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Integrated Circuit Fabrication

1.1 INTRODUCTION

We are going through a period of micro-electronic revolution. For a
common person, the role of electronics is limited to audio-visual gadgets
like radio and television, but the truth is, today the growth of any
industry like communication, control, instrumentation or computer, is
dependent upon electronics to a great extent. And integrated circuits
are electronics.

The integrated circuit or IC is a miniature, low cost electronic
circuit consisting of active and passive components that are irreparably
joined together on a single crystal chip of silicon. Most of the
components used in ICs are not similar to conventional components in
appearance although they perform similar electrical functions, In this
chapter, we describe the basic processes used in the fabrication of
integrated circuits. Both bipolar and MOS fabrication are treated.
These circuits naturally offer a number of distinct advantages over

those made by interconnecting discrete components. These may be
listed as follows:

Miniaturization and hence increased equipment density

Cost reduction due to batch processing

Increased system reliability due to elimination of soldered joints

Improved functional performance (as it is possible to fabricate

even complex circuits for better characteristics)

Matched devices

. Increased operating speeds (due to the absence of parasitic ca-
pacitance effect)

7. Reduction in power consumption.

Sk
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2 Linear Integrated Circuils

1.2 CLASSIFICATION

Integrated circuits offer a wide range of applications and could be
broadly classified as:

Digital ICs

Linear [Cs

Based upon the above requirements, two distinctly different IC
technology namely, Monolithie technology and Hybrid technology have
been developed.

In monolithic integrated circuits, all circuit components, both active
and passive elements and their interconnections are manufactured
into or on top of a single chip of silicon. The monolithic circuit is ideal
for applications where identical circuits are required in very large
guantities and hence provides lowest per-unit cost and highest order
of reliability. In hybrid circuits, separate component parts are attached
to a ceramic substrate and interconnected by means of either
metallization pattern or wire bonds. This technology is more adaptable
to small quantity custom circuits. Based upon the active devices used,
ICs can be classified as bipolar (using BJT) and unipolar (using FET).
Bipolar and unipolar [Cs may further be classified depending upon
the isolation technique or type of FET used as in Fig. 1.1.

1mm‘trd Circuits
! !
Monolithic Circuits Hybrid Circuits
|
' |
T e
g Lﬂﬁm mntm: MéSFEr JFLT

Fig. 1.1 Classification of ICs
1.3 IC CHIP SIZE AND CIRCUIT COMPLEXITY

UP until the 1950s, the electronic device technology was dominated
by the vacuum tube, The present day electronics is the result of the
invention of the transistor in 1947. The invention of the transistor by
William B. Shockley, Walter H. brattain and John Bardeen of Bell
Telephone Laboratories was followed by the development of the Inte-
grated circuit (IC). The concept of IC was introduced at the beginning
of 1960 by both Texas Instruments and Fairchild Semiconductors.
Since that time, the size and complexity of ICs have increased rapidly
as shown by the brief chronology.
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Irvention of transistor (Ge) 1947
Development of Silicon transistor 1955-1959
Silicon: Planar Technology Junction transistor diode 1959
First ICs, Small Scale Integration 3 to 30 gates/chip approx. or 196065
(SSI) 100 transstors/chip (Logic gates,
Flip-flops)
Medium Scale Integration {MSI) 30 to 300 gates/chip or 100 to 1965-1970
1000 transistors/chip
(Counters, Multiplexers, Adders)
Large Scale Integration (LSI) 300 to 3000 gates/chip or 1970-1980

1000-20,000 transistors/chip (B bit
microprocessors, ROM, RAM)

Very Large Scale Integration More than 3000 gates/chip or 1980~1990
(VLSI) 20,000-1,00,00,00 transistors/chip

(16 and 32 bit microprocessors)
Ultra Large Scale Integration 10% - 107 transistors/chip 19902000
(ULSI) (Special processors, Virtual reality)

machines, Smart sensors
Giant-Scale Integration (GSI) > 107 transistors/chip

Over the years, the device density has increased together with
gsome increase in the chip area. Figure 1.2 (a, b, ¢) show small (SSI}),
medium (MSI) and large (LSI or VLS8I) IC chip size. The chip areas
range from 1 mm? (1600 mil®)* for the 881 chip to 1 ecm® (160,000 mil%)
for the LSI chip.

0.5 mm
(20 mils)

" h,,.ie / /f

fc)
Fig. 1.2 Integrated circuit chips (a) SSI chip (b) MSI chip (c) LSI or VLSI chip

* mil = 0.001 in = 25.4 pm = 0.0254 mm
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1.4 FUNDAMENTALS OF MONOLITHIC IC TECHNOLOGY

A monolithie circuit, hiterally speaking, means a circuit fabricated
from a single stone or a single crystal. The origin of the word ‘'mono-
lithic’ is from the Greek word monos meaning ‘single’ and [ithos
meaning ‘stone’. 3o monolithic integrated circuits are, in fact, made in
a single piece of single crystal silicon.

The most significant advantage of integrated circuit of reducing the
cost of production of electronic circuits due to batch production can be
easily visualized by a simple example. A standard 10 cm diameter
waler can be divided into approximately 8000 rectangular chips of
sides 1 mm,. Each IC chip may contain as few as tens of components
to several thousand components. And if 10 such wafers are processed
in one batch, we can make 80,000 I1Cs simultaneously. Many chips so
produced will be faulty due to imperfection in the manufacturing
process. Even if the yield (percentage of fault free chips/wafer) is only
20 percent, 1t can be seen that 16,000 good chips are produced in a
single batch.

The fabrication of discrete devices such as transistor, diode or an
integrated circuit in general can be done by the same technology. The
various processes usually take place through a single plane and there-
fore, the technology is referred to as planar technology. A simple
circuit of Fig. 1.3 when fabricated by silicon planar technology will
have the cross-sectional view shown in Fig.-1.4.

L
o—F

Fig. 1.3 A typical circuit

n {n* (o]

p p* p P’ p p*
n n n

o

=1 k=]

p-subsirate

II— Gapav:il.ur ——+— Diode 1—|+— Transistor —+— Hesistor —*

Fig. 1.4 Complete cross-sectional view of the circult in Fig. 1.3 when
transformed into monolithic form
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An IC in general, consists of four distinet layers, as follows:

Layver No. 1 is a p-type silicon substrate upon which the inte-

(~ 400 pum) grated circuit is fabricated.

Layer No. 2 1s a thin n-type material grown as a single crystal

(~ 5-25 um) extension of the substrate using epitaxial deposition
technique. All active and passive components are fab-
ricated within this layer using selective diffusion of

impurities.
Layer No. 3 is a very thin Si0, layer for preventing diffusion of
(0.02—-2um) impurities wherever not required using photo-

lithographic technigue.
Layer No. 4 is an aluminium-layer used for obtaining
(~ 1um) interconnection between components.

It may be pointed out that the drawings showing the cross-sec-
tional view in this chapter are never scale drawings, but are distorted
for the particular emphasis required.

1.5 BASIC PLANAR PROCESSES

The basic processes used to fabricate ICs using silicon planar technology
can be categorised as follows:

Silicon wafer (substrate) preparation
Epitaxial growth

Oxidation

Photolithography

Diffusion

Ion implantation

Isolation technique

Metallization

Assembly processing and packaging

We shall now describe these processes in detail

PEASD RN

1.5.1 Silicon Wafer Preparation

The following steps are used in the preparation of Si-wafers

1. Crystal growth and doping

2. Ingot trimming and grinding

3. Ingot slicing

4. Wafer polishing and etching

5., Wafer cleaning

The starting material for crystal growth is highly purified (99.98989)
polyerystalline silicon. The Czochralski crystal growth process is the
most often used for producing single crystal silicon ingots. The
polyerystalline silicon together with an appropriate amount of dopant
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is put in a quartz erucible and is then placed in a furnace. The material
is then heated to a temperature in excess of the silicon melting point
of 1420°C. A small single erystal rod of silicon called a seed crystal is
then dipped into the silicon-melt and slowly pulled out as shown in
Fig. 1.5. As the seed crystal is pulled out of the melt, it brings with
it a solidified mass of silicon with the same crystalline structure as
that of seed crystal. During the crystal pulling process, the seed crystal
and the crucible are rotated in opposite directions in order to produce
ingots of circular cross-section. The diameter of the ingot is controlled
by the pulling rate and the melt temperature. Ingot diameter of about
10 to 15 cm 1s common and ingot length 1s generally of the order of
100 em.

Next the top and bottom portions of the ingot are cut off and the
ingot surface is ground to produce an exact diameter (D = 10, 12.5,
15 ¢cm). The ingot is also ground flat slightly along the length to get
a reference plane. The ingot is then sliced using a stainless

T=1420"C

Fig. 1.5 Crochralski crystal growth

steel saw blade with industrial diamonds embedded into the inner
diameter cutting edge. This produces circular wafers or slices as shown
in Fig. 1.6. The orientation flat portion serves as a useful reference
plane for the various processes described later. The silicon wafers so
obtained have very rough surface due to slicing operation. These wafers
undergo a number of polishing steps to produce a flat surface. Then
one side of the wafer is given a final mirror-smooth highly polished
finish, whereas the other side is simply lapped on an abrasive lapping
machine to obtain an acceptable degree of flatness. Finally, the wafers
are thoroughly rinsed and dried. A raw cut slice of thickness 23-40
mils produces wafers of 16-32 mils thickness after all the polishing
steps.
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Orientation fial
D=10,12.5,15cm

Fig. 1.6 Silicon wafer, O = 10, 12.5, 15 ¢cm showing fat orientation

These silicon wafers will contain several hundred rectangular chips,
each one containing a complete integrated circuit. After all the IC
fabrication processes are complete, these wafers are sawed into 100 to
8000 rectangular chips having side of 10 to 1 mm. Each chip is a
single IC and may contain hundreds of components. The wafer
thickness therefore is so chosen that it is possible to separate chips
without breaking and at the same time, it gives sufficient mechanical

strength to the IC chip.

1.5.2 Epitaxial Growth

The word epitaxy is derived from Greek word epi meaning ‘upon’ and
the past tense of the word teinon meaning ‘arranged’. So, one could
describe epitaxy as, arranging atoms in single crystal fashion upon a
single crystal substrate, so that the resulting layer is an extension of
the substrate crystal structure.

The basic chemical reaction used for the epitaxial growth of pure
silicon is the hydrogen reduction of silicon tetrachloride.

SiC, + 2H, == §i + 4HCI

Mostly, epitaxial films with specific impurity concentration are
required. This is accomplished by introducing phosphine (PH,) for the
n-type and bi-borane (B,Hy) for p-type doping into the silicon-
tetrachloride hydrogen gas stream.

The process is carried out in a reaction chamber consisting of a long
cylindrical quartz tube encircled by an RF induction coil. Figure 1.7
shows the diagrammatic representation of the system used. The silicon
wafers are placed on a rectangular graphite rod called a boat. This
boat is then placed in the reaction chamber where the graphite is
heated inductively to a temperature 1200°C. The various gases required
for the growth of desired epitaxial layers are introduced into the
gystem through a control console.
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Fig. 1.7 A diagrammatic representation of a system for growing silicon
epitaxial films

1.5.3 Oxidation

210, has the property of preventing the diffusion of almost all impu-
rities through it. It serves two very important purposes.

1. 8i0, is an extremely hard protective coating and is unaffected by
almost all reagents except hydrofluoric acid. Thus it stands against
any contamination.

2. By selective etching of Si0,, diffusion of impurities through care-
fully defined windows in the Si0, can be accomplished to fabri-
cate various components.

The silicon wafers are stacked up in a quartz boat and then in-
serted into quartz furnace tube. The Si-wafers are raised to a high
temperature in the range of 950 to 1115°C and at the same time,
exposed to a gas containing O, or H,O or both. The chemical reaction
is

Si + 2H,0 —— 810, + 2H,
This oxidation process is called thermal oxidation because high
temperature is used to grow the oxide layer. The thickness of the film

is governed by time, temperature and the moisture content. The thick-
ness of oxide layer is usually in the order of 0.02 to 2 pm.

1.5.4 Photolithography

With the help of photolithography, it has become possible to produce
microscopically small circuit and device patterns on Si-wafers. As many
as 10,000 transistors can be fabricated on a 1 em x 1 em chip. The
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conventional photolithographic process uses ultraviolet light exposure
and device dimension or line width as small as 2 pm can be obtained.
However, with the advent of latest technology using X-rav or electron
beam lithographic techniques, it has become possible to produce de-
vice dimension down to submicron range (< 1 pm).

Photolithography involves two processes, namely:
Making of a photographic mask
Photo etching

The making of a photographic mask involves the following sequence
of operations—first the preparation of initial artwork and secondly,
its reduction. The imtial layout or artwork of an IC 15 normally done
at a scale several hundred times larger than the final dimensions of
the finished monolithie eircuit. This is because, for a tiny chip, larger
the artwork, more accurate is the final mask. For example, it is often
required to make an opening of width about 1 mil (25 pum). Obviously,
this cannot be managed by any draftsman even with his thinnest of
sketch pens. So the drawings are made magnified and often by a
factor of 500. With this magmfication, it 1s easv to see that a width
of one mil is magnified to a width of 500 mils, that is, about 1.2 em.
Therefore, for a finished monolithic chip of area 50 mil x 50 mil, the
artwork will be made on an area of about 60 cm x 60 cm.

Thiz initial layout 1s then decomposed into several mask lavers,
each corresponding to a process step in the fabrication schedule, e.g.,
a mask for base diffusion, another for collector diffusion, another for
metallization and so on.

For photographic purpose, artwork should not contain any line
drawings but must be of alternate clear and opague regions. This is
accomplished by the use of clear Mylar coated with a sheet of red
photographically opague mylar (trade name-Rubylith). The red laver
can be easily peeled off thus exposing clear areas with a knife edge
from the regions where impurities have to be diffused. The artwork
15 usually produced on a precision drafting machine, known as
coordinatograph. The coordinatograph has a cutting head that can be
positioned accurately and moved along two perpendicular axes. The
coordinatograph outlines the pattern cutting through the red mylar
without damagzing the clear layer underneath.

This rubylith pattern of individual mask is photographed and then
reduced in steps by a factor of 5 or 10 several times to finally obtain
the exact image size. The final image also must be repeated many
times in a matrix array, so that many ICs will be produced in one
process. The photo repeating is done with a step and repeat camera.
This 1s an imaging device with a photographic plate on a movable
platform. Between exposure, the plate is moved in equal steps so that
successive images form in an array. When the exposed plate is devel-
oped, it becomes a master mask. The masks, actually used in IC
processing are made by contact printing from the master. These
working masks wear out with use and are replaced as required.
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Photo-etching is used for the removal of Si0, from desired regions
so that the desired impurities can be diffused. The wafer is coated
with a film of photosensitive emulsion (Kodak Photoresist KPR). The
thickness of the film is in the range of 5000-10000 A as shown in Fig.
1.8 (a). The mask negative of the desired pattern) as prepared by
steps described earlier is placed over the photoresist coated wafer as
shown in Fig. 1.8 (b). This is now exposed to ultraviolet light, so that
KPR becomes polymerized beneath the transparent regions of the
mask. The mask 1s then removed and the wafer i1s developed using
a chemical (trichloroethylene) which dissolves the unexposed/
unpolymerized regions on the photoresist and leaves the pattern as
shown in Fig. 1.8 (c¢). The polymerised photoresist is next fixed or
cured, so that it becomes immune to certain chemicals called etchants
used in subsequent processing steps. The chip is immersed in the
etching solution of hydrofluoric acid, which removes the Si0, from the
areas which are not protected by KPR as shown in Fig. 1.8 (d) After
diffusion of impurities, the photoresist is removed with a chemical
solvent (hot H,;80,) and mechanical abrasion.

Ultraviolet radiation
Photoresist o b !
film 5000-100004A | I FPhﬂn mask| i
B e
5io, S0, resist
Sllicon waler Silicon waler
(@ (b)
Polymerised photoresist Pholoresist
Elﬂa 5-,(}?
Silicon water Silicon waler
(c) (d)

Fig. 1.8 Various steps for photo-etching

The etching process described is a wet etching process and the
chemical reagents used are in liquid form. A new process used these
days is a dry etching process called plasma etching. A major advan-
tage of the drv etching process 1s that 1t 18 possible to achieve smaller
line openings (£ 1 um) compared to wet process. Complete description
of the plasma etching process i1s beyond the scope of this book.

X-Ray and Electron Beam Lithography

With conventional ultraviolet (UV) photolithography process in which
the UV wavelengths used are in the range 0.3 to 0.4 pm, the mini-
mum device dimensions or line widths are limited by diffraction ef-
fects to around five wavelengths or about 2 um. This is what puts an
upper limit on the IC device density using UV photolithography.
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With the advent of X-ray and electron beam lithography techniques,
it has become possible to produce device dimensions down to submicron
range (< 1 um). This 18 due to much shorter wavelengths involved.
With these techniques, MOSFET with gate length as small as 0.25 pym
have been made. The cost of X-rav or electron beam equipment 1s very
high and the exposure times very much longer than with UV
photolithography. So this becomes a very expensive process and is
used only when very small device dimensions (£ 1 pm) are needed.

1.5.5 Diffusion

Another important process in the fabrication of monolithic ICs 1s the
diffusion of impurities in the Silicon chip. This uses a high temperature
furnace having a flat temperature profile over a useful length (about
20" length). A quartz boat containing about 20 cleaned wafers is pushed
into the hot zone with temperature maintained at about a 1000°C.
Impurities to be diffused are rarely used in their elemental forms.
Normally, compounds such as B,0, (Boron oxide), BCl, (Boron chloride)
are used for Boron and P;O; (Phosphorous pentaoxide) and POCI,
(Phosphorous oxychloride) are used as sources of Phosphorous. A carrier
gas, such as dry oxygen or nitrogen is normally used for sweeping the
impurity to the high temperature zone, The depth of diffusion depends
upon the time of diffusion which normally extends to 2 hours.

