.4.79. Since the circuit contains capacitors, there will two
equivalent circuits, one for dc and one for ac. The voltages seen by the two inputs of the op-amp have
ac and dc components.

By adding a dc voltage source Vsigs to the variable input voltage v, the input voltage is translated
towards positive values; this way, the voltage seen at the noninverting input is now only positive.
vt = Vi + Vpigs

The ideal value of the dc component is the one for which the maximum active region is obtained.
Thus, the ideal value is V= Ves/2, and the dc gainis A, 4 = 1. Capacitor C; helps in summing the two
components of the voltage connected to the noninverting input, while capacitor C; makes the circuit
a voltage follower, in dc. The equivalent dc schematic is shown in Fig.4.80, where the two capacitors
are considered open circuit.

[ Ve
R
1
Vi G I v
II + VO
R Vv
2 -
3 —
R

3 Fig.4.79. Noninverting amplifier

with unipolar supply — final circuit

4

[N)

i
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NF=vp,=0V; vi=v"

vt = Vg = _fa v
Bias R1+ R2 PS
Vips
For R]_: Rz =1 VBias = T
V= VO
Vps
Vo = Vigs T
Vo
A d = 1
v VBias
T VPS
R1 )
V. Y
Bias
+ Yo
v -
R2 )
Fig.4.80. Equivalent dc circuit for
1 the noninverting amplifier with
R, unipolar supply

The ac equivalent schematic is shown in Fig.4.81, where the two capacitors are considered short-
circuit, and the positive dc power supply Vsiss is set to zero. Note that the capacitors cannot be
considered short-circuits for any frequency of the input signal; their values must be chosen so that
they allow all frequency components of the input signal to pass, even the lowest ones. Resistors R1

and R have no effect upon the input voltage.

Fig.4.81. Equivalent ac circuit
for the noninverting amplifier
with unipolar supply

NF=vp=0V; vt =v~
+

vV =V
R
= . V
Ry+R, °
1+ 22
Vo=(1+—=—)"v
o R4 /;
Vo 3
Av, ac = = B
i 4

Only the variable component of the input voltage is amplified (non-unity gain), while the dc
component is amplified with unity gain (voltage follower for dc component). The voltages seen at the
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two inputs of the op-amp, v* and v, are the sum of the voltages seen at the two inputs, in ac and dc
regime.
vt = Vias + Vi
v Vs

vV =Vy+ V,

Rs+ R,
Vps Ry
= —+— -y,
2 R3+ Ry
Vo= Vo + v,
Vo = Av, de * Vaias +Av, ac’ Vi
V R
VO=1'£+(1+—3)'VI'
2 Ry

<I

The VTC vo(v)) and sample waveforms for v(t) and vo(t) are shown in Fig.4.82.

vy V]

OH [

onl2

[} v, V] [ t

-VOH/(Z*AV) VOH/(Z*AV)
a) b)

Fig.4.82. Noninverting amplifier with unipolar supply
a) VTC vo(v)); b) waveforms for v(t) and vo(t) for op-amp in the active region.

The additional components Ri, Rz, Ci, C; that appear in the complete circuit shift the VTC vo(v))
towards the left, on the horizontal axis, by Vps/2; thus, the final circuit will amplify both halfwaves of
the input voltage.

The final circuit of an inverting amplifier with unipolar supply is shown in Fig.4.83. The additional
components are Ri, Ry, Ci.

T VPS
Rl
Bias V+
+ Yo
RZ v -
Vi R4 R3
o—l I_D_._} Fig.4.83. Inverting amplifier with
c unipolar supply — final circuit
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The dc equivalent schematic is the same as for the noninverting circuit (Fig.4.80), capacitor C; is

considered open-circuit, meaning the circuit is a voltage follower in dc.
In the ac equivalent circuit (Fig.4.84), capacitor C; is considered short-circuit. A second capacitor is

no longer needed, since the voltage seen by the noninverting input is already 0, in ac regime.

+

v
+ Vo
R1 l l Rz "2
Vi Fig.4.84. Equivalent ac circuit
— 1 for the inverting amplifier
R R . .
4 3 with unipolar supply

NF=vp=0V; vi =v~

vi=0V
R4 R3
vV = Vot Y
R3+ R, R3+ R,
3
Vo = (_R_4) Vi
Vo R3
Av, ac = = -5
V; Ry

The voltages seen at the two inputs of the op-amp, v* and v, are the sum of the voltages seen at
the two inputs, in ac and dc regime.

vt = VBias
v Vs
2
. R4 R3
v =Vy+ “Vyt Vi
R3+ Ry R3+ Ry

+ . VO + %
2 R3+ Ry R3+ Ry
VO = VO + VO
Vo = Av, dec’ VBias +Av, ac’ Vi

V R
VO= 1'_PS+('_3)'VI
2 Ry

vy V] — v,V

Vou —v, VI

OH'

v, vi r t

I
Vou/(2*A,) Vou/(2*A,)

a) b)
Fig.4.85. Inverting amplifier with unipolar supply
a) VTC vo(vi); b) waveforms for vi(t) and vo(t) for op-amp in the active region.
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The VTC vo(v)) and sample waveforms for v,(t) and vo(t) are shown in Fig.4.85. The additional
components Ry, Rz, C1, that appear in the complete circuit shift the VTC vo(v)) towards the left, on the
horizontal axis, by Vpes/2; thus, the final circuit will amplify both halfwaves of the input voltage.

Examples ‘

1. Design and size a single supply amplifier, for which vo(t) = -4 - v|(t) + 8 V. Justify the type of the
amplifier (inverting/noninverting) and determine the value of Ves Compute Ay, 4c and A, ac.

Solution:
The amplifier needs to be inverting, because the coefficient of the variable input voltage is negative
(-4) — Fig.4.83. The output voltage is:
Vo = Av, ch' VBias +I’;\v, ac’ Vi
Vo = 1'%‘* ('?Z)'Vi
vo(t) =8 -4 - vt
Av,dc= 1; Av,ac='4

The value of the positive power supply Vps is computed by using the expression of Vaiss; the values
for R; and Rsare computed from the value of the ac gain.
Vps

VBias = 5 = R =R,
VPSR=2 * Vpigs = Vps =16V
-2 =.4> Ry=4-R,

R4

Possible values for the four resistors in the circuit are:
Ry = Ry=5kQ; Ry =20 kQ; Ry = 5 kQ.

2. For the circuit designed at Problem 1, plot the VTC vo(v)), for vie [-5 V, 5 V], and determine the
active region of the amplifier. Plot v/(t) and vo(t) for v/(t) = 1.5sinwt [V] and then for v(t) = 4sinwt [V].

Solution:

The VTC vo(v)) is shown in Fig.4.86. The active region is determined by the extreme values of the
input voltage, for which the op-amp works as an amplifier, that is when the output voltage is not
clipped. The newly added dc component is half the value of the positive power supply.

vVl

16 -

v, V] Fig.4.86. VTC Vo(V/)
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The active region is:

Vps - Vps
wely a7 Al
1 16,y 2:2] [V
Vl'e[z_(_4)12.(_ )][]:Vie[_r ][]

The waveforms for vi(t) and vo(t) for v(t) = 1.5sinwt [V] are shown in Fig.4.87. a), and for
vi(t) = 4sinwt [V] in Fig.4.87 b).

For v/(t) = 1.5sinwt [V], the output voltage is not limited (the input voltage is inside the active region).

When the amplitude of v, is greater than 2 V, the output voltage is limited to a maximum value of
16 V, and a minimum value of 0 V — Fig.4.87 b).

L v

p— 16 I

16} [ —v,
—v,

14t

8
8
15 t \/

N\

a) b)

AN o v s

Fig.4.87. Waveforms for v(t) and vo(t) for
a) v(t) = 1.5sinwt [V]; b) vi(t) = 4sinwt [V].

1. Design and size a single supply amplifier for which:

Volt) =6 -5 v(t)
Justify the type of the amplifier (inverting/noninverting) and determine the value of Vs Compute
Ay, ac and Ay, ac.

2. Design and size a single supply amplifier for which:

Vo(t) =6+ 8- v(t)
Justify the type of the amplifier (inverting/noninverting) and determine the value of Vs Compute
A, 4c and A, qc. Plot the VTC vo(v)) and determine the active region of the amplifier. Plot v(t) and vo(t)
for v((t) = 4sinwt [V].

3. Design and size a single supply amplifier for which:

Vo(t) =3-5-vt)
Justify the type of the amplifier (inverting/noninverting) and determine the value of Vs Compute
Ay, 4c and A,, qc. Plot the VTC vo(v)). Propose an amplitude for the input voltage, so that the amplifier
works in the active region. Plot v,(t) and vo(t) for the proposed vi(t).

159



ELECTRONIC DEVICES

4.5.3 Active rectifiers

Active rectifiers are applications of diode circuits. The drawback of diode rectifiers is they are
unable to rectify voltages below the threshold voltage of the diode, 0.7 V. Also, the output voltage is
always smaller than the input voltage.

Aregular diode connected on the negative feedback loop of the op-amp transforms the circuit into
a "superdiode”, for which the threshold voltage is so small, that it can be ignored (microvolts). An
active halfwave rectifier, with superdiode is shown in Fig.4.87. The superdiode can be seen as an ideal
diode, with 0 V threshold.

i “Superdiode” !

: vt D '

| + !

A |

| l_ Vo, oA !

:“------—————————---__.: Fig.4.87. Positive

v’lCD R l"o halfwave active rectifier

with superdiode

The output voltage is determined based on the state of the diode. For vg, 0a greater than the
threshold voltage of the diode, D is on, and the negative feedback loop of the op-amp is closed.

For vg, oa >0.7 V, the op-amp has NF,and v, =0V = v = v~
+

vV = VI
VvV = Vo
Vo=V,

Whenvg o4 > 0.7V, Dis off, and the op-amp no longer has negative feedback and works as a simple
noninverting comparator.
For vp oa < 0.7V, no feedback, and vy ga =a - vp
+
vV =y
v =0V (D-off)
vp= Vi-v =y
Vo,04=0 "V

0.7
VO,OA<O'7V = V/< 7

The open-loop gain of the op-amp is very high, a = 200000 for UA741. Because of this high gain,
the value of the input voltage for which the op-amp does not have negative feedback can safely be
approximatedto 0 V.

0.7 3.5V
V) < — = Vv, < 3.
I 2.105 i 53

For any input voltage v, > 3.5V, the op-amp has negative feedback, and works as a voltage
follower (the output voltage is equal to the input voltage). The circuit in Fig.4.87 is a positive halfwave
active rectifier.

A drawback of active rectifiers with superdiode is given by the time it takes for the op-amp to go
from the saturation (passive) region (vg o4 < 0.7 V) to the active region (vg g4 > 0.7 V). This delay
decreases the speed of the circuit and limits the operating frequency [5].
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Full-wave rectifiers can also be built using superdiodes, as shown in Fig.4.88. The circuit is

interpreted as a positive halfwave rectifier (OA1 and D,), in parallel with a negative halfwave rectifier
(OA2, Dy, R and R).

v; > 0V; OA1 has NF; D; —on; D, — off; vo=v,, given by OA1l
v; < 0V; OA2 has NF; D; - off; D —on; vo = -v,, given by OA2

o +
Vi OA1l
"
1+
OA2
T— 1. D,
R
Fig.4.88. Fullwave active

R R. [;” Vo rectifier with superdiodes

Active rectifiers with superdiodes are also called precision rectifiers: the amplitudes of the input
and output voltages are equal, and no voltage is lost on the diode in on state.

Superdiodes can replace common diodes in almost any diode circuit.
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Chapter 5

TRANSISTORS

In this chapter, you will learn:

what transistors are and types of transistors

the operating principle and operating regions of transistors

the physical structure, operation, and static characteristics of the n-type BJT

the physical structure, operation, and static characteristics of the n-type MOSFET
simple circuits with BJT and MOSFET.

o

5.1 Introduction

The transistor is the third and last electronic device addressed in this book. Alongside diodes and
operational amplifiers, transistors are found in almost any electronic circuit.

The transistor can have different functions in different circuits; based on the signal applied to its
terminals, the transistor is used either as a switch or as an amplifier.

Transistors are active devices, just like operational amplifiers, with three terminals. In order to
operate, transistors need two signal sources — a control or command source (also known as input
source), and a power supply. The command or input source is connected between two terminals of
the transistor, while the power supply is connected to the third terminal. The input source controls
the current flow through the transistor, so the transistor can be modelled using a voltage-controlled
current source.

When it comes to the power supply, either dc voltage or dc current sources can be used. The dc
voltage source is connected in series with the transistor, while the dc current source requires a parallel
connection. Regardless of the type (voltage or current), a resistor needs to be connected in series (for
the dc voltage supply) or in parallel (for the dc current supply).

Current trends in circuit design use integrated transistors, with sizes as small as micrometres or
even nanometres. The processors that today swiftly bring immense computational power at the tip of
our fingers, in computers, mobile phones, smart devices et al, are built using millions and millions of
integrated transistors, on a single chip. In computer processors, the transistors operate as switches,
and their switching speed impacts the processor’s performance.