The diffusion of impurities normally takes place both laterally as
well as vertically. Therefore, the actual junction profiles will be curved
as shown in Fig. 1.9. However, for the sake of simplicity, lateral
diffusion will be omitted in all the drawings.

Base = Emitler  Collector  Substrate

A A E N W FHFT FiFFFFEFS

P W FEFSEEFES

i

p-type substrale

Fig. 1.9 The cross-section of an mon transistor showing curved junction
profiles as a result of lateral diffusion

1.5.6 Ion Implatation

Ion implantation is the other technique used to introduce impurities
into a silicon wafer. In this process, silicon wafers are placed in a
vacuum chamber and are scanned by a beam of high-energy dopant
1ons (borons for p-type and phosphorus for n-type) as shown in Fig.
1.10. These 1ons are accelerated by energies between 20 kV to 250 kV.
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As the ions strike the silicon wafers, they penetrate some small dis-
tance into the wafer. The depth of penetration of any particular type
of ion increases with increasing accelerating voltage. lon implantation
technique has two important advantages.

1. It is performed at low temperatures. Therefore, previously dif-
fused regions have a lesser tendency for lateral spreading.

2. In diffusion process, temperature has to be controlled over a
large area inside the oven, whereas in ion implantation tech-
nique, accelerating potential and the beam current are electri-
cally controlled from outside.

Hemxis
Mass separation Accelaration deflection
elaciromagnet electrode plates
r _1 __1 L B e
‘-"F ‘_:-1 1 _l" ' —lon
|
Y-axis
! _ deflection 1 ;
| - plates
[ I ) -i- High
1|_| = mn, Siican wafers—- 1.
-+
[N e
~ "“'--u.,__ -
< Ion source P
vacuum Target chambes

Fig. 1.10 Ion implantation System

1.5.7 Isolation Techniques

Since a number of components are fabricated on the same IC chip, it
becomes necessary to provide electrical isolation between different
components and interconnections. Various types of isolation techniques
have been developed. However, we shall discuss here only two
commonly used technigques namely:

pn junction isolation
Dielectric 1solation

pg-n Junction Isolation

In this 1solation technique, p* type impurities are selectively diffused
into the n-tvpe epitaxial laver so as to reach p-type substrate as
shown in Fig. 1.11 (a}). This produces islands surrounded by p-type
moats. It can be seen that these regions are separated by two back-
to-back p-n junction diodes. If the p-tvpe substrate maternial is held at
the most negative potential in the circuit, the diodes will be reverse
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hiased providing electric isolation between these islands. The different
components are fabricated in these isolation islands. The concentration
of the acceptor atoms in the region between isolation islands 1s usually
kept much higher (p”) than the p-type substrate. This prevents the
depletion region of the reverse biased diode from penetrating more
into p° region and possibly connecting the isolation islands.

Isciation sland

n-api - pitaial i n-epi

Fig. 1.11 (a) o junction isolation

There 18, however, one undesirable by-product of this isclation
process. It 1s the presence of a transition capacitance at the isolating
pn Junctions, resulting in an inevitable capacitor coupling between
the components and the substrate. These parasitic capacitances limit
the performance of the circuit at high frequencies. But being
economical. this technique is commonly used for general purpose 1Cs.

Diefectric Isofation

Here a layer of solid dielectric such as silicon dioxide or ruby completely
surrounds each component, thereby producing isolation, both electrical
and physical. This isolating dielectric layer is thick enough so that its
associated capacitance is negligible. Also, it is possible to fabricate
both pnp and npn transistor within the same silicon substrate. Since
this method requires additional fabrication steps, it becomes more
expensive, The technique is mostly used for fabricating professional
grade ICs required for specialised applications viz, aerospace and
military, where higher cost is justified by superior performance. Figure
1.11 (b) shows such a structure.

W T T
L

f-api collecior

il il il il S ol i il i T

p-substrate

Fig. 1.11 (b) Dielectric isolation
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1.5.8 Metallization

The purpose of this process is to produce a thin metal film layer that
will serve to make interconnections of the various components on the
chip. Aluminium is usually used for the metallization of most ICs as
it offers several advantages.

1. It is relatively a good conductor.

2. It is easy to deposit aluminium films using vacuum deposition.

3. Aluminium makes good mechanical bonds with silicon.

4. Aluminium forms low resistance, non-rectifying (i.e. ohmic)
contact with p-type silicon and the heavily doped n-type silicon.

To vacuum pump
Fig. 1.12 Vacuum evaporation for metallization

The film thickness of abopt 1 pm and conduction width of about 2
to 25 pm are commonly used. The process takes place in a vacuum
evaporation chamber as shown in Fig. 1.12. The pressure in the
chamber is reduced to the range of about 107 to 1077 torr (1 atmosphere
= 760 torr = 760 mm Hg). The material to be evaporated is placed in
a resistance heated tungsten coil or basket. A very high power density
electron beam is focussed at the surface of the material to be
evaporated. This heats up the material to verv high temperature and
it starts vaporizing. These vapors travel in straight line paths. The
evaporated molecules hit the substrate and condense there to form a
thin film coating.

After the thin film metallization is done, the film is patterned to
produce the required interconnections and bonding pad configuration.
This is done by photolithographic process and aluminium is etched
away from unwanted places by using etchants like phosphoric acid
(HzPO,).
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1.5.9 Assembly Processing and Packaging

Each of the wafer processed contains several hundred chips, each
being a complete circuit. So these chips must be separated and
individually packaged. A common method called scribing and cleaving
used for separation makes use of a diamond tipped tool to cut lines
into the surface of the wafer along the rectangular grid separating the
individual chips. Then the wafer 1s fractured along the scribe lines
and the individual chips are physically separated. Each chip is then
mounted on a ceramic wafer and attached to a suitable package.
There are three different package configurations available.

1. TO-5 glass metal package
2. Ceramic flat package
3. Dual-in-line (ceramic or plastic type)

TO-5 packages are available in 8, 10 or 12 leads, whereas the flat or
dual-in-line package is commonly available in 8, 14 or 16 leads, but

Monolithic circult die

"" Kovar eyebet

Wire hnnl:h-['lﬂ}
Bonding island ..

Fig. 1.13 Exploded view of (a) lead TO-5 package (b) 14-lead version
of the flat package, showing the various components
as well as the completed flat package
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even 24 or 36 or 42 leads are also available for special circuits. Ceramic
packages, whether of flat type or dual-in-line are costly due to
fabrication process, but have the advantage of best hermetic sealing.
Most of the general purpose ICs are dual-in-line plastic packages due
to economy. Figure 1.13 (a, b) shows the exploded view of TO-5 and
flat package.

1.6 FABRICATION OF A TYPICAL CIRCUIT

We shall here show the various steps utilized in converting the circuit
of Fig. 1.3 into the monolithic IC of Fig. 1.4.

Step-1: Wafer Preparation

Refer Fig. 1.14 (a). The starting material called the substrate is a
p-type silicon wafer prepared as discussed in Sec. 1.5.1. The wafers
are usually of 10 em diameter and 0.4 mm(~ 400 pm) thickness. The
resistivity is approximately 10 {}-cm corresponding to concentration of
acceptor atom, N, = 1.4 x 10" atoms/em®.

Step-2: Epitaxial Growth

An n-type epitaxial film (5-25 pm) is grown on the p-type substrate
as shown in Fig. 1.14 (b). The ultimately becomes the collector region
of the transistor, or an element of the diode and diffused capacitor
associated with the circuit. So in general it can be said that all active
and passive components are fabricated within this layver, The resistivity
of n-epitaxial layer is of the order of 0.1 to 0.5 Q-cm.

Step 3: Oxidation

Refer Fig. 1.14 (¢) A 510, layer of thickness of the order of 0.02 to
2 um is grown on the n-epitaxial layer.

Step 4: Isolation Diffusion

In the circuit of Fig. 1.3 four components have to be fabricated, so
we require four islands which are isolated. For this, 5i0, is removed
from five different places using photolithographic technique. Refer Fig.
1.14 (d). The wafer is next subjected to heavy p-type diffusion for a
long time interval so that p-type impurities penetrate the n-type
epitaxial layer and reach the p-type substrate. The area under the
8i0, are n-type islands that are completely surrounded by p-type
moats. As long as the pn junctions between the isolation islands are
held at reverse bias, that is, the p-type substrate is held at a negative
potential with respect to the n-type isolation islands, these regions are
electrically isolated from each other by two back-to-back diodes,
providing the desired isolation.
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Step 1

p-type substrate s
10 Q-cm resistivity: N, = 1.4 10 atoms/em

dm
1

(a}

n-epi layer 0.1-0.5 (1 -cm s-gum

p-type substrate 10 0 -cm

(b)

(c)

T | | | wmm?
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Fig. 1.14 (a-e) Steps in the fabrication of the circuit shown in Fig. 1.3
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The concentration of acceptor atoms (Ny = 5 x 10*° em™) in the
region between isolation islands is generally kept higher than p-type
substrate for which N, = 1.4 x 10" atoms/cm®. This ensures that the
depletion region of the reverse biased diode will not extend into p*
region to the extent of electrically connecting the two isolation islands.
There will, however, be a significant amount of barrier or transition
capacitance present as a by product of the 1solation diffusion. The top
view of the isolation islands is depicted in Fig. 1.14 (e).

Step 5: Base Diffusion

Refer to Fig. 1.14 (f). A new layer of 5i0,; is grown over the entire
wafer and a new pattern of openings is formed using photolithographic
technique. Now, p-type impurities, such as boron, are diffused through
the openings into the islands of n-type epitaxial silicon. The depth of
this diffusion must be controlled so that it does not penetrate through
n-layer into the substrate. This diffusion is utilized to form base region,
of the transistor, resistor, the anode of the diode and junction capacitor.

Step 5
P77 A | AFAA S F )
P p P P P’ P p* P p’
n n n
p-lype subsirata
Capacitor Resistor
Fig. 1.14 (f}

Step 6: Emitter Diffusion

Refer to Fig. 1.14 (g). A new layer of 510, is again grown over the
entire wafer and selectively etched to open a new set of windows and
n-type impurity (phosphorus) is diffused through them. This forms
transistor emitter and cathode region of diode.

Windows (W,, W, etc.) are also etched into n-region where contact
is to be made to the n-type layer. Heavy concentration of phosphorus
(n*) is diffused into these regions simultaneously with the emitter
diffusion. The reason for using heavily doped n-regions can be explained
as follows:
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Aluminium, normally used for making interconnections, is a p-type
impurity in silicon, and can produce an unwanted rectifying contact
with the lightly doped n-material. However, heavy concentration of
phosphorous (~ 2 ¥ 10* em™) doping causes a high degree of damage
to the Si-lattice at the surface, thus effectively making it semi-metallic.
This n” layer thus makes a good ochmic contact with the Al-layer. The
top view corresponding to Fig. 1.14 (g) is shown in Fig. 1.14 (h).

Step 6 Window W,

" I

Fi NN EEEEEEEEE

n* n* n*
P P P P
p* . p* - p* . p* - pt
p-type subsirate

(@)

(5

n n f & 1]

o/} [ =)= ;
////////// i ////////// /,

Fig. 1.14 (g-h)

Step 7: Aluminium Metallization

Now the [C chip i1s complete with all the active and passive devices
and only interconnections between the various components have to be
made in accordance with the circuit in Fig. 1.3. The chip is further
subjected to the process of the formation of a new Si0, layer and
masked etching to open a new set of windows at thé points where
contacts have to be made.

Now, a thin even coating of aluminium is vacuum-deposited over
the entire surface of the wafer. The interconnection pattern between
the components is then formed by photo resist techniques. The
undesired aluminium areas are etched away leaving a pattern of
Interconnections between transistor, resistor, diode and capacitor as
shown by the cross-sectional and top view in Fig. 1.14 (i) and Fig. 1.14
() respectively.
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Step 7
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Fig. 1.14 (j, )

1.7 ACTIVE AND PASSIVE COMPONENTS OF ICs

Now the reader is familiar with the basic technology involved in the
fabrication of ICs. More light will be thrown on the various devices
which constitute a monolithic circuit. These include:

Transistors
Dodes
Resistors
Capacitors
Inductors.

s G0 bE =

1.7.1 Monolithic Transistors

Figure 1.15 (a) shows the cross-sectional view of an IC transistor. Let
us compare it with the conventional discrete transistor also fabricated
using planar technology and shown in Fig. 1.15 (b).

The most striking feature in the two structures is that in the IC
transistor, collector contact is on the top whereas in the discrete
transistor it 15 at the bottom. In IC transistor, collector contact has to
be taken from the top because collector is isolated from the substrate
and the next isolation island by reverse-biased diodes. This structural
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difference makes an integrated transistor poorer than discrete
transistor in two ways:

(i} Collector contact being at the top increases the collector current
path, thereby increasing the collector series resistance and hence
Vior sary Of the device.

(1) In the integrated transistor, additional parasitic capacitance
appears botween collector and substrate 15 held at negative po-
tential. However, these shortcomings of the integrated transis-
tors can be overlooked on account of a number of advantages
inherent in integrated technology. In this, cireuit performance is
highly improved as matched transistors can be obtained for ex-
ample to be used in difference amplifiers. Integrated transistors
spaced within 30 mils can have Vi matching better than 5 mV
and hgp match of + 10 percent.

E B G

=

b) Collector contact

Fig. 1.15 Cross-section of {(a) Monaolithic integrated circuit transistor,
{b) a discrete planar epitaxial transistor

Use of 'Buried n~ Layer” to reduce Collector Series Resistance

The higher collector series resistance of an integrated transistor can
be easily reduced by a process known as ‘buried laver' shown in Fig.
1.16. In this, a heavily doped n” region is sandwiched between the
n-tvpe epitaxial collector and p-type substrate. This buried n* region
provides a low resistivity current path from the active collector region
in-type laver) to the collector contact (n” contact layer). In effect, the
n” laver shunts the n-laver of the collector region with respect to the
flow of the current thus effectively reducing the collector resistance.
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pnp Transistor
pnp transistors in integrated circuits are fabricated in one of the
following three ways:

Vertical or substrate pnp

Lateral pnp

Triple diffused pnp

Fig. 1.16 Use of "buried »* layer” to reduce collector series resistance

Vertical pnp Transistor

The p-type substrate itself is used as p-collector, n-epitaxial layer for
the base and the next p-diffusion (base in npn structure) as the emitter

region. This type of pnp transistor has the limitation that collector
has to be held at a fixed negative potential, as substrate is to be held

at the most negative potential in the circuit for providing good isolation.

Lateral pnp-Transistor

This is the most common form of an integrated pnp transistor which
can be fabricated simultaneously with the npn transistor and requires
no additional masking or diffusion step. The n-type epi layer is used
as the base of the pnp transistor. During the p-type base diffusion for
the npn transistor, two adjacent p-regions are diffused to form emitter
and collector regions of the lateral pnp transistor as shown in Fig. 1.17.

Fig. 1.17 A papo lateral transistor
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Triple Diffused pnp Transistor

If to a standard npn transistor, an extra p-type diffusion is added
after the n-diffusion, it is quite possible to obtain a pap transistor and
18 known as triple diffused pnp transistor. However the usefulness of
such a structure is limited due to additional fabrication steps required
and serious design considerations.

Comparison of npn and pnp IC Transistors

In general, npn transistors are preferred in integrated circuits
compared to pnp transistors due to a variety of reasons.

1. A vertical pap transistor has the disadvantage that its collector
has to be held at a fixed negative voltage.

2. Lateral pnp transistor has inferior characteristic as the base
width is usually larger controlled by lateral diffusion of p-type
impurities and photographic limitations during mask making
and alignment. Therefore, pnp transistor normally gives
current gain as low as 1.5 to 30 compared to 50 to 300 for the
npn transistor. With improved technology, however, it has now
been possible to increase the gain to'100.

3. We know that collector region is heated during base and emitter
diffusions, so the diffusion coefficient of the collector impurities
should be as small as possible to avoid the movement of the
collector junction. Since n-type impurities have smaller diffusion
constant than p-type impurities, the n-type collector moves very
little while p-type moves appreciably. This makes the npn tran-
sistor superior in performance with relatively easier process
control.

Multi-emitter Transistor

In many applications such as transistor-transistor logic (TTL), we
need multiemitter transistor of the type shown in Fig. 1.18 (a). The
cross-sectional view of such a transistor is shown in Fig. 1.18 (b)
where n* emitter is diffused at three places in the p-type base. Thus
it is possible to save chip area and enhance component density of
an IC.

The Scholtky Transistor

In digital circuits, many times it is desired that the switching should
be very fast. This can be achieved if the transistor is prevented from
entering into saturation. Figure 1.19 (a) shows such an arrangement
where a Schottky diode (Sec. 1.7.2) is used as a clamp between the
base and collector.

If base current is increased to saturate the transistor, the voltage
at the collector drops thereby making diode D conduct. As soon as
diode D conducts, the base to collector voltage drops to about 0.4 V
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which is less than the cut-in voltage for Si-base to collector junction
(= 0.5 V), so that the transistor does not enter into saturation.

I
g

(a)
c E, E; Ey B
m:
nll n... "-ll- “1-
=) P gt
n-epi layer
p-substrate
(b)

Fig. 1.18 (a) Multi-emitter transistor, (b) Cross-sectional view of a
multi-emitter transistor

Figure 1.19 (b, ¢) shows the cross-sectional view of a Schottky
transistor, and its symbol. A Schottky diode 1s formed between base
and collector by allowing Al-metallization for the base lead to make
contact with the n-type collector region. This is discussed in detail in
Sec. 1.7.2.

c E (2]
e ;_ . c
D ||
]
a r-collecion B
8 p-subsirate
k=
E
(a) {b) (<)

Fig. 1.19 {a) A transistor with a Schottky-barrier diode clamped between base
and collector to prevent saturation, (b) Cross-section of a Schottky-barrier
transistor, (¢} Symbolic representation
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1.7.2 Monolithic Diodes

Diodes find extensive use in integrated circuits, especially in digital
applications. Figure 1.20 shows five different possible connections by
which a transistor could be utilized as a diode. These configurations
have slightly different characteristics as depicted in Table. 1.1 and
the choice of the diode depends upon the application and circuit
performance desired.