Moore’s law, named after Gordon Moore (1929-2023) — engineer, and co-founder of Intel
Corporation, states that the number of transistors on an integrated chip doubles about every two
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years [6]. Moore’s law proved accurate from 1975 to 1990, but since the 1990s, the transistor count
increased slower than predicted. The transistor count on some widely known processors is: Pentium
[l 1999 — 9.5 million transistors, in 0.25 um technology; Intel Core 17 4960X 2013 - 1.86 billion
transistors, in 22 nm technology [7]. The current highest transistor count is in the Apple M2 Max, with
67 billion transistors, in 5 nm technology [8].

With these immense numbers of integrated transistors in mind, studying the operation and
properties of discrete transistors may seem outdated. However, a deep understanding on how
transistors work is mandatory for electronics and telecommunications engineers; moreover, there are
still many real-life applications where discrete transistors are used.

This chapter starts by describing types of transistors, then addresses the operating regions of
transistors in general, and ends with customizing these properties for the BJT and MOSFET.

5.2 Types of transistors

Transistors can be divided into multiple categories, using different criteria (Fig.5.1). Based on the
type of carries (electrons or holes) that determine current flow, transistors are:
e unipolar or field-effect transistors (FETs), where a single type of carriers flowing through a
semiconductor channel (n-type or p-type) determines the current
e bipolar or bipolar junction transistors (BJTs), where the current flows due to both electrons
and holes, through both types of semiconductor material (n-type and p-type), connected
in series. A BJT consists of two pn junctions, like the ones discussed in Chapter 2.

 » npn

BJT
 » pnp
n-channel
Enhancement ||—
mode
/ Sa p-channel
MOSFET
n-channel
Depletion
FET mode S~ p-channel

\ M n-channel
JFET
T p-channel

Fig.5.1. Types of transistors

Both FETs and BJTs can be n-type or p-type:
e for FETs, the current flows through the semiconductor channel, which is either n-type or
p-type, hence the names n-type FET or p-type FET
e for BJTs, the different ways of connecting the two pn junctions results in n-type BT,
meaning npn, or p-type BJT, meaning pnp.
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Field-effect transistors can be:
e junction-gate field-effect transistors — JFET
e insulated-gate field-effect transistors (IGFET) or metal—oxide—semiconductor field-effect
transistors — MOSFET.
Based on the way the semiconductor channel is formed, n-channel MOSFETs and p-channel
MOSFETSs can be:
e enhancement mode MOSFETs
e depletion mode MOSFETSs.
Out of the eight possible types of transistors, enhancement mode n-channel MOSFETs and npn
BJTs (shown in blue in Fig.5.1) are the most widely used, and this chapter focuses on describing their
properties and operation.

5.3 Operating principle and operating regions

Transistors can be modelled as non-linear voltage-controlled current sources (Fig.5.2). The
relationship between the current and the control voltage is non-linear: quadratic (square) for
MOSFETs and exponential for BJTs. The control voltage Vcr determines the current /r through the
transistor (output current). The common terminal for V¢r and I7 is marked with an arrow that shows
the direction of the positive current flow through the controlled source. The dotted line symbolizes
the current through the control terminal (zero for MOSFET and much smaller than I+ for BJT). The circle
next to the symbol of the controlled source, for p-type transistors, represents the complementary
behaviour of the p-type transistors, with respect to n-type transistors.

T
Th Ver g

O-===- Ir o---- Ir

a) b)

Fig.5.2. Voltage-controlled current source models for transistors
a) n-type, Tp; b) of p-type, T.

Aside from the control voltage vcr and the controlled current ir (or ip), the behaviour of the
transistors can also be described using the voltage across the transistor vpo and the input (control)
current j.. Thus, three types of static characteristics can be determined:

e input characteristics - the variation of an input variable as a function of another input variable

e output characteristics - the variation of an output variable as a function of another output

variable

e transfer characteristics - the variation of an output variable as a function of an input variable.

From the input characteristics in Fig.5.3, one can see that both MOSFETs and BJTs are brought into
conduction (on state) by applying a control voltage Vcrthat is above (for n-type transistors) or below
(for p-type transistors) a certain threshold. V., > 0 is the threshold voltage for n-type transistors, while
Vmp < 0 is the threshold voltage for p-type transistors. Once the transistor is on, the current /rthrough
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the third terminal starts to increase, up to a maximum value that is determined by the other
components in the circuit (power supply, resistors).
Based on the value of the voltage applied to the command terminal, the four operating regions of
the transistor are:
e cut-off - off
e qactive forward — ar
e extreme conduction — exc
e qactive reverse — ar— rarely used.
There is no current flow when the transistor is off, and there will be a current flow when the
transistor is in ar, exc or ag, in which case the transistor is said to be on.

Ir 4 off ©on

> >\
0 Vrhn Ver Vrmp 10 v
a) b)
Fig.5.3. Input characteristics I+(Vcr)
a) Tn; b) Tp.

An n-type transistor connected in a circuit with series voltage supply is shown in Fig.5.4. The current
through the transistor, /7, is the same as the output current, lo. Without resistor R in the circuit, the
voltage across the controlled source on the transistor would always be equal to Vps.

)l Vps

Fig.5.4. T, in a circuit with series voltage supply

The transfer characteristics /Io(Vcr) and Vo(Vcr) are presented in Fig.5.5. The boundary between
off and ar is given by Vm,, the threshold voltage of the n-type transistor. The boundary between ar
and exc is denoted Vcrex. The maximum possible value of the current is obtained for T, in exc and is
denoted /oex.

Ver > Vp, > T, -0n, in either arorexc, Io >0
Ver > Verex = Tpinexc, o = loey
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The maximum value of the current is determined by the other components in the circuit: the supply
voltage and the resistor. This current can be computed using KVL in the output loop of the circuit:

Vps - Vo- lo-R=0
An increase in the control voltage determines an increase in the output current, which leads to a
decrease in the output voltage. Thus, the maximum value of the current, /o,,, is obtained when the
output voltage Vpis at the minimum value, thatis 0 V.

Vo=0V= lgex - R=Vps

I, = 2S
Oex R
IT = /o A
\ V
offi ar | exc ot off | ar | exc
loex= VPS/R e ! Ves ! |
. : > v I > Ver
0 Vibn Ve Tex 0 VTh n VCTEX
a) b)

Fig.5.5. Transfer characteristics
a) Io(VCT); b) Vo(VCT).

The transfer characteristic Vo(Vcr) in Fig.5.5. b) is the mirror image of the one in Fig.5.5. a), the
evolution of Vo and lo are opposite (Vo increases/decreases when lo decreases/increases). The
maximum value of the output voltage is obtained when the transistor is off, that is when the current
lois 0 mA.

Vs - Vo- lo-R=0
lo=0mA = Vomax = Vps

The output voltage decreases when T, enters the ar region, and reaches a minimum of 0 V when
T.is in exc.

To summarize the operation of n-type transistors (npn BJT and n-channel enhancement mode
MOSFET):

e the operating region (off/ar/exc/ag) is determined by the value of the control voltage

e when This off: Ver < Vipns 1o = 0; Vomax = Vps

e when Tyisinexc: Ver > Vierexs loex = %; Vo=0

e when Tyisin ar Vin, < Ver < Verews 0<lo <lpey; 0< Vg < Y omax:

The off and extreme conduction operating regions are considered passive regions: the output
(current) remains constant when the control (voltage) changes. If the control voltage Vcris set to only
have values that keep the transistor in the passive operating regions (Vcr < Vimn, and Ver> Vere), the
transistor operates as a switch, or in switching regime. If the nonideal properties of the transistor are
ignored, a transistor in switching regime acts as an ideal current switch: when the switch is open (off),
there is no current flow, and when the switch is closed (on), the maximum possible current flows
through the transistor.
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The transistor responds to the changes in the control voltage in the active forward region ar; here,
the current flow through the transistor varies when the control voltage varies. If the control voltage
Vcr is set to have values that keep the transistor in af, that is Ver €(Vinn; Verex), the transistor operates
in amplification regime. Note that additional biasing circuitry will be required in this case, to ensure
that the quiescent point of the transistor is, ideally, in the middle of the active region.

The boundaries between the three operating regions are determined by the control voltage. The
first boundary, between off and ag, is imposed by the transistor itself, through its V. The second
boundary, between arand exc, is Vcrex, Which depends on the transistor and the other elements of the
circuit — supply voltage and resistor.

When it comes to p-type transistors (pnp BJTs and p-channel enhancement mode MOSFETs), they
can also be driven to operate in any of the four operating regions (off/ar/exc/ar), by means of the
control voltage. Note that the control voltage needs to be below the threshold voltage, for T,to be on
(Fig.5.3. b). Tpis used as a switch in off and exc, and as an amplifier in ae.

A p-type transistor connected in a circuit with series voltage supply is shown in Fig.5.6. a). The
current through the transistor, I, is the same as the output current, Io, Without resistor R in the circuit,
the voltage across the controlled source on the transistor would always be equal to Ves. The transfer
characteristic Io(Vcr) and is presented in Fig.5.6. b). The boundary between off and ar is given by Vi,
the threshold voltage of the p-type transistor. The boundary between ar and exc is denoted Vcrex. The
maximum possible value of the current is obtained for T, in exc and is denoted /oex.

The operation of p-type transistors is:

e whenTyis off: Ver > Vipps 1o = 0; Vomax = Vs

e when Tyisinexc: Ver < Vieregs loex = V—;S; Vo=0

o whenTpisinag Vip, > Ver > Veres 0<lp<lpe; 0<Vp<V, .

lo A
VCTT T l exc .\ ar \ off °
P TN 17777 loex= Ves/R
o iVo | !
Qv ;
R | |
VCTex VThp VCT
a) b)

Fig.5.6. P-type transistor T,
a) series voltage supply; b) transfer characteristic lo(Vcr).

Example ‘

Determine the boundaries between the operating regions of T, and compute /gex and Vcre, for the
circuit in Fig.5.4, using the transfer characteristics I{(Vcr) in Fig.5.7 and knowing that:

i) Ves=10V, R=1kQ;

ii) Ves =15V, R=1kQ;

i) Ves=10V, R =2 kQ.
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A Ir=1o[mA]
ii)

121 i)
10] Fig.5.7. Transfer characteristics I7{Vcr) for the
iii) circuit in Fig.5.4

— » Ver[V]
246 810

Solution:
The boundaries between operating regions are identified from the plots, as follows: boundary
between off and ar is the first value of V¢r for which the current is no longer null (Ver= Vg, while
the boundary between ar and exc is the first value of V¢ for which the current is at the maximum
value (Verex= Ver @1oex).
The threshold voltage for all three cases is Vi, =2 V.
The extreme value of the output current can either be computed from the circuit (/oex = Vps/R) or
read from the plot.
i) loex =10 MA; Verex =8V

To—offfor Ver< 2 V; Th—arfor 2V < Ver< 8 V; T, — exc for Ver > 8 V;
i) loex =15 MA; Vcrex =10V

To—offfor Ver< 2 V; To—arfor 2V < Ver< 10 V; T, —exc for Ver > 10 V;
III) IOex =5 mA; VCTex =6.5V

To—offfor Ver< 2 V; Th—arfor 2V < Ver< 6.5V; T —exc for Ver > 6.5 V;

5.4 Bipolar junction transistors (BJTs)

5.4.1 Symbols and physical structure

The bipolar junction transistor BJT has three terminals: base (B), collector (C) and emitter (E). The
control voltage is applied between base and emitter, and the controlled current flows through the
collector. The symbols for npn and pnp BITs are shown in Fig.5.8, where the arrows in the emitter
terminal indicate the positive current flow. Since the npn BJT is most used, the remainder of this
chapter focuses on describing and analysing its behaviour and properties.

Two pn junctions form a BJT, and the current flows through both types of semiconductor material
(n and p). For the npn BIT (Fig.5.9), the emitter is n-type, the base is p-type, and the collector is also
n-type. The emitter is more doped than the collector, hence the n* in Fig.5.9 a). The first pn junction
is between base and emitter. This junction is forward biased when a voltage source is connected
between base and emitter (Vse— control voltage) and its value exceeds the threshold value of the pn
junction Vgegon = 0.6 V. The second pn junction is between base and collector; this junction is reverse
biased, because the voltage source connected between collector and emitter (Vce — supply voltage) is
much bigger than the control voltage Vse. The transistor effect consists in a current flowing through a
reverse biased junction (B-C) due to its interaction with a forward biased junction (B-E), placed in its
close vicinity.
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The transistor effect occurs when the following criteria is met simultaneously:

e there are two voltage sources connected to the transistor, a control voltage (Vse) and a
supply voltage Ve, and Ve >>Vae

e the base region is very thin, considerably thinner than the diffusion length of the minority
carriers in the base region

e the emitter region is more doped than the collector and base regions

e the emitter and collector regions are wider than the diffusion length of the minority
carriers in these regions.