Table 1.1 Summary of typical values for various diode connections

Charactenste (@) &/ e/ (@ G
Fﬂ--ﬂ FEIE FB--E f:lﬂ f;-ﬂ
Breakdown voltage 7 7 55 7 55
in volts
Storage time, n sec 9 100 53 56 B85
Forward voltage B5 a2 94 96 a5
in volts

\ / 7 bp_[l‘”u 1\
o

O {—

i
o

s
(a) (B} (e} (d) (e)

+'I'.!

Fig. 1.20 Cross-section of varnous diode structures

It can be seen that diode ‘a’ is most useful for getting high speed
diode to be used in digital integrated circuit due to its lowest storage
time and lowest forward voltage drop. Diodes b’ and ‘d’ can be utilized
as a stored charge device as this feature gives a high speed turn-off

of the transistor. Dicde ‘¢’ and ‘e’ have the advantage of highest
breakdown voltage.

Schottky Barrier Diode

Metal to semiconductor junctions can be ochmic as well as rectifying.
The ochmic contact is used when a lead is to be attached to a semicon-
ductor device. And a rectifying contact called a metal semiconductor
diode, (also called Schottky barrier diode) has characteristics very
similar to an ordinary pn diode,
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As already mentioned aluminium is a p-type impurity in silicon. So
when it is used to make a contact with n-type Si, it is essential that
contact 1s ohmic and no pn junction 1s formed. This i1s done by making
n* diffusions in the n regions near the surface where Al is deposited.
On the other hand, if Al 1s deposited directly upon the n-type 5i, a
metal semiconductor diode is formed. It is found that such a metal
semiconductor diode has essentially the same type of V-1 charcteristics
as an ordinary pn junction, though the physical mechanism is very
different and complicated.

Figure 1.21 (a) shows two contacts, where contact 1 1s a Schottky
barrier and contact 2 15 an ochmie contact. The symbolic representation
of a schottky diode is shown in Fig. 1.21 (b). The contact potential
between the semiconductor and the metal creates a barrier to the flow
of conduction electrons from semiconductor to metal. Forward biasing
the junction lowers this barrier and permits electron flow from
semiconductor to metal where electrons are abundant. Note that the
majority carrier electrons carry current in a Schottky diode. On the
other hand, in a pn junction diode, current is due to minority carriers
and such a diode shows a substantial time delay from on to off, as the
minority carriers stored in the junction have to be totally removed. In
this sense, Schottky diode exhibit negligible storage time, since
electrons from the n-type Si enter the Al almost nght at the contact
surface, where they mix with the free electrons and are not stored.

Em: N
n-Type
1 ; l 2
p-type substrale
{a) &)

Fig. 1.21 (a) A Schottky diode, (b) Symbol for metal semiconductor diode

Another significant advantage of this type of diode is that it has

less forward voltage (V, = 0.3V} when compared to that of pn diode
(V,=0.6V). Thus it can be used for more ideal clamping, or as detectors

in high freguency and microwave [Cs.



Integrated Circuit Fabrication 27

1.7.3 Integrated Resistors

The basic technique for obtaining a resistor in integrated circuit is by
utilising the bulk resistance of a defined volume of semicondector
region. Four different methods are available for fabricating integrated
resistors, namely:

Diffused Resistor
Epitaxial Resistor
Pinched Resistor
Thin Film Resistor

Diffused Resistor

In this method, resistor is formed in one of the isolated regions of
epitaxial layer during base or emitter diffusion common to bipolar
transistor fabrication. As no extra fabricating steps are required, this
type of resistor is very economical. However, a severe limitation is the
small range of resistances possible.

The value of the resistance depends upon the surface geometry.
That is, length, width and upon the diffused impurity, profile. In this
context, a very useful quantity sheet resistance is defined as diffused
layers are very thin.

Sheet Resistance R;

Consider the square L x L of a material of resistivity p, thickness ¢,
and cross-sectional area A = L % ¢ shown in Fig. 1.22 (a). The resis-
tance of this sheet of meterial can be written as

- pL

R, = T

This quantity R, is independent of the size of the square and mainly

depends upon the diffusion characteristic of the material. Now con-

sider Fig. 1.22 (b, ¢) which shows a base resistor and the emitter

resistor. The resistance for these resistors can be expressed in terms
of the sheet resistance K, and the surface dimensions L and W,

t =Jtl {ohms per square)

L
M R=
ow PWxt
L
¥ H= ey
or RW

where the ratio L/W is called the aspect ratio of the surface geometry
and is, therefore, the effective number of square contained in the
resistor. The base resistor in the range of 20 Q to 300 kQ can be easily
fabricated due to medium resistivity (200 {Vsquare) p-type base region.
However, the sheet resistance of the emitter diffusion is of the order

of 5 (Vsq. only. So emitter resistors are usually in the range of 10 to
1 kil
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(a)
Metal contacts
L
: w ¢
N f pbase J1
p-isol v
p-substrate
{b)
Metal contacts
L
En—
p* - p*
p-substrate
fe)
Al contact
\
ft—————— 20 mils
¥ Fi—
il p-type 200 01 /59 .
n-type epitaxial
{d)

Fig. 1.22 {a) Sheet resistance (b) Base resistor (c) Emitter resistor (d) Top
view showing dimensions for a 4000 © diffused resistor
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Example

Design a 4 kQ diffused resistor.
The sheet resistance of p-type diffusion is 200 ohm/sq.

3
Then £=£:4H1ﬂ =E
w R 200 1
So a 4 k) resistor can be fabricated by using a pattern of 20 mils
long by 1 mil wide as shown by the top view in Fig. 1.22 (d).

Epitaxial Resistor

Large value of resistance than possible by base or emitter resistor can
be achieved by using n-epitaxial collector region as shown in Fig. 1.23
(a). Sheet resistance of epitaxial layer in the order of 1 to 10 k¥
square can be obtained.

G
v n-epitaxial layer o
p-substrate

Fig. 1.23 (a) Epitaxial resistor
Pinched Resistor
The sheet resistivity of a semiconductor region can be increased by
reducing its effective cross-sectional area. In a pinched resistor, this

technique is used to achieve a high value of sheet resistance from the
ordinary base diffused resistor.

1 2
+ —
p  Pinch resister p — n-iype
material
p* p*
n-api layer
p-substrate

Fig. 1.23 (b) Cross-sectional view of a pinch resistor
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A pinched base diffused resistor is shown in Fig. 1.23 (b). It can
give resistances of the order of mega-ohm in a reasonably small area.
In this structure, no current can flow through the n-type material
(dark region) due to the diode at contact 2 in the reverse direction.
Only a small reverse saturation current can flow through n-material.
So, by creating this n-type region the effective cross-sectional area for
the conduction path has been reduced and thus resistance between 1
and 2 increases.

Thin Film Resistor

Vapour thin film deposition techniques as discussed in Sec. 1.5.8 can
also be used for the fabrication of IC resistors. In this, a very thin
metallic film usually of Nichrome (NiCr) of thickness less than 1 um
is vapour deposited on the Si0, layer. Using masked etching, desired

geometry of this thin film is achieved to obtain suitable values of
resistors. The ohmic contacts are made using Al metallization and
usual masked etching techniques. Nichrome resistors are available
with typical sheet resistance values of 40 to 400 (V/square depending
upon film thickness, so that resistance in the range of 20 to 50 k1 can
be easily obtained. Figure 1.23 (c) shows the cross-sectional view of
such a resistor. These thin film resistors have three distinct advan-
tages over the diffused resistors.

1. Thin film resistors have lesser and smaller parasitic components
and hence their high frequency behaviour is better.

2. The values of thin-film resistors can be easily adjusted even
after fabrication by cutting a part of the resistor with a laser
beam (Laser trimming).

3. Thin film resistors have low temperature coefficient, thereby
making them more stable.

Al contact
Si0
Ef! (Ta, Nichrome,Sn0,eic.)
Silicon substrate

Fig. 1.23 (c) Cross-section of a thin film resistor

Higher values of thin film resistors have been obtained by depositing
Tantalum over Si0Q, layer. The main disadvantage of thin film resistors
15 the additional process steps required in their fabrication.
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1,7.4 Integrated Capacitors

Two commonly used methods for obtaining integrated capacitors are
as follows:

(1} Junection capacitor

(2) MOS and thin film capacitor

Junction Capacitor

It is possible to use the junction capacitance of a reverse biased diode
as an element in monolithic ICs. Figure 1.24 shows the cross-sectional
view of 2 junction monolithic capacitor and its equivalent circuit. It
can be seen that there are two junctions in this type of diffused
capacitor. Junction J,, if reverse hiased, will produce the desired
capacitance. However, a parasitic capacitance C, is inevitable due to
the junction ./, between n-type epitaxial layer and the substrate. Also
a series resistance results due to the bulk resistance of the n-region.
In the equivalent circuit, two diodes are the idealized diodes of the
two Junctions. The substrate must be held at the most negative point
in the circuit, to minimize C,. The value of the capacitance C, will
depend upon the area of the junction, impurity concentration of the
n-type epitaxial layer and the voltage across the junction. It can be
seen that the capacitor C, is polarised and is obtained only when the
junction </, is reverse biased.

Fig. 1.24 {a) Junction-type IC capacitor, (b} Equivalent circuit

MOS and Thin Film Capacitor

A commonly used capacitor is the metal-oxide semiconductor capacitor
for which the cross-sectional view and equivalent cireuit is shown in
Fig. 1.25. It is basically a parallel plate capacitor with 8i0, as the
dielectric. The heavily doped n* region formed during the emitter
diffusion forms the lower plate and the thin film of aluminium
metallization forms the upper plate of the capacitor with 510, as the
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dielectric. As shown in the equivalent circuit, the parasitic effects
consist of a small series resistance R due to n* region, a collector
substrate junction JJ,, and its associated capacitance C,.

This type of capacitor has the advantage of being nonpolar, that is,
it does not matter which of the plates is positive or negative. Nor it
is a function of the voltage applied, thus giving more circuit flexibility
Silicon Nitride (SizN,) can also be used as dielectric layer. Silicon
Nitride offers a higher value of capacitance because of higher dielec-
tric constant value, but requires extra processing steps.

410~ fum?
1 A=s5=10 0
T 2
[ E1
Wk T
a2 . -0
p-type subsirale
(b)

Fig. 1.25 (a) Structure and (b) equivalent circuit of a MOS capacitor

Thin film capacitor structures which use thin dielectric film layer
between two metal layers are also in use. Although such a capacitor
structure is almost free from substrate parasitics, it requires a num-
ber of additional masking and deposition steps beyond the basic MOS
structure. In such a structure, either aluminium or tantalum is used
as capacitor plates and aluminium oxide (Al,Oy) or tantalum oxide
(Ta,0y) as the dielectric material. Ta,0; is particularly preferred for
large value capacitors. One basic serious disadvantage of thin film
capacitor is that they fail when the voltage rating exceeds due to
breakdown of the dielectric. This is a destructive and irreversible
failure mechanism and may require over-voltage protection.

1.7.5 Integrated Inductors

Inductors, transformers and chokes are the missing link in the chain
of IC components. IC devices are essentially two dimensional as the
depth dimension is usually very small (~ 1 to 10 pm) compared to the
lateral dimensions. [C inductors can be made in the form of a flat
metallie thin film spirals by successive deposition of conduction
patterns. Very small values of inductance of the order of nano-henry
with low quality factor can be only obtained. For anv reasonable
inductance value, a three dimensional eoil structure is needed to obtain
a large number of turns.

Most circuit designers go to great lengths to avoid the use of
inductors or otherwise simulate them by using RC active networks, In
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applications such as RF and IF circuits, where inductors cannot be
avoided, inductors external to the IC-package are used. However, in
thin-film hybrid microwave integrated circuit (MIC), thin film inductor
spirals are used giving upto 250 nH.

1.8 FABRICATION OF FET

Unipolar monolithic ICs use JFET or MOSFET as an active device.
The fabrication technigque of JFET, MOSFET and CMOS is discussed.

1.8.1 JFET Fabrication

The structure of an n-channel JFET is shown in Fig. 1.26. The basic
processes used are the same as in BJT fabrication. The epitaxial layer
which formed the collector of the BJT is used as the n-channel of the
JFET. The p* gate is formed in the n-channel by the process of diffusion
or ion-implantation. The n* regions have been formed under the drain
and source contact regions to provide good chmic contact.

p-type substrale

Fig. 1.26 ~channel JFET structure

1.8.2 MOSFET Fabrication

Two types of MOSFET devices are available, such as, enhancement
type and depletion type. The cross-sectional view of n-channel
aluminium gate enhancement MOSFET is shown in Fig. 1.27. In this
structure, the metallic gate GG is separated from the semiconduector
channel by the insulating 510, laver. The insulating layer of silicon
dioxide gives an extremely high input resistance (10" to 10" Q) for
the MOSFET.

The value of Vy, the threshold voltage for MOSFET fabricated by
this technique is typically 3 to 6V and power supply voltage of 12V 1s
used for the drain supply. This large voltage 18 not compatible with
the 5V supply used in digital ICs. A number of techniques have been
developed to lower the magnitude of Vy which leads to improved
device performance.
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Use of Silicon Nitride (Si;N,)

It has been found that 8i,N, has superior masking properties compared
to 5i0,. The 514N, is sandwiched between two 5i0; layers and provides
the necessary barrier to prevent impurities penetrating through the
Si0, layer. The dielectric constant of SiyN, is 7.5 whereas that of 510,
is 4. This increased overall dielectric constant reduces V.

s G Aluminium) D

n*

ne

Thin film oxide (- 300— 800 A)

p-substrate

Fig. 1.27 n-channel MOSFET

Polysilicon Gate

Polyerystalline silicon when doped with phosphorus is conductive and
18 used as the gate electrode instead of aluminium. This reduces Vi,
to about 1 to 2V, Such devices are called silicon gate MOS transistors.
The fabrication of NMOS enhancement device using these improved
techniques is shown in Fig. 1.28.

The SiyN, is first coated on the entire surface of a p-type wafer.
With the help of a mask, sufficient area is defined to include the
source, gate and drain. The 51,N, 18 next etched away from the surface
outside the transistor region. Now p* impurities are ion-implanted in
the exposed p-substrate. These p* regions serve to isolate the various
devices. Next a thick 5i0, layer called field oxide iz grown over the
p* regions. The SiyN, region, however, remains unaffected by the
oxidation. The structure now is as shown in Fig. 1.28 (a).

The SiyN, is now removed by selective etching and then Si0, layer
(800 to 1000A) is thermally grown over the transistor area as shown
in Fig. 1.28 (b).

Polycrystalline silicon commonly known as polysilicon is now de-
posited over the entire wafer. The polysilicon gate is now formed by
selective removal of polysilicon as shown in Fig. 1.28 (c).

The n* source and drain regions are formed by ion implantation.
The field oxide and the polysilicon gate prevent the penetration of
dopants below these regions. The thin oxide layer, however, allows
the penetration of dopants and thus drain and source regions are

formed.
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After this, the entire wafer is covered with a protective isolating
layer usually of S10,. The contact areas (including the body) are next
defined using photolithographic process. Finally aluminium is evapo-
rated over the entire wafer and another mark is used to pattern the
circuit connections. The final cross-section is shown in Fig. 1.28 (d).

Slaﬂl. Sm? FH :Ihh
p* Gate oxide p*
p-substrate p-substrate
(a) (b)

(c)

Fig. 1.28 Fabrication of polysilicon gate enhancement NMOS (a) Thick oxide
growth and 2" implantation, (b) Selective etching of 5i,N, and thin oxide
growth, (c) Depaosition of polysilicon gate, (d) Final cross-sectional view showing
metallization and interconnection between substrate and source

There are two important points to be noticed 1n this structure.

1. The polysilicon-gate provides self alignment of the gate with the
source and drain. In a conventional metal gate structure of Fig.
1.27, the gate electrode is normally designed to overlap the edges
of the source and drain region by about 5 pm to avoid any
masking errors. This, however, results in small overlap
capacitance C,, between gate G and source S and C; between
gate (¢ and drain D). These capacitances are of the order of 1 to
3 pF and lower the speed of operation and increase the power
consumption. The silicon gate due to self aligning property
eliminates these capacitances.

2. Another advantage of this structure is that no isolation island is
required. This is because drain terminal in an NMOS device 1s
held positive with respect to the source which is tied to the
substrate., This cuts off the drain to substrate diode and the
source to substrate diode formed due to p* region and the current
flows only along the channel between D and S. In BJT the
1solation diffusion occupies an extremely large percentage of chip
area. With MOSFET, it is possible to get a packaging density
twenty times more than that of BJT IC.



36 Linear Integrated Circuils

1.8.3 Complementary MOSFET (CMOS) Fabrication

It is possible to fabricate NMOS and PMOS enhancement devices on
the same silicon chip. These devices are called complementary
MOSFETSs (abbreviated as CMOS, COS/MOS). The CMOS circuit of
Fig. 1.29 (a) when implemented with polysilicon gate FETs has the
cross-sectional view as shown in Fig. 1.29 (b). An n-type ‘well’ or ‘tub’
is diffused in the p-type substrate. The PMOS transistor (&, is
fabricated within this well. The n-type region forms the substrate or
body B, for the the PMOS transistor. There are two additional steps
required in the fabrication of PMOS transistor (@,) compared to NMOS
transistor (§,), such as, the formation of n-region and ion implantation
of p-type source and drain regions. The rest of the processes are the
same as discussed for NMOS fabrication.

It can be seen that B, is tied to S, and is connected to the lowest
voltage (GND) whereas B, is tied to S, and held at supply voltage
Vop. Since B, is p-type and B, is n-type, both the source substrate
diodes (B,-S, and B,-S,) are reverse biased and thus cut off. Thus
isolation between NMOS and PMOS transistor is automatically
achieved.

The circuit of Fig. 1.29 (a) is a CMOS inverter where G, is tied to
(G, and D, is connected to D,. However, we have not shown these
connections in the cross-sectional view of Fig. 1.29 (b).

=
(@)

Fig. 1.29 (a) CMOS inverter, (b) Cross-section of CMOS IC

1.9 THIN AND THICK FILM TECHNOLOGY

Film ICs are classified as thick film and thin film circuits. Film
technology at present can produce only passive components. The use
of the term “Thin Film’ has been made in this chapter often, wherever
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isolation or interconnections have to be made in integrated circuits.
Thin film elements like resistors and capacitors have been discussed
earlier also.

Conventional film circuits, both thick and thin, are made by
depositing film capacitors and resistors on a passive substrate such as
glass or ceramic and subsequently adding pre-fabricated active
components to the film structure. Care has to be taken that the film
elements and their interconnections are compatible with the rest of
the integrated circuit.

Combining films and semiconductor technology, a circuit designer
has greater degree of freedom, a wider range of component values and
better electrical performance than either technology can provide
separately.

Thin films are defined as the ones with thickness varying from 50
A to 20,000 A, whereas thick-films vary from 125000 A (0.5 mil) to
625,000 A (2.5 mils). However, a more fundamental difference between
thin film and thick film is not the ultimate thickness, but the technology
or the processes used for forming the film. Thick film ICs are made
by the process of screen printing, usually silk screening technigues,
whereas, the materials used to make thin film are generally deposited
on to substrates in a vacuum chamber. Nevertheless, thick film
technology produces cheap and rugged resistors, capacitors and
conducting patterns. The processing equipment for thick film circuits
15 relatively inexpensive and easy to use. Thin film technology provides
greater precision in manufacturing but is more costly than thick film
technology.

1.9.1 Deposition of Thin Film

Various methods in use for deposition of thin film are:

Vacuum Evaporation
Sputtering
(Gas plating
Electroplating
Electroless plating
. Silk screening
The methods listed above have been used with varying degree of
success. In this text however, we limit ourselves to discuss cathode
sputtering and plating technigues only.

L o

Vacuum Evaporation

The svstem used for depositing film using this method has been already
discussed in sec. 1.5.8 where the technique has been used for depositing
thin aluminium film for taking out contacts from the IC.
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Cathode Sputtering

The svstem used for cathode sputtering is almost identical to that
used for vacuum evaporation. The process however 18 much slower
than evaporation, depositing a micron-thick film in minutes to hours,
compared to seconds to minutes for evaporation. However, sputtering
18 superior to vacuum evaporation in the quality of the film produced
but sputtering equipment is more costly than most evaporation
systems. The process of cathode sputtering is performed at a low
pressure (about 107! torr). The source material (material to be
sputtered) is subjected to intense bombardment by the ions of a heavy
inert gas such as argon. These gas ions are usually accelerated by
making the source material as the cathode of a de glow discharge. As
atoms are ejected from the surface of the cathode, they diffuse away
from it through a low pressure gas, depositing as a thin film on a
nearby substrate. This sounds crude, but the high energy of the
particles landing on the substrate actually results in a very uniform
film with good crystal structure and adhesion. The principal parts of
a sputtering system are shown in the Fig. 1.30. A potential typically
2 to 5 kV, is applied between the cathode (Source material) and anode,
and produces a glow discharge that fills the entire interelectrode space,
except for a thin region close to the cathode.

Bell jar
.r-”'/
Cathode al negative cathode shisld
potantial .y
B Subsirales
-J (I #____..--"'
Rotatable shutter— Grounded
anoda
t——__ Substrate
resistance
[o heater
- Inert gas
Firani gauge Reactive gas
High-vacuum lonization gauge
value, liquid N,
trap, pumping system

Fig. 1.30 The principal parts of sputtering system

Plating Technigue

The two types of plating technique used are (i) Electroplating (ii)
Electroleas plating.
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Electroplating uses for typical process of coating an object with one
or more layers of different metals. Cathode and anode, in this case
substrate and metal, are immersed in an electrolytic solution. When
de is passed through the solution, the positive metal ions migrate
from the anode and deposit on the cathode. This method is suitable
for making conduction films of gold or copper.

In electroless deposition of thin films, a metal ion in solution is
reduced to the free metal and deposited as a metallic coating without
the use of an electric current. This process can be used to deposit
metals on any substrate such as glass, ceramic, plastic, etc., and films
to considerable thickness can be deposited.

1.9.2 Thick Film Technology

The basic thick film process are:

(i) Screen printing,

(i) Ceramic firing.

The process of screen printing patterns is an ancient one. The
Egyptians used this technique thousands of years ago to decorate
pottery and the walls of buildings and tombs. The same process is
used today for production of thick film circuits, though considerably
more complicated than simply forcing the ink through the screen as
did the equipment used by the Egyptians. The screens used are woven
from stainless steel wires to mesh size 320 and mounted on aluminium
frame so as to keep the screen under uniform tension. The screen is
next coated with a photo-sensitive emulsion which polymerizes on
exposure to light. A mask (negative) of the desired pattern is made
and kept on it. After exposure to light, it is developed. The screen
becomes clear wherever thick film is to be deposited and blocked by
the photoresist elsewhere. The screen 18 now placed on a substrate
and carefully aligned components are deposited on the substrate
through screening process. The screening process is carried out by a
squeegee driven across the patterned screen at a constant rate. The
squeegee forces an ink in the paste form through the openings on the

screen. Different types of inks are used for depositing resistors
conductors.

The desired physical and electrieal propertics from the thick films
so deposited are now developed by thermal processing usually referred
to as firing. It uses a furnace or kiln where temperature varies from
500°C to 1000°C in four to eight separately controlled zones. During
the firing process, the organic binders of the thick film paste vaporizes
and the remaining material fuses with the substrate, thereby, becoming
a part of the ceramic structure. However, the structure and dimensions

of most thick films are not compatible with monolithic circuits, therefore
their use is limited to hybrid structures only.
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1.9.3 Surface Mount Technology (SMT)

SMT is one of the advanced achievement in the area of semiconductor
technology. This technology improves the product in terms of function,
size and quality. It is difficult to automate production line with the
use of conventional components. However, with surface mount devices,
automation of manufacturing process as well as interconnection
methodology can be achieved. The compact size of microcassette
recorder, calculators, wrist watches and radios is the result of clever
electronic component packing and assembly as a surface mount
technology.

Surface mount technology utilizes micro-miniature leaded or leadless
components called SMDs which are directly soldered to the specified
areas on the PCB/surface without holes. The compact size of SMD
components greatly reduce the area in a PCB, thus increasing pack-
aging density. In this technology, both the components as well as
conductive paths are installed on the same side of PCB, whereas, in
conventional mounting technology, the components are mounted on
one side and conductive paths are on the other side of PCB.

1.10. TECHNOLOGY TRENDS

The technology of semiconductor is advancing at a rapid rate. For
high speed and low noise applications, bipolar technology is used. The
heat dissipation in bipolar circuits is large and requires elaborate
cooling arrangement. The MOS technology is becoming popular,
because, high component density can be achieved. Originally, PMOS
devices were used but now NMOS technology is predominant due to
high-speed performance. The CMOS technology is now leading NMOS
because of extremely low power consumption. The feature size of CMOS
18 also decreasing rapidly. In 1990s, the minimum feature size for
CMOS was 0.5 micron (um), which reduced to 0.12 pm in the year
2002 and it is predicted that 0.07 um will be available for production
by 2004.

The assembly of the chip i1s also improving drastically : 120 to 250-
pin package are already available. It is predicted that 1000-pin package
will be available. The electron-beam photolithographic techniques have
been outdated and X-rays are in use exclusively. By 2003-04 new
technigques EUV and Scalpel will also be used along with X-ray. The
interconnections will also undergo change from aluminium to copper
and optical interconnections may soon arrive.

The design styles and design tools are also undergoing rapid
evolution. The design tools are sometimes referred to as computer-
aided-design (CAD) tools and automatic testing-is employved. The
programs SPICE for circuit analysis and SUPREME for device
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fabrication are the two widely used CAD tools. These tools are not
used to design ICs but provide necessary information to evaluate a
given design. No commercial IC is fabricated without such analysis.

Summary

1. An IC is a miniature, low cost electronic circuit fabricated on a
single crystal chip of silicon.

2. An IC offers increased reliability, improved performance, high

speed and lower power consumption.

ICs may be Linear or Ihgital.

Important IC technologies used are Monolithic technology and

Hybrid technology.

5. The basic processes used in the silicon planar technology are (i)
Substrate preparation (ii) Epitaxial Growth (iii) Si0, growth
(iv) Photolithography (v) Diffusion (vi) Metallization

6. Order of magnitude for some important quantities:

(i) Substrate thickness ~ 400-800 pm (16-32 mils)
(i1} Epitaxial thickness ~ 5-20 pm
(i) Oxide thickness ~ 0.02-2 pm
{1v) Al metallization ~ 1 pm
(v) Base width (thickness) ~ 0.7 um
(vi) Diffusion time = about 2 hours
(vii) Diffusion temperature = 1000°C
(viii) Surface area for transistor = 25 mils
{ix) Wafer diameter = 10; 12.5; 15 ecm
(x) Chip size : 1 mm? (S8I); 16 mm?* (MSI); 1 cm?® (LSI)
(xi) Concentration of acceptor atoms in the p-type substrate
N, = 1.4 x 10" atoms/cm®
(xii) Concentration of acceptor atoms in isolation islands
N, =5 x 10%em
(xiil) Sheet resistance for
(a) epitaxial collector region is 1 to 10 k {sq.
(b) p-type base region is 200 {Vsq.
{c) n-type emitter region is 5 (Vsq.

7. The various components in an IC are provided electrical isola-
tion by fabricating each component in an isolation island. Isola-
tion techniques used are pn junction isolation and dielectric
1solation.

8. ICs are available in three packages:

(i) TO-5 glass metal package
(ii) ceramic flat package
(iii) Dual-in-line package

e &3
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9.

10.

11.
12,

13.

14.

15.

Buried layer is a heavily doped n" laver sandwiched between
the p-type substrate and n-type epitaxial collector to reduce the
collector series resistance of the IC transistor.

Aluminium used for making interconnections is a p-type impu-
rity in silicon. The formation of a rectifying pn junction is avoided
by making n* diffusions in the n-regions from where contact is
to be made using aluminium. Such contacts are called chmic.
The npn transistors are preferred over pnp transistors in [Cs.
A Schottky barrier diode is clamped between base and collector
of a transistor to avoid saturation.

It has not been possible to fabricate high-@-inductors in mono-
lithie 1Cs. Inductors have to be simulated by RC networks.
MOSFET occupies very small area and consumes less power. A
polysilicon gate MOSFET has advantage over aluminium gate
as (i) it lowers Vi, (ii) it reduces capacitances due to self-align-
Ing property.

Thin and Thick film technology is used to make passive compo-
nents like resistors and capacitors. Films with thickness greater
than 0.5 mil are usually made by thick film technology.

Review Questions

1.1.

1.2

1.3,

1.4.
1.5.
1.6.
1.9,
1.8
1.9

1.10.
1.11.
1.12,
1.13.
1.14.
1.15.
1.16.

1.17.
1.18.

List the advantages of integrated circuit over discrete compo-
nent circuit.

Classify ICs on the basic of application, device used and chip
complexity.

Name the technology used for the fabrication of transistors or
ICs.

List the basic processes used in the silicon planar technology.
Explain how silicon wafers are prepared.

Explain the word “Epitaxy”.

Describe the Epitaxial growth process.

Explain the importance of Si0, layer. How thick is this layer?
Explain briefly the photolithography process.

Describe the diffusion process.

What 15 10n implantation? Give its advantages.

Explain the need for making 1solation i1slands.

Explain the various isolation techniques used in ICs.

To what voltage is the substrate connected and why?

Name the different types of IC packages.

Draw the cross-section of a discrete transistor and an IC tran-
gistor and hence compare their performance.

What 15 meant by parasitic capacitance?

Discuss the various ways for fabricating pnp transistor.



1.19.
1.20.
1.21.
1.22,

1.23.
1.24.
1.25.
1.26.

1.27.

1.28.
1.29.

1.30.

1.31.
1.32.
1.33.
1.34.
1.35.
1.36.
1.37.
1.38.
1.39.
1.40.
1.41.
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Compare the performance of pnp and npn transistor.

Explain why “buried layer” is used.

Show the cross-sectional structure of a multi-emitter transistor.
What is a Schottky transistor? Draw the cross-sectional view
and explain 1ts operation.
Give the various ways for making diodes in ICs.

Explain the operation of a Schottky-barrier diode.
What is an chmic contact?
Give the advantages of Schottky barrier diode over pn junction
diode.
Discuss the various methods used for fabricating IC resistors
and compare their performance.

Define sheet resistance K.

Sketch the cross-section of a junction capacitor and draw its
equivalent circuit.

Sketch a MOS capacitor and explain the difference in junction
capacitor and MOS capacitor.

What 1s a thin film capacitor?

Explain why inductors are difficult to fabricate in ICs.
Draw the cross-section of an n-channel MOSFET.
Discuss the various ways for reducing Vi of a MOSFET.
What is the effect of using a polysilicon gate?
Discuss the self aligning property of a polysilicon gate MOSFET.
Sketch the cross-section of a CMOS transistor.

Discuss the difference between thin films and thick films.
List the various methods used for depositing thin films.
Mscuss cathode sputtering.

Describe thick film technology.



Operational Amplifier

2.1 INTRODUCTION

Linear integrated circuits are being used in a number of electronic
applications such as in fields like audio and radio communication,
medical electronics, instrumentation control, etc. An important linear
1C is operational amphfier which will be discussed in this chapter.

The operational amplifier (commonly referred to as op-amp) is a
multi-terminal device which internally is quite complex. Fortunately,
for the ordinary user, it is not necessary to know about the op-amp's
internal make-up. The manufacturers have done their job so well that
op-amp’s performance can be completely described by its terminal
characteristics and those of external components that are connected
to it. However, for the designer's interest, the electronics of op-amp is
described where the various stages of op-amp are discussed. Then
some of the FET op-amps are described. The dec and ac characteristics
with compensating techniques and the various applications of op-amp
are taken up later.

2.2 BASIC INFORMATION OF OP-AMP
Circuit Symbo/

The eircuit schematic of an op-amp 1s a triangle as shown 1n Fig. 2.1.
It has two input terminals and one output terminal. The terminal

Inverting Input
terrmarial
s IE—— -
Output
terminal
O
Hon-imverting
inpist
terminal

Fig. 2.1 Op-amp circuit symbol
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with a (=) sign is called inverting input terminal and the terminal
with (+) sign is called the non-inverting input terminal.

Packages

There are three popular packages available:

1. The metal can (TO) package

2. The dual-in-line package (DIP)

3. The flat package or flat pack

Op-amp packages may contain single, two (dual) or four (quad) op-
amps. Typical packages have 8 terminals (the can and the DIP or
MINI DIP), 10 terminals (flatpacks and some cans) and 14 terminals
(the DIP and the flat pack). The widely used very popular type, for
example pAT41 is a single op-amp and is available as an 8-pin can, an
8-pin DIP, a 10-pin flatpack or a 14-pin DIP. The pA747 is a dual 741
and comes in either a 10-pin can or a 14-pin DIP. Figure 2.2 shows
the various 1C packages along with the top view of connection dia-
gram.

OP-AMP Terminals

Op-amps have five basic terminals, that is, two input terminals, one
output terminal and two power supply terminals. The significance of
other terminals varies with the type of the op-amp.

Refer to the top view of a metal can package (uAT41) in Fig. 2.2 (a).
The metal can has eight pins with pin number 8 identified by a tab.
The other pins are numbered counter-clockwise from pin 8, beginning
with pin 1. Pin 2 is called the inverting input terminal and pin 3 is
the non-inverting input terminal, pin 6 is the output terminal and
pins 7 and 4 are the power supply terminals labelled as V* and V-
respectively. Terminals 1 and 5 are used for dc offset. The pin 8
marked NC indicates ‘No Connection’. In case of DIP package of 741
as in Fig. 2.2 (b, ¢), the top pin on the left of the notch locates pin 1,
and the flat pack of Fig. 2.2 (d) has a dot on it for identification. The
other pins are numbered counter-clockwise from pin 1. The pin num-
bers have been illustrated only for some popular op-amps and the
user should consult the manufacturer’s data sheet before connecting
a given op-amp into a circuit.

Power Supply Connections

The V* and V- power supply terminals are connected to two de voltage
sources. The V* pin is connected to the positive terminal of one source
and the V- pin is connected to the negative terminal of the other
source as illustrated in Fig. 2.3 (a) where the two sources are 15 V
batteries each. These are typical values, but in general, the power
supply voltage may range from about + 5§ V to + 22 V. The common
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To-5 style package
with straight leads
Dual-in-fine plastic package
o —
Offset
- 1 8 :]Hf.':.
nverting 2
| input E 7 :]""”
Mot-inverti 3
input WE T G ]m
e iy
(b) &-pin Mini DIP
Ceramic flat package
——
NC[]1 14 ] N.C.
nec ]z 13 NG, NC[ |1 10 INC.
Offset Null[_| 3 12 JNC. Offset Null_| 2 a[]NC.
Hmlnv- WME;_|—— 'I'I!g v t inv. input[_2 Ej"ﬂ"‘"
-inverting Outpu
input [ L+ 10[— Offset Not-inverti 4 7 output
v]8 9] Nl input L 0w
H-E-E T 3] NC. v[]s EJEETM
(c)14-lead dual-infine package {(d)10 lead-fiat pack

Fig. 2.2 (a, b, ¢, d) Various IC packages of u4741 op-amp along with
connection diagrams (top view)
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terminal of the V* and V- sources is connected to a reference point or
ground. Some op-amps have a ground terminal, but most do not. The
ground is simply a convenient point on the circuit bread-board to which
the op-amp is connected through the power supplies. The equivalent
representation of Fig, 2.3 (a) is given in Fig. 2.3 (b). The common point
of the two supplies must be grounded, otherwise twice the supply

L'
v n
=15
“_r-_‘-"'"“:’-,_c B — oI
O
(a) ®)
V=4V o
-+ 2 R v vﬂ
+ R = C
Vo= v =
- A :LG lr
-
{e) ==V 2 ()
I:.1
T
1
""s_:
T v T
H _-..\I'_-:-\Fsﬂ

{e)
Fig. 2.3 (a) Power supply connections (b) Circuit symbol showing power
supply terminals (c, d, e) Different circuits for obtaining positive
and negative supply voltages for op-amp

voltage will get applied and it may damage the op-amp. Instead of
using two power supplies, one can use a single power supply to obtain
V* and V- as shown in circuits of Fig. 2.3 (¢, d, e). In Fig. 2.3 (c),
resistor R should be greater than 10 k{1 so that it does not draw more
current from the supply V.. The two capacitors provide decoupling of
the power supply and range in value from 0.01 to 10 uF. In the circuit
of Fig. 2.3 (d), zener diodes are used to give symmetrical supply
voltages. The value of the resistor R, is chosen such that it supplies
sufficient current for the zener diodes to operate in the avalanche
mode. In Fig. 2.3 (e), potentiometer is used to get equal values of V*
and V-, Diodes D, and D, protect the IC if the positive and negative
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leads of the supply voltage V, are accidentally reversed. These diodes
can also be connected in the circuits of Fig. 2.3 (¢) and 2.3 (d).