© a) Co )
Fig.5.8. Circuit symbols for the BJT
a) npn; b) pnp.

B 7\ ESE :
e TT/B
V.

VB E
«—

B

CE

Il
a) | b)

Fig.5.9. npn BJT
a) simplified phsyical structure with voltage sources; b) ohmmeter’s view.

The current flow that results from the forward bias of the base-emitter junction is consists of
electrons injected from the emitter to the base, and holes injected from the base to the emitter, the
former being significantly bigger than the latter. A small part of the electrons injected from the emitter
will combine with the holes in the base (between 0.5% and 5%), resulting in a recombination current.
Since the base region is thinner than the diffusion length of the electrons, the majority of electrons
are thus able to pass the reverse-biased base-collector region and reach the collector. The current
flowing through the reverse-biased base-collector region is called saturation current (see Chapter 2),
with values small enough to be neglected (units of 10> A for Silicon transistors).

The BJT is a current node, the emitter current is the sum of the base and collector currents,
regardless of the operating region of the transistor:

le=lg+Ic

The base current is much smaller than the emitter and collector currents, thus the emitter and
collector currents are often assumed equal:
/B K lc, IE = IC

An ohmmeter’s view of the npn BJT, without any applied voltage sources, shows the two pn
junctions (Fig.5.9. b) [9]. This does not imply that a BJT can be built with or is equivalent to two diodes.
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5.4.2 Operation and static characteristics

Although resistors are not present in the schematic proposed in Fig.5.9, when connecting the BJT
in a circuit, the current flow through it must be controlled. The two basic ways of controlling the
current through the control terminal (base) are shown in Fig.5.10 — using a resistor in the base and
limiting the base current (Fig.5.10. a) or using a resistor in the emitter and limiting the emitter current
(which includes the base current) (Fig.5.10. b). Circuits where both resistors are present are also
possible.

For the circuit in Fig.5.10. a), the base current is determined by the control voltage V; and resistor
RBZ

Ver-Vee-1lgRg=0

_ Ver - Ve
B~ RB
For the circuit in Fig.5.10. b), the emitter current is determined by the control voltage V. and
resistor Re:
Ver-lg Re- Vge =0

to Vps
to Vps l p
C

@;:45 o e
a)

| s

b)
Fig.5.10. Limiting the control current through the BJT
a) resistor in the base; b) resistor in the emitter.

In practical circuits, the current through the collector is also limited, by connecting another resistor
in the collector (Fig.5.11. a) or in the emitter (Fig.5.11. b). Circuits where both resistors are present
are also possible.

For the circuit in Fig.5.11. a), the collector current is computed as:

Vps - Veg -l Re=0

_ Vs - Ve
= TRl

For the circuit in Fig.5.11 b), the emitter current (which includes the collector current) is computed
as:
Vps - lg* Re- Ve =0

VPS - VCE

|- =
E RE
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to Vcr
to Vcr

b)

Fig.5.11. Limiting the controlled current through the BJT
a) resistor in the collector; b) resistor in the emitter.

Thus, for the safe operation of a BJT, at least two resistors are required, one to limit the current
through the control terminal (base), and the other to limit the controlled current (through the
collector). For the circuit in Fig.5.12. a), the resistors are placed in the base and in the collector of the
BJT.

The static transfer characteristic depicts the variation of the controlled current ic as a function of
the control voltage, vs: — Fig.5.12. b). The operating regions of the BJT are easily distinguishable:

e cut-off (off), where vge < 0.6 V and Ic =0 mA
e active forward (ar), where 0.6 V < vge < Viesar and 0 < /e < cex
e extreme conduction or saturation (exc), where vge > Vgesar and Ic = Icex.

ic A

exc

1
1
ICex ———-L_—-

VBE

»
»

0 0.6V b) VBEsat

a)

Fig.5.12. Circuit with BJT to determine the static transfer characteristic
a) schematic; b) ic (vse).

In active forward, the collector current is an exponential function of the control voltage, with the
simplified equation seen in Chapter 2 and the thermal voltage V7 is assumed 25 mV at room

temperature:
VeE
iC = IS ‘e Vr
The two pn junctions, one in forward bias and the other in reverse bias, determine a base current
is when the BJT is on. The base current ig when the BJT is in ar is computed as:

Is Z:13
iB:— -eVT
ic=p -ig
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where Sis the forward current gain factor (also denoted he in dc or hg in ac) and is dimensionless.

In practical circuits, fvaries from tens to hundreds, and it depends on V¢ and Ic. When computing,
Pis assumed to be a round value (50, 100, 200), usually #= 100, unless otherwise specified. The static
characteristics for the npn BJT with /s = 2-:10°A and = 100 are shown in Fig.5.13. For any control
voltage var < 0.6 V, the BIT is off and ig and ic are considered 0 mA. When the control voltage exceeds
the 0.6 V threshold voltage, the two currents increase exponentially with the increase of vge. When
the BJT is in af, the base current iz and the collector current ic show and identical variation, but the
base current is £ =100 times smaller than the collector current — Fig.5.13. b).

ic[mAla  off \ a is[mA] & off . ar
25| 0.25 1
20 | | 0.2
10 0.1
Ve[ V] Vae [V]
ol 05 0.6 0.7 0.8 g ol 05 060708 g
a) b)

Fig.5.13. Static characteristics for the npn BJT
a) transfer; b) input.
The current transfer characteristic ic(ig) is shown in Fig.5.14. When the BIT is in af, there is a linear
relation between the two currents:
BiTinaric=p -ig

In exc, the collector current is limited to /c.x, even if the base current keeps increasing (the BJT no
longer keeps up with the increase of the control current):
BiTinexc:ic =lcex <p ig

The BJT goes into exc when the base current is above Igsat. Issatis the limit between ar and exc, and
can be seen as the first value of the base current for which the BJT is in exc, or the last value for which
the BJTisin ar:

_ ICex
IBsat - 7

When the BT is off, both the base and the collector currents are null. This operating region is the
origin of the plot in Fig.5.14.

ar exc
/Cex
ic=p"is ic= lcex< B i
>
0 IBsat i
™ off :

Fig.5.14. Current transfer characteristic ic(ig) for the npn BJT
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In practical circuits, the control voltages are not to have values close to the limits between the
operating regions of the BJT (Vacon and Vaesar). The extreme values of the forward current gain factor
Pare given in the datasheet of the BJT. For the BJT to operate exclusively in exc, the base current must
exceed the highest possible value of /g
leex
ﬁmin