Manufacturer's Designation for Linear ICs

Each manufacturer uses a specific code and assigns a specific type
number to the ICs produced. For example, 741 an internally
compensated op-amp originally manufactured by Fairchild is sold as
wAT741. Here pA represents the identifying initials used by Fairchild.
The codes used by some of the well-known manufacturers of linear
ICs are:

(1) Fairchild wA, pAF

(2) National Semiconductor LM, LH, LF, TBA
(3) Motorola MC, MFC

(4) RCA CA, CD

(5) Texas Instruments SN

(6) Signetics N/S, NE/SE

(7} Burr-Brown BB

A number of manufacturers also produce popular ICs of the other
manufacturers. For easy use, they usually retain the original type
number of the IC alongwith their identifying initials. For example,
Fairchild's original pA741 is also manufactured by other manufactur-
ers as follows:

(1) National Semiconductor LM741
(3) Motorola MC1741
(4) RCA CA3741
(5) Texas Instruments SN52741
(6) Signetics N5741

It may be noted that the last three digits in each manufacturer’s
designation are 741. All these op-amps have the same specifications.
Since a number of manufacturers produce the same IC, one can refer
to sach ICs by their type number only and delete manufacturer's
identifying initials. For example, pA741 or MC1741 may simple be
referred as 741.

Some linear ICs are available in different classes such as A, C, E,
S and SC. For example 741, 741 A, 741 C, 741 E, 741 § and 741 SC are
different versions of the same op-amp. The main difference of these

op-amps are:

741 Military grade op-amp
(Operating temperature range -55° to 125°C)
741C Commercial grade op-amp

(Operating temperate range 0° to 70°/75°C)
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T41A Improved version of 741 Better electrical
741E Improved version of 741 C } specifications
7418 Military grade op-amp with higher slew-rate
7418C Commercial grade op-amp with higher slew-rate

2.3 THE IDEAL OPERATIONAL AMPLIFIER

The schematic symbol of an op-amp is shown in Fig. 2.4 (a). It has two
input terminals and one output terminal. Other terminals have not
been shown for simplicity. The — and + symbols at the input refer to
inverting and non-inverting input terminals respectively, i.e if v, = 0,
output v, is 180° out of phase with input signal v,. And, when
v, = 0, output v, will be in phase with the input signal applied at v,.
This op-amp is said to be ideal if it has the following characteristics.

Open loop voltage gain, Ag. = -
Input impedance, R = oe
QOutput impedance R, = 0
Bandwidth BW = we

Zero offset, 1.e. v, = 0 when v, = vy = 0.

It can be seen that
(1) an ideal op-amp draws no current at both the input terminals
ie., iy = iy = 0. Because of infinite input impedance, any signal
source can drive it and there is no loading on the preceding
driver stage.
(ii) Since gain is ==, the wvoltage between the inverting and non-
inverting terminals, i.e,, differential input voltage vy = (v, — vy)
is essentially zero for finite output voltage v,.
(iii) The output voltage v, is independent of the current drawn from
the output as R, = 0. The output thus can drive an infinite
number of other devices.

The above properties can never be realized in practice. However,
the use of such an ‘Ideal op-amp’ model simplifies the mathematics
involved in op-amp circuits. There are practical op-amps that can be
made to approximate some of these characteristics.

A physical amplifier is not an ideal one. So, the equivalent circuit
of an op-amp may be shown in Fig. 2.4 (b) where Ay, # =, R, # = and
R, # 0. It can be seen that op-amp is a voltage controlled voltage
source and Ay vy i8 an equivalent Thevenin voltage source and R, is
the Thevenin equivalent resistance looking back into the output
terminal of an op-amp. The equivalent circuit is useful in analyzing
the basic operating principles of op-amp. For the circuit shown 1n Fig.
2.4 (b), the output voltage is

v, = Agp Uy
= Agy (v, — vy @1
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The equation shows that the op-amp amplifies the dilference between
the two input voltages.

¥y

o

{c)

Fig. 2.4 (a) Ideal op-amp (b) Equivalent circuit of an op-amp (c) Open
loop circuit

2.3.1 Open Loop Operation of Op-Amp

The simplest way to use an op-amp is in the open loop mode. Refer
to Fig. 2.4 (c) where signals v, and v, are applied at non-inverting and
inverting input terminals respectively. Since the gain is infinite, the
output voltage v, is either at its positive saturation voltage
(+ Vi) or negative saturation voltage (-V_,) as v, > vy or vy> v; re-
spectively. The output assumes one of the two possible output states,
that is, +V,,, or -V,,, and the amplifier acts as a switch only. This has
a limited number of applications such as voltage comparator, zero
crossing detector etc. which are discussed later.

2.3.2 Feedback in 1deal Op-Amp

The utility of an op-amp can be greatly increased by providing negative
feedback. The output in this case is not driven into saturation and the
circuit behaves in a linear manner.

Two Important Negative Feedback Circuits

There are two basic feedback connections used. In order to understand
the operation of these circuits, we make two realistic simplifying
assumptions discussed earlier also.

1. The current drawn by either of the input terminals (non-inverting
and inverting) is neghgible.

2. The differential input voltage v; between non-inverting and
inverting input terminals is essentially zero.
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2.3.3 The Inverting Amplifier

This is perhaps the most widely used of all the op-amp circuits. The
circuit is shown in Fig. 2.5 (a). The output voltage v, is fed back to the
inverting input terminal through the R; - R, network where R; is the
feedback resistor. Input signal v, is applied to the inverting input
terminal through R, and non-inverting input terminal of op-amp is
grounded.

Analysis: For simplicity, assume an ideal op-amp. As vy = 0, node
‘a’ is at ground potential and the current i, through R, is

= (2.2)

Also since op-amp draws no current, all the current flowing through
R, must flow through R, The output voltage,

ua;_;lﬁ-ﬁ_u.% (2.3)

Hence, the gain of the inverting amplifier (also referred as closed
loop gain) is,

vy __ B
= 2 = 2.4
Agy, . R, (2.4)
Alternatively, the nodal equation at the node ‘a’ in Fig. 2.5 (a) is
Up =Y, Yo~ Uy -0
R Ry

where v, is the voltage at node ‘a’. Since node ‘a’ is at virtual ground
v, = (. Therefore, we get,

=Y R
Acy ::" R,
2. AR

R, g |i=0

—r

*.r

V=0 _Gvu
=0 gﬂl

Fig. 2.5 (a) Inverting amplifier

The negative sign indicates a phase shift of 180° between v; and v,.
Also since inverting input terminal is at virtual ground, the effective
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input impedance is K,. The value of R, should be kept fairly large to
avoid loading effect. This however, limits the gain that can be
obtained from this circuit. A load resistor R; is usually put at the
output in actual practice otherwise, the input impedance of the
measuring device such as oscilloscope or DVM acts as the load. The
calculation of load and output currents is shown in the Example 2.2,

If, however, resistances R, and R, in Fig. 2.5 (a) are replaced by
impedances Z, and Z; respectively, then the voltage gain, A will be

z
A, = -7 (2.5)

This expression for the voltage gain will be used in op-amp appli-
cation, such as integrator, differentiator etc.

Example 2.1
Design an amplifier with a gain of -10 and input resistance equal to
10 k0.

Solution
Since the gain of the amplifier is negative, an inverting amplifier has
to be made.
In Fig. 2.5 (a) choose R, = 10 kQ
Then R;= A, R, (from Eq. 2.4)
= —{=10) x 10 k2 = 100 kQ2

Example 2.2

In Fig. 2.5 (b), R, = 10 k), Ry = 100 kQ, v; =1 V. A load of 25 kqQ is
connected to the output terminal. Calculate (i) i, (i) v, (iii) i;, and
total current i, into the output pin.

Solution
(a) i,=.§'?=f;_%=u.1m
(b) u,,:-%-fu,.: -1$£1V=-mv
© iy, = ;izﬂlﬁﬂk‘;:u.4ma

The direction of i is shown in Fig. 2.5 (b).

(d) i; as calculated above is 0.1 mA.
Therefore, total current i, = i, + iy = 0.1 mA + 0.4 mA =
0.5 mA. In an inverting amplifier, for a + ive input, output will
be —ive, therefore the direction of i, is as shown in Fig. 2.5 (b).
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M, Ry
_ 100 ki2
h R, -
B e NP
'o10kn // Vo
*
Ry
v 25 k2 TH._

Fig. 2.5 (b) Circuit for Example 2.2

Practical Inverting Ampiifier

Equation (2.4) is valid only if the op-amp is an ideal one. For a practical
op-amp, the expression for the closed loop voltage gain should be
calculated using the low frequency model of Fig. 2.4 (b). The equivalent
circuit of a practical inverting amplifier is shown in Fig. 2.6 (a). This
circuit can be simplified by replacing the signal source v; and resistors
R, and R, by Thevenin’s equivalent as shown in Fig. 2.6 (b) which is
analysed to calculate the exact expression for closed loop gain, Agp
and input impedance R,

The input impedance R, of an op-amp is usually much greater than
R,, so one may assume, v,, = v; and B, = R,.

From the output loop in Fig. 2.6 (b)

v, = iR, + Aoy Vg (2.6)
Also vy + iR+ v, =0 (2.7)
Putting the value of vy from Eq. (2.6) to Eq. (2.7) and simplifying,
0y (1 + Agy) = i(R, ~ Aoy, Ry @.8)
Also the KVL loop equation gives
v, = iR, + R) + v, (2.9)

Putting the value of i from Eq. (2.8) in Eq. (2.9) and solving for closed

loop gain Agy = Yo gives
Y

Ag =Yoo B —Ag K (2.10)
b, B+ R+ R (1+Ag)
It can be seen from Eq. (2.10) that if Ay, >> 1 and Ay R, >>
Ry + Ry,

= B
Acp = R
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Input Resistance R,
In Fig. 2.6 (b), it can be seen that
(2.11)

=Y
Lo Rﬁ i
Writing the loop equation and solving for Ry,
va + i (R + R) + Agy, vy = 0

We obtain
R, = B+ R,
1+ Aqp
Fll
S VY —
. O 4
Ay
vﬂ'

A,
Vg gﬁ A A,
- —L
(a) =
Ry
AN
Req=RyIRER, i
e o+
" Ry
v, R, -
E:) Yeq Ry*R, |_' iﬂ : Ay v, vy
B "
Ry
(b)
+

"
|

Vg = ¥
{c)
Fig. 2.6 (a) Equivalent circuit of a practical op-amp inverting amplifier
(b) Simplified circuit by using Thevenin's equivalent (c) Equivalent
circuit for computing Ay
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Oulput Resistance R,;

Output impedance R (without load resistance R;) is calculated from
the open circuit output voltage v, and short circuit output circuit 7.
Now consider the circuit shown in Fig. 2.6 (c). Under short circuit
conditions at output,

ia I;:-:{IR[ (2.12)
and, ip = ﬂ%‘d (2.13)
Einﬂﬂ' g = —EARI'
So, ig = _Aor By
R,

Solving for i, = iy + iy, we obtain

— . _ {5 —ﬂm f_i'[]
le =0y g = 1 R(R +R) (2.14)
Since
Ry= -
by
and Aoy = Yoe
U

Therefore, R, = AcL Y 2.15
ore of u[{Rﬁ_“lﬂLRfy ] (2.15)
| R,(R, + By)
Putting the value of Ay, from Eq. (2.10), we obtain
- R, (R +R)
- T RITRAR(+ Ao 216
Eq. (2.16) may alternatively be written as
(1 + Re)
__R+R+EK
Ry Y (2.17)
R+ By + Ry

It may be seen that numerator consists of a term R, || (R, + Ry and
18 therefore smaller than R,. The output resistance R, (with feedback)

18, therefore always less than R, and for Agy — o, Ry — 0.
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2.3.4 The Non-Inverting Amplifier

If the signal is applied to the non-inverting input terminal and feedback
18 given as shown in Fig. 2.7 (a), the circuit amplifies without inverting
the input signal. Such a circuit is called non-inverting amplifier. It
may be noted that it is also a negative feed-back system as output is
being fed back to the inverting input terminal.

u,cj_"

Fig. 2.7 {a) Non-inverting amplifier

As the differential voltage v, at the input terminal of op-amp is
zero, the voltage at node "a’ in Fig. 2.7 (a) is v;, same as the input
voltage applied to non-inverting input terminal. Now R; and R, forms
a potential divider. Hence

[

b= R (2.18)
R, + B :
as no current flows into the op-amp.
v, - BB R
& = =1+ 2,19
b R R { }
Thus, for non-inverting amphfier the voltage gain,
Ao = 2 =14 L] (2.20)
U Ri

The gain can be adjusted to unity or more, by proper selection of
resistors Ky and R,. Compared to the inverting amplifier, the input
resistance of the non-inverting amplifier is extremely large (= =) as
the op-amp draws negligible current from the signal source.

Practical Non-Inverting Amplifier
The analysis of a practical non-inverting amplifier can be performed

by using the equivalent circuit shown in Fig, 2.7 (b). Writing KCL at
the input node,

( —vgd ¥y + Y+ — vy — v d¥e = 0
ar, (Y, + Y, + Yy, +(Y, + oy = Yo, (2.21)
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Ry
e A A e
R, V=g Hﬂ *
—-—-*.-m-'w—-—l, . -
Va3 R, Agy Vg

Fig. 2.7 (b) Equivalent circuit of non-inverting amplifier using low
frequency maodel

Similarly at output node, KCL gives
(U — vg = U ¥y + (g ug - 1)Y= 0

that 18, -'{Ff—‘ AUL Fn} vy + fff.-". = (};’ + Yn} Uy {2.22}
Now solving Eqs. (2.21) and (2.22) for v /u;,, we get
ACL - Eg - A(}LE;{H"' 11']"" “E (2.23)

v, (Ao +DEY+(N+X)(I+1)
where all admittances have been taken for simplicity.
It Anp — =, Eq. (2.23) reduces to
Ay = Aot +Y) _Y+Y Y
Ao Yo Xy ¥y Yy
=1+ EF.
R,
which is the same expression as in Eq. (2.20)

2.3.5 Voltage Follower

[n the non-inverting amplifier of Fig. 2.7 {a) if By =0 and R, = =, we
get the modified cireuit of Fig. 2.7 (¢). From Eq. (2.20) we get,

U, = U, {2.24)

W

=

Fig. 2.7 (c) Voltage foilower
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That 1s, the output voltage is equal to input voltage, both in
magnitude and phase. In other words, we can also say that the output
voltage follows the input voltage exactly. Hence, the circuit is called
a voltage follower. The use of the unity gain circuit lies in the fact
that its input impedance is very high (i.e. MQ order) and output
impedance 18 zero. Therefore, it draws negligible current from the
source. Thus a voltage follower may be used as buffer for impedance
matching, that 18, to connect a high impedance source to a low
impedance load,

Example 2.3
Design an amplifier with a gain of +5 using one op-amp.
Solution

Since the gain is positive, we have to make a non-inverting amplifier.
In Fig. 2.7 (a) select B, = 10 kQ. Then from Eq. (2.20)

Aq =1 + RIR,
or, 5=1+ RJ10 k&2
or, Ry =4 = 10 k2 = 40 k2

Example 2.4

In the circuit of Fig. 2.7 (a), let R, =5 k), B;= 20 kQ and v, = 1 V.
A load resistor of 5 k(l is connected at the output as in Fig. 2.5 (b).
Calculate, (1) v, (i1) Agp (i11) the load current iy (iv) the output current
i, indicating proper direction of flow,

Solution

M v, = {n%]q:{niﬂg]uv}:sv
(1) Agy, = %:%:5

(i) i = !—";"L—=;l:';=1ma

(V) iy = —h=-2_l-02mA
R,
Therefore, i, = ip +i; = 1 mA + 0.2 mA = 1.02 mA

The op-amp output current i, flows outwards from the output
junction.
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2.3.6 Differential Amplifier

A ecircuit that amplifies the difference between two signals is called a
difference or differential amplifier. This type of the amplifier is very
useful in instrumentation circuits (see section 4.3). A typical circuit is
shown in Fig. 2.8. Since, the differential voltage at the input terminals
of the op-amp 18 zero, nodes ‘a’ and ‘b’ are at the same potential,
designated as vy, The nodal equation at "a’ is,

e T R T (2.25)
R R
and at ‘b’ 1s
Bl I R (2.26)
R, R
Hearranging, we get
[LJ,L] vy -2 = Yo (2.27)
R R)' R R
[L+L]U3——UL =1 (2.28)
R, R K,
Subtracting Eq. (2.28) from (2.27) we get,
1 L]}
ety = ) = — (2.29)
R, 1~ Ua R,
R,
b\\ .
'_"‘/// Yo
Fig. 2.8 A differential amplifier
Therefore,
0= B (o, - uy) (2.30)

R,

Such a circuit 18 very useful in detecting very small differences 1n
signals, since the gain RJ/R, can be chosen to be very large. For
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example, if R, = 100 R,, then a small difference v, - v, is amplified
100 times.

Difference-mode and Common-mode Gains

In Eq. (2.30) if vy = v, then v, = 0. That is, the signal common to both
inputs gets cancelled and produces no output voltage. This 1s true for
an ideal op-amp, however, a practical op-amp exhibits some small
response to the common mode component of the input voltages too.
For example, the output v, will have different value for case (i) with
v, = 100 pV and vy = 50 pV and case (ii) with v, = 1000 pV and v, =
850 pV, even though the difference signal v, — vy = 50 uV in both the
cases. The output voltage depends not only upon the difference signal
by at the input, but is also affected by the average voltage of the input
signals, called the common-mode signal vy defined as,

L+l

2

For differential amplifier, though the circuit 18 symmetric, but
because of the mismatch, the gain at the output with respect to the
positive terminal is slightly different in magnitude to that of the
negative terminal. So, even with the same voltage applied to both
inputs, the output is not zero. The output, therefore, must be ex-
pressed as,

Uem =

v, = Au, + Ayuy (2.31)
where, A, (A,) is the voltage amplification from input 1(2) to the
output with input 2(1) grounded. Since vy = (v, + W2 and vy =
(vy — vg),

vy = gy +%”ﬂ (2.32)
1
and Us = Uy -Eﬂd (2.33)
Substituting the value of v, and v, in Eq. {2.31), we get
U, = ADH Ly + A\C (E [2.34}
where, Apy = —é{A, A (2.35)
ﬂ.nd HCM = Al + AE {E-EE}

The voltage gain for the difference signal is Apy and that for the
common-mode signal is Aqy.

2.3.7 Common-Mode Rejection Ratio

The relative sensitivity of an op-amp to a difference signal as compared
to a common-mode signal is called common-mode rejection ratio
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(CMRR) and gives the figure of merit p for the differential amplifier.
=0, CMERR 15 given by:

p = Apm (2.37)

and is usually expressed in decibels (dB). For example, the pA741 op-
amp has a minimum CMRR of 70 dB whereas a precision op-amp
such as pA725A has a mimmum CMRR of 120 dB. Clearly, we should
have Apy large and Ay, should be zero ideally. So, higher the value

of CMRR. better is the op-amp.
Example 2.5

In Fig. 2.9 18 shown a differential amplifier using ideal op-amp.
(a) Find the output voltage v,
(b} Show that the output cnrrespnnding to common-mode voltage

Ve = —Uj—tEL 15 zero if — R '—E— Find v, in this case.

(c) Find CMRR of the amplifier if % . %

.'.‘?n_’ﬂ-r -
]
vy -+
R, %
Fig. 2.9 Circuit of Example 2.5
Solution

The voltage at the non-inverting input terminal is . Using

R
o
principle of superposition and Egs. (2.4) and (2.20), we have

_ K R+ R R,
(a) wu, Hpﬂ( = ][H,+REU‘] (2.38)

®) vew = 3 (v +1y) and vy = (v, - )

So, v, = u.:,...+-i—'} and v, = UEH-—Ei

v, from Fq. (2.38) 15,
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R R R +R 2
_ &R+R'_£] [_fg &R+R’JE¢ 3 89
{RR,+F.'2 RN\ R " RR R )2 2.39)
Now, af R Ei, we get,
I
_F ]-_:—}31 1
R R
R'+R - Hy o+ R
ar, I R']
So, from Eq. (2.39) the term corresponding to vpy 18 zero, and
uﬂ=[R’+ﬁ]ﬂ=[ﬂ]ud (2.40)
H R 2 R,
(¢) CMRR = “bm
Ay

From Eq. (2.39), find (1) Apy = v,fvy by putting vey = 0
and 'I:_11:|' AE'M = UJUEH b]f putting vy = 0

then we get

- R (K +Ra}+}i'2 (R+R")

CMRR R(Ry+ R;)-R(R+R")

(2.41)

2.4 OPERATIONAL AMPLIFIER INTERNAL CIRCUIT

Commercial IC op-amps usually congists of four cascaded blocks as
shown in Fig. 2.10. The firat two stages are cascaded differential
amplifiers used to provide high gain and high input resistance. The
third stage acts as a buffer as well as a level shifter. The buffer is
usually an emitter follower whose input impedance 1s very high so
that 1t prevents loading of the high gain stage. The level shifter adjusts
the d.c. voltages so that output voltage 18 zero for zero inputs. The
adjustment of d.c. level is required as the gain stages are direct coupled.
As it 18 not possible to fabricate large value of capacitors, all IC's are
direct coupled usually. The output stage 1s designed to provide a low
output impedance as demanded by the 1deal op-amp characteristics.
The output voltage should swing symmetrically with respect to ground.
To allow such symmetrical swing, the amplifier is provided with both
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positive and negative supply voltages. Power supply voltages of « 15V
are common. Additionally, an op-amp generally incorporates circuitry
to provide drift compensation and [requency compensation which are
discussed in section 3.3.3.

Vo =
En_ - il Buffer and
Amg Amp evel aver
Vig—— AmP ' transiator o
.+.

Fig. 2.10 Block schematic of an op-amp

Before describing the detailed IC circuit, we shall discuss each of
the blocks in detail.

2.4.1 Differential Amplifier

The main purpose of the difference amplifier stage is to provide high
gain to the difference-mode signal and cancel the common-mode signal.
The relative sensitivity of an op-amp to a difference signal as compared
to common-mode signal ig called common-mode rejection ratio (CMRR)
and gives the figure of merit of the differential amplifier. The higher
the value of CMRR, better is the op-amp. Another requisite of a good
op-amp is that it should have high input impedance. In this section,
we discuss in detail, the various circuilts and then modifications to
achieve these characteristics of a good op-amp.

A cascaded dc amplifier can provide high gain down to zero fre-
quency as it has no coupling capacitor. However, such an amplifier
suffers from the major problem of drift of the operating point due to
temperature dependency of Iopg. Vg and hgg of the transistor. This
problem can be eliminated by using a balanced or differential ampli-
fier as shown in Fig. 2.11 (a). It may be seen that it is essentially an

TII'FEI:
Wl e
8 "
UBEI\""' T'E1 - iEzT :PE!
® 0} 3Re *)
: 4 ~Vee v

Fig. 2.11 (a) The basic differential amplifier
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emitter-coupled differential amplifier. This circuit has low drift on
account of symmetrical construction. It can be designed to give high
Input resistance. It has two input terminals and it may be seen easily
that terminal B, is the inverting input terminal since transistor @,
provides a phase shift of 180° for the output taken at the collector of
(. Obviously, B, is the non-inverting input terminal. So, a differential
amplifier 18 well suited to obtain the ideal characteristics of an op-
amp as discussed in Sec. 2.3,

A differential amplifier of the type shown in Fig. 2.11 (a) can be
used in four different configurations depending upon the number of
input signals used and the way output iz taken. These four
configurations are:

(1} Differential-input, differential-output or Dual-input balanced-
output
(i1) Differential-input, single ended-output
(111} Single-input, differential-output
(iv) Single-input, single ended-output

If signal is applied to both the inputs, then it 18 differential input
or Dual input and the difference of signals applied to the two inputs
gets amplified. In many applications a single input is only used as we
shall see later. Similarly, if output voltage 18 measured between two
collectors then it is a differential output, This is also referred to as a
balanced output, as both collectors are at the same d.c. potential w.r.t.
ground. We will come across these various configuration as we
proceed further.

To understand the working of a differential amplifier first consider
the case when both the bases B, & B, are joined together and connected
to a voltage vy called the common-mode voltage. Thus in Fig. 2.11 (b),
Uy = Uy = Upy. As transistors ¢, and €, are matched and due to
symmetry of the circuit, the current Iy divides equally through
transistors @, and @, that is, ig; = ig, = - Ig/2. The collector currents
iy and ic, through the resistors R, is ayp Iy/2. The voltage at each of

the collectors will be Fw—ﬂ]_-‘%‘ R and. therefore the difference of

the voltage between the two collectors (v, — vy) will be zero. Now,
even if the value of vey is changed, the voltage across the collectors
will not change. Thus, the differential pair does not respond to (or
rejects) the common-mode input signals, Now, consider the case when
the voltage v, is made zero and voltage v, = 1 V (say) as shown in Fig.
2.11 (c). It can be seen that the transistor @, will conduct and transistor
@ will be off. The entire current Iy will now flow through @,. Since
&, 15 on, the voltage at its emitter will be 0.3 V. This will make
emitter-base junction of ¢, reverse-biased and thus €, will be off,
The collector voltages will be v,, = Ve - ap IgR: and vy, = Ve
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"I"""cr:

s il

Vee
R Re %
vor={Vec—aelgRe) —0 Viz=Ver
a,-oN ni.—czlﬂ- V;=0
Vg =t 1V
0.
E ¥
_ 0.3V
lag$ R

Fig. 2.11 (c) The differential pair with 'large’ differential input signal

If, however, v, = <1V and v, = 0 V, it can be seen that @, will be
off and the entire current Iy will flow through ,. The voltage at the
common emitter point 'E” will now be - 0,7 V which makes @, off and
@, on. The collector voltages will be vy, = Vi and vy, = Ve — ap IgR.

Thus, we see that the differential pair responds only to the difference
mode sgignals and rejects common-mode signals. In the next section,
we discuss the transfer characteristics of the circuit to show that a
differential pair can be used either as a switch or a linear amplifier.

2.4.2 Transfer Characteristics

In Fig. 2.11 (a) collector currents iq; and i, for transistors @, and @,
biased in the forward-active mode may be given by (neglecting reverse
saturation currents of the collector base junction)
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iy = Oplpg e'sE/VT (2.42)

ice = oplys eme/Vr (2.43)

Here, Ipg is the reverse saturation current of emitter-base junction
and Vp is volts equivalent of temperature.
From Egs. (2.42) and (2.43), we may write

‘_C_l = plvugs - vpma ¥y (2.44)
ice

We may also write KVL for the loop containing two emitter-base
junctions as

Uy — Ugg t+ Upgs — Ug = 0
or Upgy — Vggs = Uy — Vg = Uy

where, v, is the difference of two input voltages.
Also in Fig. 2.11 (a)

Ig = —(ig; + ig)

=l  fea
ap Gy

@y oy
Using Eqs. (2.44) & (2.45) and solving for i, and iz, gives

- iu(l + '_51] (2.45)

) g l,
L —=

ﬂp.fq
g = ————— 2.47
c2 el ( )

From Eqgs. (2.46) and (2.47), the transfer characteristics (ip vs v,) for
a differential amplifier are obtained as shown in Fig. 2.12.

The following important points are observed from the transfer
characteristics:

1. For vy > 4 V¢ (~ 100 mV), ic; = agly and iz = 0, Hence

vgy = Vige — o Ighe
and vgz = Voo
By proper choice of R, vy, can be made very small.

2. For vy <-4 Vy, i, =0 and igg = aply. Hence vy = Vo and Vi,
is negligible. Thus, for 4V; < vy < -4V}, we can say that a
differential amplifier can be made to function as a switch.

3. The differential amplifier functions as a very good limiter for
vy > 4 Vi
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4. DA can function as an automatic gain control (AGC) by varying
Iy
Q .

5. Between the values -2V, < v; < 2V5, DA functions as a linear
amplifier.

) fcvic

Fig. 2.12 Transfer characteristics ({ vs ¥, for the differential pair

2.4.3 Low Frequency Small Signal Analysis

of Differential Amplifier ) ) . )
An ideal dual-input balanced output differential amplifier as shown in

Fig. 2.11 (a), should amplify only the differential signal at the two
inputs and reject the signal common to these inputs. As transistors ¢,
and ¢, are a matched pair of transistors, thus any unwanted signal,
such as noise or hum pick up which is common to both the inputs
would get rejected. However in a practical case transistors ¢, and ¢},
are not equally matched and output does appear even when same
voltage is applied to the two input terminals. In this section, we will
discuss how to compute the small signal differential mode gain, Agy,
and common-mode gain Agy. These expressions help in finding the
figure of mernt CMRR of the differential amplifier and hence the ways
to improve 1t.

The a.c. analysis of the differential amplifier can be performed
either by using hybrid-n model or A-parameter model. Both the
approaches have been dealt with.

Differential-mode gain, Apyy,

In Fig. 2.11 (a) for v, = vy, the current I divides equally into the two
transistors @, and @, because of the symmetry of the circuit. How-
ever, if v, is now increased by an incremental voltage (small signal)
vy/2 and v, is decreased by uy/2, it can be seen that the differential
amplifier is being fed by differential small signal v, The common
mode small signal is naturally zero. The collector current ip, will now
increase by an incremental current i, and iy, will decrease by an
equal amount. The sum of total currents in transistors @, and @),
however remains constant as constrained by the constant current [.
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As there is no change of current through Ky, the voltage Vg at the
common emitter point ‘E’ remains constant. Thus, for small signal
analysis, the common emitter point ‘E’ can be considered to be at
ground potential. Fig. 2.13 (a) shows the small signal equivalent cir-
cuit of the differential amplifier under the differential input signal
conditions described above. It may be noted that for differential
amplifier to behave as a linear amplifier, the differential signal vy <
2V; (that is, vy should be smaller than about 50 mV) as discussed in
the transfer characteristics (section 2.4.2).

Fig. 2.13 (a) Differential amplifier when differential input signal applied.
Analysis
(i) Using hybrid-r Model

Since the performance of two sides of the differential amplifier is
identical, we need to analyze only one side of the differential amplifier
called differential-half circuit. Fig. 2.13 (b) shows a single stage CE
transistor amplifier fed by a small signal voltage vy/2 and it's a.c.

equivalent ecircuit using hybrid-n model is shown in Fig. 2.13 {¢).
From Fig. 2.13 (),

My
Lmlrz ngC
Wy - 1 2,48
or ” 3 & Fe (2.48)
R, T

[

Vi ‘?’@j Vn ér:: @}gm'-r, Re vy,
7 B

ig. 2.13 {b) Differential mode half circult {¢) ac-equivalent circuit
using hybrid-m moded.
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Similarly, it can be seen that

S o1k @19

The output voltage signal of a differential amplifier can be taken
either differentially (i.e. between the two collectors) or single-ended
(1.e. between one collector and ground). If the output 15 taken
differentially, then the differential-mode gain, Apy 18 given by

Apy = Hufi'l = - gnhc (differential-input, differential-output)
{2.50)
On the other hand, if output is single-ended, (say between collector

of transistor €, and ground), then the differential-mode gain Apy, is
given by

Apy = 2= -% B (differential-input, single-ended output)
Yy
(2.51(a))

and 533 = %gmﬂ: (2.51(b))

In the above analysis, we have not included the transistor model
parameter ry. If ry is included, Eq. (2.50) will modify to

Apy = — 8w (Fellm)-

(i) Usimg 'h’ parameters

The a.c. equivalent circuit for Fig. 2.13(b) using approximate
h-parameter model is shown in Fig. 2.13(d)

o

he DMt “ﬂ%_‘l"_

in
T
)

|
|

Fig. 2.13 (d} Small signai equivalent circuit of differential half circuit using
f1-parameter model

From Fig. 2.13 (d),
Upy = —tc Ry = ~hy iy R

and % = i, h;,
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Therefore, differential mode gain, Apy, 18 given by

Apy = E:: =2 1;: R: (Single-ended output)  (2.52 (a)

Similarly, we may write

Apy = EEL = é ﬂihﬁ: (Single-ended output) (2.52 (b))

If the output is taken differentially between the two collectors, then

Apy = o ”toa _ MeFe  differential-output) (2.53)
Ua h‘it
In the above analysis, the source resistance K, has not been taken
into account.

Common-mode gain, Aqy

Now, consider the case when v, and v, both are increased by an
incremental voltage v, The differential signal v, now is zero and
common-mode signal is v.. Both the collector currents ig, and ig, will
increase by an incremental current i.. The current through Ry now
increases by 2i.. The voltage, Vi at emitter node is now 2i_ Hy and no
longer constant. In order to draw the common mode half circuit, replace
resistance Ry by 2 Ry as shown in Fig. 2.14 (a). The common-mode
gain, Ay is calculated from the small-signal hybrid-n equivalent model
shown in Fig. 2.14 (b). It can be seen,

“ Mo _te o Pofc
Acu v, v, Fe+2(1+f)Rg (2.54)
For B, >= 1,
Apy = —Enfc __ R (2.55)

1+ Egm RE ERE
It can be seen that, if the output is taken differentially, then the
output voltage vy, — vy, will be zero and the common-meode gain will
be zero. However, if the output is taken single ended, the common-
mode gain will be finite and given by Eqgs. (2.54) and (2.55).
The common mode gain, Aqy, using h-parameter model can be
easily computed as

= Uy - —ﬁ“R‘:
Ao = = (1 by 2Ry 2.9
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The common-mode rejection ratio (CMRR) is defined as
| Aca|

For differential-input, differential-output, using Eqs (2.50) and (2.55),
we obtain

CMRER = Em %{i +Egm RE]
Enfic

=1+2g, R (2.57)

Fig. 2.14 (a) common-mode half circult (b) ac equivalent ckt
using hybrid-n model

2.4.4 Circuits for Improving CMRR

For CMRR to be large, Ayy should be as small as possible. From Eq.
(2.56), it can be seen that Ay — 0 as Rg — =. There are, however,
practical limitations on the magnitude of Ky because of the quiescent
de voltage across it. If Ry is made large, the emitter supply Vgg will
also have to be increased in order to maintain the proper gquiescent
current. And if the operating currents of the transistors are allowed
to decrease, then h;, will decrease, thereby decreasing hy, too. This too
will decrease the common mode rejection ratio.