For the BJT to operate exclusively in af, the base current must be lower than the lowest possible
value of /gsat:

iB > /Bsarmax:

eex.
ﬁmax
The family of output characteristics ic(vce) in Fig.5.15 is obtained by varying the control voltage vae
or the control current js.
The operating regions of the BJT are easily distinguishable here as well:
e cut-off (off), where Ic = 0 mA (the horizontal axis)
e active forward (ag), where 0.2 V < Vs and 0 < ¢ < lcex
e extreme conduction or saturation (exc), where vee = Veesar = 0.2 V (close to the vertical axis).

iB < IBsatmin =

ic[HA]
A EXC ar
les 1 Vies; Is
les
Vees; Is
lca |
| Vs, Ipa
3
| Vies; I3
" E
Vie2, a2
lez | /f
Vs, 11
0 1 2 3 5\ 5 vee[V]
off

Fig.5.15. Family of output characteristics ic(vce) for the npn BJT

To conclude, the operating regions of the npn BJT are:
e cut-off (off), where the BJT works as an open switch:
Ve < Vggon =0.6V;
Ig=1-=0mA
Ve = Vps

e extreme conduction or saturation (exc), where the BJT works as a closed switch:

/Cex
VBe > Vaesats Igsat = _'3 s I8 > Igsat

Vs = Vesat

R
Vce = VCESGt: 0.2V

le= ICex =
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e active forward (ag), where the BJT works as an amplifier:
Vgon < Vae < Vpesat
173
ic = IS -e Vr
ic=p"ig
ig=ig+ic=(f+1)-ig
0 MA <ic<lcey
0.2V <V <V

Examples ‘

1. Determine the operating region of Tin Fig.5.16, if Vaeon= 0.6 V, f= 100, for the following values
of the control voltage Vcr:

I) VCT = 0.3 V

i) Ver=16V

iii) Ver=7V.

Compute the values of Ic and V¢ for each case.

)l Ves=12V

Vcrl
Fig.5.16. BJT circuit
Solution:
i) Since Vcr < Vagon, T is Off.
Ig=1c=0 mA
Vee =Vps-Ic - Re
Ve = Vps

ii) In this case, Vcr > Viseon, SO T is on, either in ar or exc. The idea is to assume T is in one of the two
possible operating regions and check that the criteria for that region are met.

Assumming T is in ag, the currents are computed as:
 Ver-vge 16-06

ig= = 3 =0.025mA
Rg 40 - 10
Vps - V, 12-0.2
/Cex= PS - CEsat - : 103 =59mA
c }
i 59-1073
Igsat = % = =55 =0059mA

For ar, is must be lower than /g
0.025 mA <0.059 mA
or ic lower than /cex:
ic=pig=100"0.025-10 3= 2.5 mA
25mA <59mA
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The criteria are met, meaning the assumption that T is in ar was correct.
The collector-emitter voltage Vceis computed as:
Vee = Vps-lc - Re

Vee=12-25-103.2-103=7V

iii) The steps employed at ii) are repeated here:
a VCT'VBE _ 7-0.6

ip= = =0.16 mA
7 Ry 40103
Vps - V, 12-0.2
ICex= PS - CEsat - > 103 =59mA
c .
i 59-1073
lgsat = % = —100 =0.059 mA

The currentsig and /gserare compared:
0.16 mA > 0.059 mA
The currents ic and /cexcan also be compared:
ic=pig=100-0.16 -10 3= 16 mA
16 mA > 5.9 mA

Since ig > Igsrand ic > Icex (either comparison is sufficient), T cannot be in ar meaning T is in exc.
In exc, the collector current Icis at the maximum possible value:
Ic=lcey = 5.9 MA

The collector-emitter voltage Vcsin exc is:
Vce = VCEsat =02V

2. For the circuit at Example 1, with V7= 3.1V and S € (25...200), determine the range of values of
Rssothat Tisin:

I) ar
i) exc.
Solution:
i) Tisin arfor:

i< lCex

B

ﬂmax
Ver - Ve Py Vs - Viesat
Rs R Boax

Rg - Icex > (VCT - Vge) "Bmax

(Ver - Vee) “Boy

lCex
(3.1-0.6)-200

591073

B>

Ry > 84.75 kQ

175



ELECTRONIC DEVICES

ii) Tisin excfor:

. /Cex
ig >
ﬂmin
Ver - Ve S Vs - Viesat
RB RC : ﬂmin

Rp * lcex < (VCT_ VBE) 'ﬂmin

Ry < (Ver - Vee) B
ICex

When T is in exc, the base-emitter voltage is a little bit bigger than Vgeon. A value of vge = 0.8 V is
appropriate.
(3.1-0.8)-20

591073

Ry < 7.8 kQ

1. Determine the operating region of T in Fig.5.16, if Vsgon= 0.6 V, =100, and Rs= 50 kQ for the
following values of the control voltage Vcr:

I) V(_‘T = 04 V

II) VCT =23V

iii) Ver=6V

iV) VCT= 11 V.

Compute the values of Ic and V¢ for each case.

2. For the circuit in Problem 1, for Ver=1.9 V and S € (10...150), determine the range of values of Rg
sothat Tisin:

I) ar

i) exc.

5.5 Enhancement mode MOSFETs

5.5.1 Symbols and physical structure

Field-effect metal-oxide semiconductor transistors (MOSFETs) are the most widely used
components in integrated circuits [1]. Their reduced size, compared to the BJTs, makes them the
perfect candidate for integration onto a single chip. MOSFETs are built on a semiconductor Silicon
substrate (also known as body), and the terminals are: gate — G, drain — D, source — S, and body — B.
The circuit symbols for enhancement mode MOSFETs, n-channel and p-channel, are shown in Table
5.1, together with the positive directions for the control voltage, vss and the controlled current, ir. The
arrowhead indicates the source terminal and corresponds to the positive current flow. The space
between the two vertical lines in the general symbols and the simplified symbols with explicit channel
indicate the isolation between the gate and the body.

MOSFETs are unipolar transistors, the controlled current is due to a single type of carriers that flow
through the channel (n-type or p-type). For n-channel MOSFETS, the current flows through the channel
determined by n-type carriers.