The use of a constant current bias in place of Ry is found to be a
practical solution to the problem discussed above. In Fig. 2.15, Hg is
replaced by a constant current transistor circuit in which R,, R; and
Ry can be adjusted to give the same quiescent conditions for the
transistors @, and @, as in the original circuit of Fig. 2.11 (a). The
modified circuit presents a very high effective emitter resistance Ry
even for very small values of R,. Typically, Rg is hundreds of k2 even
if R, is as small as 1 kQ.

Let us calculate the current [ and verify that the emitter circuit
really behaves as a constant current source, Writing KVL for the base
circuit of @y, we get
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Vags + Ifty = Vp + (Vg = Vp) Rl_f:zﬁ (2.58)

Here Vj, represents the drop across the diode D. If the base current
18 neglected, then

o= L | VeeRe | VR Vi 9 50

fo~ 1 (2 52 - om) (259

By proper choice of resistors R, and R,, it is possible to set,
R _ 2,60
R|+.R2 BE3 { g :I

1  VgeRe ]
Then, Ig = — (2.61)
R [RHRE

So, it can be seen that the current I will be essentially constant
as it does not depend upon signal voltages vy and v,.

What is the use of the diode D in this circuit? The diode D makes
Iy independent of temperature. We know that Vpg,; decreases
approximately by 2.5 mV/C and the diode D also has the same
temperature dependence. Hence, the two variations cancel each other
and Iy becomes independent of temperature, It is usually difficult to
satisfy Eq. (2.60) with a single diode D in the circuit of Fig. 2.15 as

P +Vee

Fig. 2.15 Differential amplifier using constant current bias

Vp and Viggs have almost the same value. Hence two diodes are
normally used for V.

With I constant, it can be shown that the common-mode gain is
zero, so that the circuit provides very high CMRR. Under quiescent
conditions (no ac signal) the current I gets divided equally in identical
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transistors €, and @, and I, = [, = Iy, Now if the same signal (v,
= vy) is applied to both the inputs, there will still be no change in the
collector currents ig, and igy as Iy is constant. Thus the small signal
current i. flowing through the load resistor Rp is zero resulting in
zero output voltage, Thus we can state that a diff-amp, if supplied by
a constant current bias gives very high CMRR. The constant
current circuit of the type shown in Fig. 2.15 is used in Motorola
MC1530 (Fig. 2.21). A more commonly used IC op-amp pA 741 uses a
different type of constant current source which is very simple and
uses less number of components. This circuit is called current mirror

and offers extremely large resistance under a.c. conditions, thereby
providing a high value of CMRR.

Constant Current Source (Current Mirror)

A constant current source makes use of the fact that for a transistor
in the active mode of operation, the collector current is relatively
independent of the collector voltage. In the basic circuit shown in Fig.
2.16 transistors ¢, and @, are matched as the circuit is fabricated
using IC technology. It may be noted that bases and emitter of @, and
&), are tied together and thus have the same Vgp. In addition, tran-
sistor €, i1s connected as a diode by shorting its collector to base.

W |

e i
i 1'[2.]-“
o L“‘i _'Ml
AN
-

——
—_—

Fig. 2.16 The basic BIT current mirror

- The input current I ; flows through the diode-connected transistor
@, and thus establishes a voltage across @,. This voltage in turn
appears between the base and emitter of @,. Since @, is identical to
&y, the emitter current of ¢, will be equal to emitter current of @,
which is approximately equal to I Thus, we can say that as long as
€, is maintained in the active region, its collector current fp, = I, will
be approximately equal to [, Since the output current [, is a reflec-
tion or mirror of the reference current I, the circuit is often referred
to as a current mirror.
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This mirror effect is however, valid only for large values of B. To
study the effect of p on the operation of the current mirror circuit, we
analyze it further.

The collector currents I, and I, for transistors ), and ¢; can be
approximately expressed as

Analysis Io, = aplpg e¥em’Vr (2.62)
lea = aplpg eVora'Vy (2.63)
From Eqgns. (2.62) and (2.63), we may write

‘;ji = oiVoEz - Vg WVy (2.64)
i

Since Vyg, = Vigs, we obtain

Ieg =l =1l = Iy
Also since both the transistors are identical, §, = B, = .
KCL at the collector of @, gives

Loy = Iy + Ig, + Ipg (2.63)

- L. [1 N E] (2.66)
p
Solving Eq. (2.66), I may be expressed as
o= -B_ I (2.67)

B2
where I_; from Fig. 2.16 can be seen to be

= Eﬂfﬂﬁ; %T- (as Vgg = 0.7V is small)  (2.68)

1
R
From Eq. (2.67), for p >> 1, /(B + 2) is almost unity and the
output current I, is equal to the reference current, I, which for a
given R, is constant. Typically I, various by about 3% for 50 < p < 200.
The circuit however operates as a constant current source as long
as §, remains in the active region. From the volt-ampere character-
istics of €, shown in Fig. 2.17, it can be seen that for Vg, < 0.3V,
@, is saturated. For Vpgs > 0.3 V, transistor operates in the active
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region and I, is essentially constant. The slight increase in I, is due
to Early effect. The slope of the curve in this region gives the output
registance ry of the current source.

i
]
L]
i
I
I
|
|
|
|

= >
UEF_‘![ﬂ:] = 0.3V VEEI

Fig. 2.17 Volt-ampere characteristics for current mirror

The consequences of Early effect is to deviate I/Ie from umity.
These, however, are not being discussed here. For all practical pur-
poses, Early voltage may be assumed to be infinite, so that 5 — = and
Iy is constant.

Example 2.6

The current mirror of Fig. 2.16 is to provide a 1.0 mA current with
Vee = 10V, Assume f = 125 and Vg = 0.7V, Determine (a) the value
of R, (b) value of R, for I, = 10 pA.

Solution
{a) From Eg. (2.67), we have

125 10V-0.7V

1.0 mA =
125 + 2 R,
R, =915 kQ
(by Again using Eq. (2.67), the value of R, is found to be
R, = 915 kQ
Widlar current source

The basic current mirror of Fig. 2.16 has a limitation. Whenever, we
need low value current source as in example 2.6 part (b), the value of
the resistance R, required is sufficiently high and can not be fabricated
economically in IC circuits. In Fig. 2.18 is shown a widlar current
source which is particularly suitable for low value of currents. The
circuit differs from the basic current mirrer only in the resistance Ry
that is included ir the emitter lead of @,. It can be seen that due to
Rg, the base-emitter voltage Vg, is less than Vgg, and consequently
current I, is smaller than I,
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Fig. 2.18 Widlar current source

The ratio of collector currents I, and Iy using Egs. (2.62) and
(2.63) is given by

Iy _ Ve -VeWve (2.69)
Iy
Taking natural logarithm of both sides, we get
Vags — Vagz = Ve ln [_&l] (2.70)
Ics
Writing KVL for the emitter base loop
Vee: = Vpre + (Igs + Ico)RE (2.71)
or VEE! - FBE"E = (lfﬂ + 1:' IEERE (272}
From Egs. (2.70) and (2.72) we obtain
(l + l)fczﬂn =W Indoi (2.73)
p Ic;
or Rg = Y Inda1 (2.74)
i 1 Ies
+E Il:!

A relation between I, and the reference current I, is obtained by
writing KCL at the collector point of ¢, (note ‘a’)

Iref = Im + IBI + Im {2.75}
= Im[l +%] + igz (2.76)

(Assuming p, = B, = p for identical transistors)
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In the widlar current source I, << I, therefore the term I,/
may be neglected in Eq. (2.76).

Thus L= Ig (1 + %] (2.77)
or Iy = Eng.-.; (2.78)
where L= E'l':;tl—vﬂl (2.79)
For p >>1, Ioy = 1 (2.80)

The design and advantages of Widlar current source are illustrated in
the following example:

Example 2.7

Design a Widlar current source for generating a constant current
I; =10 pA. Assume Voo =10V, Ve =0.TV, p = 125. Use V; =25 mV.

Solution

For the Widlar current source of Fig. 2.18, we must first decide a
suitable value for 1. If we choose I, = 1 mA, then, R, is given by

_ 10V -0.7V

=93kQ
B, 1 mA
The value of Ky is determined from Eq. (2.74)
0.025 1 mA
Rg = LY
' ]“[muaJ

1
+ *
[1 125]1[} 106

=11.5 ki)

It 15 clearly seen that Widlar circuit allows the generation of small
constant using relatively small resistors.

Sometimes, it 18 convenient to use emitter resistances in both the
transistors ), and @, as shown in Fig. 2.19. If R, = R, the currents
Iy = Ipy. The same circuit can also be used to provide different cur-
rents in Q1 and Q2, as we shall now see.

Analysis
Rewriting Eq. (2.64) as

Vegz — Ve = Frlﬂ?:‘z (2.81)
1
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I+

Fig. 2.19 A current mirror with magnification (f./ [, = A/ &)

Writing KVL in the base-emitter loop
Vegz — Ver1 = IR, - IRy (Neglecting base current) (2.82)
From Eq. (2.81) and Eq. (2.82),

IeyRy — IRy = “rln—?:i (2.83)
C1
ok, Vi o 28
I R, I R Igy
Ieo _ H]_[ Ve Icz\]
L2 = 1|1~ In —== (2.85)
Ie,, R, IRy, Ip,)
For the range 0.1 < %Ea- < 10, we can assume iﬁl; ﬁ. Thus even
1 C1
large ratios -iﬂ (say 10) is easily obtained by the modified circuit.
Cl
Current Repeaters

The basic current mirror of Fig. 2.16 can be used to source current to
more than one load. Such a circuit is called current repeater and is
shown in Fig. 2.20. If all the transistors are identical, then the current
Iﬂ = Iﬂ-]_ = i ram = ICH' = Iﬂf.
It can be seen from Fig. 2.20 at node ‘s’
I = I + Iy + NIz (Assuming identical transistors) (2.86)

(1+N)
p

- fc+ I{:
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Fig. 2.20 A current repeater to source current to A transistors

Q G o O
- C[HM] (2.87)
p
Thus [ = [, _ B 2.88
€ f p+1+N (2.85)
It is possible to achieve different value of Iy, Ing, ... ... Ipy by
scaling the emitter area of transistors @,, @, ... ... @y. The same can

also be achieved by using emitter resistance as it illustrated by the
example that follows.

Example 2.8

For the circuit shown in Fig. 2.21 determine I, Iy, and o5 Assume
p =125

el

o
lg

neglecled
1.94K00

Fig. 2.21 Circuit for Example 2.8
Solution

;= 9V-01V
T T 30k0

= 0277 mA

Also at node ‘a’
I = I + 31 (Assume I, of Widlar source negligible)
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Putting the values and solving, we get,
.I[:] = 'IEE = 0.271 HLA
Calculate I, using Eq. (2.74) gives

0.025 1 0.271
n

1 Ics
I“’(“ 125]

1.94 =

Solving the transcendental equation by trial and error, we obtain
IEE = 0.0287 mﬂ

Improved current source circuits

A good current source must meet two requirements. The first is that
the output current, I, should not be dependent upon P and secondly
the output resistance of the current source should be very high. The
need for high output resistance current source can be seen because
the common-mode gain of the differential amplifier (used as basic
building block in op-amps) can only be reduced by using high resistance
current sources. Also, all differential amplifiers invariably use current
source as a load. Thus to obtain high voltage gain a large output
resistance load is required. Now, we discuss two circuits that exhibit
reduced dependence on | or increased output resistance.

A current source with gain

Lt

i

Fig. 2.22 A current source with gain
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The circuit shown in Fig. 2.22 includes a transistor @, whose emitter
current supplies the base currents of @, and @,. The expression for
the source current I, = Iy be derived by writing KCL at node ‘a’

Tt = Iy + I

I3

1+p

=I1:]+

i
= Ipy + . fi}i (Vegy = Vaga o Ipy = Iep = 1) (2.89)

Also IE.'!- = IB'I + IB_IE
= 2Iy (since @, and @, are identical)
Thus,

21
I = B {2.90)
el fm+1+ﬁ
21
Ie 4 —=2C
B+

_ 2
B I“[Hﬂin B:n]

7. =71 BA+P
ar ID—I[-— el ﬂ2+ﬂ+2 {2.9]]
It 1s easily seen from Eq. {(2.91) that the output current is essen-
tially independent of }. The output resistance of the current source is
only r,. It can however be increased by using emitter resistances in
€, and €, as is done in the modified Widlar source circuit in Fig. 2.19.
The two emitter resistors can also be used to make [, different from

I

Wilson current source

The final current source shown in Fig. 2.23 provides an output cur-
rent [, which is very nearly equal to I ; and also exhibits a very high
output resistance.

Analysis
Since Vagr = Vags
I, = Iy and Iy, = Ipy = I
At node b’

IEH = EIB + IEE
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.=l
| o-'ca
! 1 IH
ﬂ

L

1ir' 3

ImlL B4 'Z:
{:::

F

f I lez
v

Fig. 2.23 A Wilson current source

- {ﬁ- + 1] Tos (2.92)

Igq is also equal to

Igy = Igg + Iy
- I¢3[1 . é] (2.93)

From Egs. (2.92) and (2.93), we obtain

Ica[l+%] = fcz[l‘f%]

2
fes =15 = [‘E—:—l']fcz (2.94)
Since Ioy = Ieq
_(B+2 2.95
Iy [ﬂ* 7 Ic (2.95)
At node ‘a’

Lo = Iy + Iy

=B+l
ﬂ+2h

E+2E+21
P+2p

ol
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- _P+2p
or I B o2pe2 y - (2.96)
where Iy = E‘E-:E?F-EE (2.97)
The difference I, - I = mﬂ,, (2.98)

is extremely small error for modest values of . The output resistance

of a Wilson current mirror is substantially greater [‘=‘ ﬂ%) than simple

current mirror or Widlar current mirror.

More Solved Examples
Example 2.9

For the circuit shown in Fig. 2.24, determine the value of I for f} =
100. Assume Vgg = 0.7V

| VeV o
R | by
- 1
- o
bl -

E

Inupi—l et l % W2
=5V
Fig. 2.24 Circuit for Example 2.9
Solution
Writing KVL for the indicated loop 1
5V — Vg — 10kQ x I, + 5V =0

10V - 0.7
I.= = 0.93 mA
ref 10 kQ 8

At emitter node ‘E’
I =2F  (Assuming identical transistors)

= 21.-:[1+%]
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Then Io=—B _ = 0.46 mA
T e
Due to mirror effect I, = I, = Ip = 0.46 mA
Example 2.10

For the circuit shown in Fig. 2.25.
(a) Determine I, and I,
(b) Find R so that V, = 6 V. Assume j = 200

Solution
_ 12V -0.7V

8 I =0.
(a) i T 0.75 mA
0.7V
and I = =025 mA
" LT oska

Fig. 2.25 Circuit for Example 2.10

At node ‘a’
Iyt = Iy + 2l + I
_ 2
= IE][1+'E']+I1
Solving for I, gives
Iy, = 0.495 mA
= 0.5 mA

Im = Iﬂl Ed.U:E to mirror Eﬂ:.'E‘ﬂ't]
(b) From the outer loop
12V = IeoRe + WV,

12V -6V
= — = 12 k)
Re 0.5 mA
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Example 2.11

Figure 2.26 shows a modified current mirror circuit. Determine the
emitter current in transistor @; if f = 100 and Vg = 0.75 V.

Solution
From Fig. 2.26 at node ‘a’
=Ic) + Iy, + fi
1 .
or, I= IE][1+E)+ Il
= Je1+ I, (as p >> 1)
+10V
oo
[ 1'1 Ir| !E bﬂ
b —
—— 3 —= — . ﬂ,

| a7k e 1I., } e *IHH

' o+ o} e
g

Fig. 2.26 Circuit of Example 2.11

Also at node b’
L =l + 1L

= Iy + Iy + I,y

1
= Ies [1 + -}4’ I3
B
= dgg + Ips
Putting the value of I,, we get

I=10p; + Ips + Iy
=2l + In; las Iey = Iop = I¢]

iford) -
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The current [ is given by,

_10-0.75 _ 9.25
4.7 kQ 4 T k{2
The collector current of €5 is equal to the collector current of €,
and @, due to mirror action. Therefore, the emitter current
I
Iy = Ipy = Ic = 2

=1.97 mA

= (.98 mA

2.4.5 Input Resistance

The resistance offered by the differential amplifier of Fig. 2.27 to the
differential input signal (v, — v,) is called differential input resistance
R,;. The emitters of @, and @, are floating as Ry is replaced by a
constant current source, therefore B, = h,,, + h, = 2 h,,. If input 2
is grounded, then input 1 is loaded by 2 h,,. The value of h;, can be
increased by reducing the biasing currents for @, and @, and input
resistance of the order of 500 k2 can be obtained.

Higher values of input resistance can be obtained by using a
Darlington pair in place of transistor €, and @, of Fig. 2.27 as shown
in Fig. 2.28. One drawback of the Darlington differential amplifier is
the higher offset voltage V_, (due to cascaded stages) which is about
2 times larger than the ordinary two transistor differential amplifier.

e

Fig. 2.27 Differential amplifier

The most important feature of the Darlington pair differential ampli-
fier is its extraordinary large current gain. For the circuit shown in
Fig. 2.28, the overall current gain is

ﬂ:i =M
Iy, Iy,

N
Iy, Iy
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=

A

Fig. 2.28 Differential amplifier using Darlington pair

gy Ty gy
Iyy Ipy Iy

Ipg = Iy, :|
=lg, + Iy,

=P+ BBy + 1) [
= B,

So, the overall current gain P of the Darlington circuit will be of the
order of 10,000 if the current gain of the individual transistor 18 about
100. Another method to get higher input resistance is to fabricate a
FET differential pair as the input stage with the rest of the stages
made of BJTs. Input resistance of the order of 10'2Q) is possible with
such JFET inputs. A number of such op-amps are described in Sec. 2.6.