The simplified physical structure of an enhancement type n-channel MOSFET, denoted NMOS, is
shown in Fig.5.17.
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The NMOS is formed by three layers — metal, Silicon oxide (SiO,) and a semiconductor substrate or
body, which justifies the name of the transistor (MOS — metal oxide semiconductor). Typical values

are [1]:

ELECTRONIC DEVICES

Table 5.1. Circuit symbols for enhancement mode MOSFETs

General symbols, Simplified simolified
MOSFET explicit body symbols, explicit P
. symbols
terminal channel
D ' D
Vo
i K
B G
G fe—>o
n-channel
Ver = Vas Ver = Vs S
- Ves S S ) S
P VGs GS
B G / G /
p-channel —o
1 | K
D D D

Fig.5.17. NMOS - simplfied physical structure with voltage sources

thickness of the oxide layer t, = 0.001 to 0.01 um

channel length L = 0.03 to 1 um, which is the distance between drain and source
channel width W =0.1 to 100 um, which is how long the drain and source regions are.
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The drain and source regions are heavily doped n* regions, while the body is a p-type region. The
isolation between drain and source is achieved by the Silicon oxide layer, on top of which resides the
metal gate G. Metal plates are also present at the other terminals — D, S and B.

The insulating oxide layer between gate and body provides a very high (ideally infinite) input
resistance, and the gate current is considered null. The current flows between drain and source
through a channel created at the surface of the semiconductor body; this channel must have a reverse
polarity compared to the rest of the semiconductor body, that is to be an n-type channel. The length
L and width W of this created channel influence the current flowing from drain to source.

5.5.2 Operation and static characteristics

Without any voltage sources connected to the NMQOS, two pn junctions are present between D and
S, like two diodes connected anode to anode: one between body and drain, the other between body
and source. When a voltage source Vpsis connected between drain and source, there will be no current
flow from drain to source, because of the two diodes connected in anti-series. The channel between
D and S is formed only as an effect of applying a positive voltage in the gate terminal, and this voltage
must be above Vi, (Vs> 0). When more electrons accumulate in the body, below the oxide layer,
the channel becomes deeper or is enhanced, which explains the name of such MOSFETs. The
conductive channel is created and becomes deeper (enhanced) when the electrons accumulate below
the oxide layer. The voltage applied in the gate determines the reverse in polarity at the surface of the
body, below the oxide layer, and the channel resistivity.

When vgs< Vmn, the n-type channel between D and S is not created, the NMOS transistor is off, and
Ip = 0 mA.

When vgs> Vs, the NMOS is no longer off and the channel between D and S is created (Fig.5.18).
Since the source S is connected to ground, the voltage applied in the gate is the gate-source voltage,
ves. At the beginning, the positive vss rejects the holes in the gate region and attracts the electrons
from the drain and source regions. These electrons accumulate under the oxide layer, in the gate
region.

Vs > Vi
|
|
'

S
ehebetebetebetel 3 Aefebebebebebebetefetetetel

F T FTFrrrrr.
;1-'1-'1-'1-'1-'1-'1-‘1-‘1-‘-'"’.,',1-;1-;#;t"_#",%"_#;%"_#"‘%"_%"ﬁ_i-"’-
s ,/V'Vidth
w

! B Fig.5.18. n-type channel
creation

The channel between D and S is formed when enough electrons accumulate at the surface of the
body, so that a current can flow from D to S, when a voltage source Vps > 0 is connected to the
transistor.
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Ves > Vrnn
Vps=0 V
Ir=0 mA
When Vps> 0V, the current /o> 0 mA flows through the channel; the value of the current depends
on (Ves -Vmn) and on Vps. The voltage drop between G and S is Ves, while the voltage drop between G
and D is Vep = Vs — Vs < Vis. Consequently, the channel has different widths at its ends: the channel
is wider at the source region and shallower at the drain region — Fig.5.19. The channel is shallower at
the drain end because the positive drain region attracts the electrons in its vicinity. The transistor
operates in the linear region, where the control voltage Vss and the controlled current Ip have a linear
dependency. The equations that describe the behaviour of the transistor in this operating region are:
Ves > Vran
0V < Vps < Vpssat
Vbssat = Vs - Vran
In>0 mA

Ip=PB"[2(Vas - Vi) - Vs - V]

K w )
b= 5T [2 (Vs - Vrmn) = Vs - V|
_K w
P31

where:
e B[uA/V?] — constructive parameter of the transistor
e K [WA/V?] - transconductance parameter, depends on the mobility of the free carriers and on
the capacitance of the oxide layer
e W and L [um] — physical dimensions of the conducting channel.

In 1E

I I 0 < Vps < Vpssat

S ¢ Vs > Virnn

le=0
IS:IDT lG lID>O

LI ey pebody ] e s 19 NMOS
operation in the linear
region

When Vps reaches the saturation value Vpssq:, the voltage applied between G and D is Vigp = Vs —
Vbssat = Vrnn. The channel depth becomes null at the drain end (Fig.5.20). The drain current /Ip is almost
constant and limited to a superior value, for a given Vgss. Even if Vps increases and exceeds Vpssat, the
drain current remains constant and no longer depends on Vps. The transistor now operates in the
pinch-off or saturation or active region. Even though the channel is pinched-off, it allows the current
Ip to flow, and this current is constant. In this operating region, the controlled current varies with the
square of the control voltage:

Vas > Vnn
VDS > VDSsat
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Vpssat = Vas - Van

Ip>0 mA
Vs
Ib=p (Vas - Vipn)> - (1 + V—)zﬂ' (Vs - Vinn)®
A
K w . Vps. K ,
= o (Vs Vil (L4 =2y % o (Vs - V.
DZL(GS Thn)” * ( VA)ZL(GS Thn)
_K w
ﬂ'z L
I
1 il
-
II VDS>VDSsat
‘ 0 G 5D

S ¢ Vs > Virnn

Fig.5.20. NMOS
operation in the active

B .
region

The equations that involve S are used for discrete transistors (£ is found in the datasheet of the
transistor), while the equations with W/L and K/2 are used for integrated transistors.

The output characteristic ip(vps) of the NMOS for a fixed value of the control voltage Ves is depicted
in Fig.5.21. Note the limitation of the current when the NMOS operates in the active (saturation)

region.
; linear region . .
Ip 4 J active region ar
exc
Ip
Vs> Vipn
VDSsat =
0 Vi
DS
™ off

Fig.5.21. NMOS output characteristic ip(vps)
With several different control voltages, the family of output characteristics ip(vps) with Vgs as a
parameter is obtained — Fig.5.22. a). The boundary between the linear and active operating regions is
given by the vpser curve (dotted line). In the linear region, vep > Vs, while in the active region,

Vep < Vrnn.
Vep = Vs~ Vassat = Vas - Ves + Vran = Vinn

The operating regions of the MOSFET are easily distinguishable in Fig.5.22. a):

e cut-off region (off), represented by the horizontal axis vps, where ip = 0, regardless of vps
e linear region exc, where ip is a linear function of vgs
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e active forward region or saturation region ar, where ip is a square function of vgs.

There is a fourth operating region, active reverse ag, where the roles of the D and S terminals are
reversed. In ag, the transistor can work as an amplifier, but exhibits poor performance compared to
ar, thus the transistor is rarely set to work in this region. It is recommended to bias the transistor not
too close to the boundaries between operating regions.

Io linear region

A . . iD
exc active region ar A
) H VGss
i Vossat= Ves— Vimn Vbs > Vpssat
# Vo=V active region
VGs4
VGs3
Vs < Vnn <V
VGs2 off . Vps Dssat
3 linear region
VGs1 \
o v vV / > 0 >
DSsat2 DSsat5 k v V Vas
cut-off region off bs Thn
a) b)

Fig.5.22. NMOS static characteristics
a) output characteristics ip(vps); b) transfer characteristics ip(vas).

Two static transfer characteristics ip(ves) are depicted in Fig.5.22. b). In the active region, where
Vps >Vpssat, the drain current ip is a square function of (ves-Vmn). Since the gate current is always null,
no other static characteristics can be determined.

To conclude, the operating regions of the NMOS are:

e cut-off (off), where the NMOS works as an open switch:

Ves < V1pn
ID = IS = O mA

e linear or saturation (exc), where the NMOS works as a closed switch
Vas > Vinn, OV < Vps < Vpssat
Ip= ]2 (Vs - Vihn) * Vs - Vis]
e active forward or saturation ar, where the NMOS works as an amplifier:
Vs > Vrnns Vs > Vissat

)
Ip=pB (Vgs - Vian)

Additionally, the NMOS can be used as a voltage-controlled linear resistor, when operating in the
linear region with low Vps. The higher the vgs, the lower the rps:
Vas > Vrpn; oW Vg
Ip=B-[2 (Vs - Vinn) - Vos - Vas|
Vps 1
fos ip B2 (Ves - Vinn) - Vis]
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1
r =~
P72 B (Vs - Vi)

No resistors were explicitly included when determining the static characteristics of the NMOS. The
current through the control terminal G is negligible and approximated to zero, so no resistors are
needed in the gate. However, limiting the drain current requires a resistor in the drain (Fig.5.23) or in
the source.

V
Vos K) io Fig.5.23. NMOS circuit

465\| } Q| v

Examples ‘

1. Determine the operating region of the NMOS transistor in Fig.5.23, for Vpp =12V, Vm,=1.4V,
B =2 mA/V?, Rp=4KkQ, and the following values of Ves:

I) VGS = 1 V

II) Vcs = 2 V

iii) Ves =6 V.

Compute Ip and Vps for each of the above cases.

Solution:
i) Since Vs < Vi, T is off.
Ip =0 mA
Vbs= Vpp-Ip - Rp
Vs = Vpp

ii) Vas > Virnn, so Tis on, in either ar or exc. It’s more convenient to assume T is in ar and determine
Ip based on Vgs(simpler equation):
2
Ip =P8 (Vas - Vinn)
I,=2-103 (2-1.4) =072 mA
VDSsat = VGS - VThn =06V
Vps= Vpp-Ip - Rp
Vps=12-0.72-103-4.10%=9.12V

The computed Vpsis compared to Vpssat, to check whether Tis in ar.

Vs > Vpssat
9.12V >0.6V

The criterion is met, meaning T is in ar for Vss = 2 V. The values for Ip and Vps are:
Ip=0.72 mA
VDS = 912 V

iii) Using the same steps as for ii):
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Ip=p (Vs - VThn)2
I,=2-1073- (6 - 1.4)> =42.32 mA
Vbssat = Vas - Vran= 4.6V
Vbs = Vop-Ip - Rp
Vps =12-42.32-103-4-103<0V
The computed Vpsis below 0 V, meaning the assumption that T is in ar was incorrect. For Ves=6V,
T operates in exc.
The values for Ip and Vps are determined using the equations for T in exc. The maximum value of
VDS is:
Vbs = Vpssat = Vs - Vinn = 4.6 V
Ip=p" [2 “(Vas - Vinn) - Vs - VL2)5]

Ip=2-107-[2-(6 -1.4)- 4.6 - 4.6%]
Ip =42.32 mA

The same value of Ip would have been obtained using the equation for T in af, because the value
of Vpswas assumed to be maximum (Vpssat), meaning the boundary between the two operating
regions, arand exc.

2. For the circuit in Example 1, find the maximum value of Vssfor which T works in ar.

Solution:
The boundary between arand exc is given by

Vs = Vpssat = Vs = Van

The current I, can be determined using either the equation for T in ar or exc.
Vps= Vop-Ip* Rp

VDSsat = VGS - VThn
Vop - 1Ip * Rp = Vs - Vpn

2
Ip = ,B'(VGSZ' Vihn)
Voo - B+(Vas - Vinn)™ - Ro = Vs - Vg

The unknown is Vgs:
12-2:10 3 (Vgs-1.4)* - 4-103= Vg - 1.4

Let y = VGS -1.4:

12-8-y2=y
8-y2+y-12=0
A =385
-1+19,62
127 76
y, =-1.28
y, =116

The first solution is discarded (it would result in Vgs < V).
The maximum value of Vs for which T operates in ar is Vesmax= 2.56 V.
The computed value is checked in the other equations for in ax:
2
Ip=pB (Vas - Vina)
Ip=2-1073(2.56 - 1.4)*=2.71 mA
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Vissat = 2.56 - 1.4=1.16 V
Vps= Vpp-Ip - Rp
Vps =12-2.71-103-4-10% =1.16 V

The values of Vps and Vpssqr are equal, proving that the computed value of Vs is indeed correct.
Note that Example 1 can also be solved by comparing the given values of Vss with the maximum
value for which T works in af, that is Vesmax:

I) Ves=1V-— Tis Off, Vs < Vrnn

II) Ves=2V—=Tisin ar, Vinn < Vs < Vismax

iii) ves =6V - Tis in exc, Vs > Vrn and Vs > Vismax.

1. Determine the operating region of the NMOS transistor in Fig.5.23, for Vpp =15V, V=12V,
S =1.4mA/V? Rp=2kQ, and the following values of Vs:

I) VGS = 0.8 V

i) Ves =17V

iii) Ves=2.2V

iV) VGS =8 V.

Compute Ip and Vps for each of the above cases.

2. For the circuit in Problem 1, find the maximum value of Vssfor which T works in ar.

3. Find the minimum value of Vs for which the NMOS transistor in Fig.5.23 operates in exc, for Vpp
=18V, Vm, =2V, = 1.4 mA/V? Rp=5kQ.

Determine the operating region for Vs = 3.2 V. Propose a method to obtain Vss = 3.2 V using a
resistive divider out of Vpp. Size the newly added components.
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