2.4.6 Active Load

The open circuit voltage gain of an op-amp should be as large as
possible and this is achieved by cascading gain stages. However, this
increases the phase shift too and amplifier becomes more susceptible
to breaking out into oscillations, One can think of increasing gain by
using large collector resistance values as gain is proportional to load
resistor K. However, there are limitations to the maximum wvalue of
K¢ to be used due to the following two reasons:

(1) A large value of resistance requires a large chip area.

(i1} For large R quiescent drop across it increases and hence a large
power supply will be required to maintain a given quiescent
collector current. These difficulties are circumvented by using a
current source of the type shown in Fig. 2.16 as load in the place
of Re. |
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The current mirror discussed earlier has a dc resistance of the
order of few kilohms, as the quiescent voltage across it is a fraction
of the supply voltage and the current 15 in milhamperes. However,
gince it acts as a constant current source, its dynamic resistance (ac)
is very high. Hence, a current mirror can also be used as an active
load for an amplifier to obtain a very large voltage gain. Figure 2.29 (a)
shows a diff-amp with an active load. The current mirror uses
pnp transistors @, and @, The constant current Iy may also be
obtained from a current mirror. The operation of the circuit in
Fig. 2.29 (a) is as follows:

Under the quiescent conditions, v, = v, = 0. From symmetry of @,
and @y, I, = I, = I3/ 2 where base currents are assumed to be ne-
glected. Since @, and @, form a current mirror, [ = I, = I,. The load
current [; entering the next stage is

L=1-1L=0 (2.99)
However, when v, is increased over v, I, increases whereas I,
decreases, since I; + [, = Iy (constant). Also the current [ always

remains equal to /; due to the current mirror. The load current is
given by

Lh=1-L=1I-1
=E8m Vy — Bm V3
= 8m (Uy — o)
=EBm U (2.100)
The circuit thus behaves as a transconductance amplifier.

wn_K Q, ﬂ;l—a ¥y

=
Fig. 2.29 (a) A differential amplifier with an active load &-Q,



Operational Amplifier 88

A popular op-amp (uA 741) by Fairchild uses an alternate active
load as shown in Fig. 2.29 (b). The transistors @,—Q; and @Q,—Q, are
in cascode configuration (CE-CB) with input signal as v, (vg). The
transistors @, @; and @, form the active load of the type shown in
Fig. 2.22. The transistors Qg and @, form the current mirror to provide
the constant current Iy required for high CMRR of the diff-amp. If

base currents are neglected, then Iy = I. The arrangement @,, and

@y, 15 another current mirror where I; << I, due to 5k emitter
resistor. Consequently Iy = I; is small (of the order of pA) giving a
very high input resistance.

Current source 15V

39 kil

L

Active lcad I =15V
Fig. 2.29 (b) Active load (& - G — @) of 2 low current
differential amplifier pA741

Under the quiescent conditions, I} = I, = I/2. Since [ 1s always
equal to [, the load current I, = I, - [ = I, - I, = 0. Now if v, is
increased and v, is decreased, I, rises and I, falls from the quiescent
value of Iy/2. With this excitation, Iy = I - I, changes from zero to
a negative value, Thus the circuit behaves as a transconductance
amplifier because I} is proportional to v, — vs.

2.4.7 Level Translator

There are two good reasons for using a level shifter in an IC op-amp.
As we want an op-amp to operate down to dc, no coupling capacitor
is used. Because of direct coupling, the dc level rises from stage to
stage. The increase in dec level tends to shift the operating point of the



90 Linear Integrated Circuits

next stage. This, in turn, limits the output voltage swing and may
even distort the output signal. It, therefore, becomes essential that
the guiescent voltage of one stage is shifted before it is applied to the
next stage. Another requirement to be satisfied is that the output
should have quiescent voltage level of OV for zero input signal.

The simplest type of a level shifter is shown in Fig. 2.30 (a). It may
be noted that this is basically an emitter follower. Hence the level
shifter also acts as a buffer to isolate the high gain stages from the
output stage. The amount of shift obtained is

.I-":} - 'l,.-"i — = lr"'BE = _ 07TV {21{]1}

[f this shift is insufficient, the output can be taken at the junction
of two resistors R, and R,, as shown in Fig. 2.30 (b). The voltage shift
is now increased by the drop across F,. However, this arrangement
has the disadvantage that signal voltage also gets attenuated by
RAR, + R,). This can be easily circumvented if K, is replaced by a
current mirror I as shown in Fig. 2.30 (¢). The shift in level now is

V, -V, = —(Vgg + IRy (2.102)

and there is no ac attenuation due to high resistance of the current
SOUTCe.

(a)

{b) (e
Fig. 2.30 {a)-(c) Level shifters using emitter follower buffer

Another voltage source commonly used in pA7T41 op-amp is shown in
Fig. 2.30 (d). It can be seen that if base current is negligible compared
to the current in K, and R, then the circuit behaves asa Vg
multiplier as,

R,
This voltage source can also be used to replace R, in Fig. 2.30 (b).

V= EEE{RG+R:]'=1"BE[T+%]
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V- Vy = Viggy + Iy X 5 k2
=0.7V + 143 x 5 kQ = 7.85V.

2.4.8 Output Stage

The function of the last stage, that is, the output stage in an op-amp
is to supply the load current and provide a low impedance output. A
simple output stage is an emitter follower with complementary tran-
sistors as shown in Fig. 2.32 (a). It can be seen that for v; positive,
transistor @, is on and supplies current to load R;. And, if v, is
negative, @, is cut off and @, acts as a sink to remove current from
the load R;. There is, however, a limitation in this circuit. The output
voltage v, remains zero until the input v, exceeds Vg (cut in) =05 V.
This is called cross-over distortion. It can be eliminated by applying
& bias voltage V slightly greater than 2 Vip . iy = 1 V between the
two bases, so that a small current flows in the transistors even in the

' guiescent state.

gi; *""'.:a-,
L |
Veo q'u
25 ()
a, "P"
v
—_— Output
O t ) "ID 2-'5 n
W
_I ]
o 3 —t Qs
=\ —_ —
CC Q — i
(a) Ve
(b}

Fig. 2.32 (a) A complementary emitter follower output stage
(b} Output stage of pA 741
The output stage of A 741 op-amp is shown in Fig. 2.32 (b). The block
marked V is the Vg multiplier of the type shown in Fig. 2.30 (d). It
is designed to supply a voltage of about 1 V between the bases of the
complementary pair of transistors @,; and 5. The small emitter
resistors (2501) stabilize the quiescent base current,
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2.5 EXAMPLES OF IC OP-AMPS

We are now in a position to analyse the complete circuit of commercially
available op-amps. Two such IC op-amps discussed are Motorola MC
1530 and Fairchild pA741.

2.5.1 Motorola MC1530 Op-Amp

The circuit of MC 1530 is shown in Fig. 2.33. It is easily seen that the
circuit consists of four stages. Transistors @, and @, form the first
diff-amp stage driven by the constant current source ¢,. The output
of the first diff-amp drives the second diff-amp formed by @, and @;.
The single ended output of the second diff-amp drives the level shifter
€5 (emitter follower). €, and diode I}y forms another constant current
source of the type shown in Fig. 2.15. The diode connected transistor
&, of Fig. 2.15 is shown by diode D, here. The output stage of MC1530
uses @y, € and @,; where €, and §,, are in totem-pole configuration.

0 Vigpl{+Ev)
' g
gl R, = [R P
75
Ves o | Vo -—l:‘:'i
W,
o o o3 % sk
194 Q, Q Q, Q Ve Ry Py vo
Vg —C
g |t Output
2 0= Y q,
inverting ta s 3R _(1.5x0) Vi
tarrminal a, > Rl. Ig H! ilﬂl qm
O:iS$Z 32k On (3.4 k) Q,
Rl l"i ni w 0
2.2 k1) R, ¥ 0, ¥
(1.5 k1)
Ist diff, 2nd Lavel
e R R
= EE{-EU}
Fig. 2.33 Internal circuit of Motorola MC 1530
Example 2.13

From the circuit of Fig. 2.33 calculate,

(1) The collector current in each transistor and the output voltage
under guiescent conditions.
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(2) The open loop voltage gain.
Assume hg = 100 and Vg = V = 0.7V

(1) The d.c. analysis is performed by assuming that both the inverting
and non-inverting terminals are at ground potential. To determine
the collector current in @, and @, first calculate the constant
current I. If the base current of @, is neglected, then Iy = I,.
The voltage Vi, at the base of transistor @, with respect to
ground N 1s written using voltage divider rule as,

- Ve + Vo + VIR

| B =
_ -6V +14V)(3.2kQ) _ 4.4y
15k +3.2kQ
1, = Vet Voni - Vm
R,
6V -3.13V - 0.7V
= =0.986 mA
2.2k0Q
So I = 0.986 mA

Under dc conditions, half of the Iy flows through each of transis-
tors @, and @;. Therefore, I, = Iy = Iy = 0.4893 mA. The voltage
at the collector of @, and @, is,

Vea = Vs = Ve — Bales
=6V - (7.756 k2) (0.493 mA) = 218 V

So the voltage at the base if @, and @, is 2.18 V. The dc voltage
at the emitter of @, is,

FEI = "'r[m = VBE-I = 2131‘:— [:IT"V= 1.48 V

So, Iy = l;lﬂi . };‘?; =0.987 mA

This current divides equally in transistors @, and €., so that
Tog = Ios = Ig’i:{].-igd mA

Vs = Voo — IosRy

=6V - (0,494 mA) (3 kL)) = 452V
Vee = Vios — Vg

=452V -0.7V=382YV
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Transistor §; alongwith diode Dy forms a current mirror of the
type shown in Fig. 2.15. Hence,

To calculate the current I, first calculate the voltage at the base

of QH.
Vos = Vags + Vg — Vg

=0TV + 0TV -6V =460V

Vis — Vas _3.82V +4.6V
K, 6 kQ
= 1.40 mA
fm = I‘:T = .Ig = 1.56 m.ﬁ = 1.40 mﬂ = 0.16 ma
The voltage V, at the output terminal is,
Vo= 1igRyy + Vg
= {0.16 mA) (30 kQ) - 460V =020V
= 0V (as expected)

In order to calculate the overall voltage gain, we first calculate
the voltage gain of the differential amplifier stages. For this we
must know the ac emitter resistance h,, of the transistor used.

h = D Vr
el

where V; is the volt equivalent of temperature = 26 mV at room
temperature.

Ig=

Since .Im = ICE = Im = ICS = 0.5 mA
{(100) {26 mV)
S h, = = =5.2 ki)
¢ . 0.5 mA

Since emitter of ¢, — €5 is at ground potential under ac operation
the input resistance hy, of @, and @; is effectively in parallel to
collector circuit load (R, and. R,) of first diff-amp. The effective
load of @, and @, is

Ris = Ry = .75 k(|52 kQ2
= 3.12 kQ

The output of the first stage is double ended, its differential gain
15 given by Egq. (2.53) as
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% 4 = (Wea=vco) by Riy _100x312kQ _
' . Uy hie 5.2 kQ)

For the second stage, hy, = 100, A,, = 5.2 kQ and load R, = 3 kQ2
(neglecting loading on €, of the emitter follower ). The output
of the second stage is single ended, so its differential gain 1s,

Ay, = Yos o _1hely _ 100%3KQ_ .4 g
T by 2k, 2 %5.2 kQ

The third stage is the emitter follower, so, Ay = 1
The last output stage uses voltage shunt feedback network
Ry — Ry,
XN__s
G
Hence the overall op-amp gain 1s,
A, = (60) (-28.9) (-5) = 8670

S0 Ay, = %=—

2.5.2 741 Op-Amp

741 op-amp has become an industry standard today. The pin configu-
ration and the complete schematic circuit diagram for 741
15 shown in Fig. 2.34 (a) and (b) respectively. Since this circuit 1s
quite complex compared to MC1530, only the qualitative analysis is
taken up.

In understanding an op-amp circuit as complex as this (20 trans-
istors), first we identify the stages which provide signal gain. The
input stage diff-amp consists of transistors @, - @; and @, - @,. Trans-
istors @,z and @,; provide the second stage voltage gain. Transistors
@,Q; and @,Q, are in cascode (CE-CB) configuration. Two transistors
in series (¢}, feeds §J;) provide high gain per stage needed to achieve
the adequate open-loop gain in a two stage amplifier. The transistors
&5, @ and @ form the active load for @, and @,. Transistors @5 and
@; also function as a differential amplifier for the external offset
nulling signal. The emitter current of transistors €, and &g can be

Dual-in-ling package
1 L
Offset null— 2 NC
werting input —2 Ly
741
Non-inverting input —— = Output
v > Oftset nul

Fig. 2.34 {a) Pin configuration
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controlled by varying a 10 k2 potentiometer that is externally
connected between offset null terminals as shown by dotted line in
Fig. 2.34(b). Bias currents for the input stage are provided by a
complicated arrangement of current mirror pairs. §,, generates a
current in €,,. This current is reflected over to @,, (though reduced
because of the emitter feedback due to R,). This, in turn, generates a
series current in @y which is reflected across another mirror pair to
(5. The bias current of @, and @, is effectively driven by the mirror
pair @, and @,,. The output of the first diff-amp is taken at the
junction of @, and @, (point X) which acts as a complementary
symmetry amplifier. The output at this point is proportional to the
differential input signal. The output 1s now amplified by the second
stage consisting of transistor @,; and @, in Darlington connection.

The output of common-collector-amplifier formed by @,; and R,
drives the CE-amplifier composed of @,,, Kz and a constant current
load @,5. The output of CE-amplifier is a bias source for transistors
R,s and €,,. Transistors @, and @, form a current mirror and supply
current to transistors @5, s and @,5. The network consisting of
transistors @5, €, and R, is a fixed voltage level shifter shifting the
voltage output of @,; by a fixed amount on its way to the output
complementary stage formed by &, and @,;. The level shifter network
is designed to bias the output stage in the linear region. The transistors
Qs and @4 also separate the bases of @, and €, by two diode drops
and thus temperature compensate currents in @,, and @,,. Transistor
s performs two functions. It serves as a buffer between @,; and @,
and also provides a negative feedback to ,4. The final output is taken
at the junction of Ry and R,. The output complementary pair operates
so that depending upon the sign of the output, only one of the
transistors @,, or @y, is conducting at any time. With no input signal,
both devices are turned off, resulting in a low quiescent current drain
in the output stage.

Transistors Q,,, @, and Gy, protect the circuit by limiting current
to the output complementary stage. If the output (load) current exceeds
the safe limit, the voltage drop across K; and R, increases. This turns
on @,; and @,, which in turn makes @, on. This however shorts out,
that is turns off the amplifier §,;—€),,. This reduces the emitter current
in @y and in turn current in @,z and €,5. The reduction in the
currents of @3 and @, lowers the currents in @, and €. The diode-
connected transistor @,, is a temperature compensating diode for
transistor Q,s. Finally the internal 30-pF capacitor provides the high
frequency roll-off to stabilize the circuit.

Exampie 2.14
For the op-amp cireuit shown 1in Fig. 2.35
(1) Perform the dc analysis. Assume § = 100, Vg = 0.7V. Note that
the transistor @, has four times the areas of transistors @, and @,.
(2) Compute the overall voltage gain.
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Solution

It can be seen that the circuit has the following four stages:
"~ (1) Dual-input, differential-output
(11) Dual-input, single-ended output
(1ii) Lewvel translater
{1iv) Emitter follower

(1) For de analysis, assume that the input terminals are shorted to

ground.
The reference current [ of the current minor @5 — @, is obtained as

[ = Yee~ Vies
R
_15V-07V _ o
28.6 kel
Due to current mirror action,
Ioqs =1=05 mA
and I.c-q| Icm Icm-lrz = (.25 mA
9V +15V

025mA |2 20 k0 ln.zﬁm
20ki2l 1oV

0.5mA

R{28.kil) -

—+1

Q
)
{4—— 1st differential stage —hi——?ﬂd differential Ermifier
slage _11;‘.1“]* lvulmu'.{
—VEE-JW

Fig. 2.35 Circuit for Example 2.14

Thus, each of @, and @, are biased at 0.25 mA. The collector
voltages for @, and @, are

Vear = Vege = Voo = IRy
= 15V - 0.25 mA x 20 kQ)
=+ 10V
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Now, proceeding to the next differential stage, voltage at the
emitter of @5 and @, will be

Vigs = Vige = 10V - 0.7V
=93V

The differential pair @;— @; is biased by the current mirror
transistor §,. Since the area of @, is 4 times that of @; and @,
the transistor @, supplies a current 4 x 0.5 = 2 mA.

Thus, collector currents of @, and € are

IE“=IC“=IE£1:IM

Hence, collector voltage of @; is

Veas = Vee — Tegefics
=15V - 1mA x 3kQ

=12V
This causes a voltage at the emitter of pnp transistor @y at
Viqe = 127V
The emitter current of g is
_ 15V -12.7V _
feas = =535 -1mA

The voltage V, at the collector of @5 or the base of @, is
Vy=-15V + 1 mA » 15.7 kQ
=07V

Since the emitter of @, will be 0.7 V below the base terminal, the
voltage at the output terminal 6 is 0 V as is expected. The emitter
current of €y is

Igqe = [0 = (-~ 15V)] / 3kQ
=5 mA
A.C. Analysis. The ac emitter resistance of the transistor
@, -Qy is
_ hVp _100x25 mV

hy, =10kQ
1y~ Qa) Ifcl .25 mA
The ac emitter resistance of transistor @y — & is
h, = 100x25mV _, 5 k0

(@ - Q) 1mA
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Since emitter of (§;— @;) is at ground potential under ac
conditions, the effective load for @,- Q. is
Ry, = Ry, = 20k || 2.5kQ
= 2.2 k2

Voltage gain of the first differential stage 1s

_ hyRi, 100x2.2kQ _

A = 22
P hy 10 kQ
Voltage gain of second stage which is differential input, single-
ended is
1 E:RI §
A —J_ ]
D6z 2 ﬁ"

Assuming no loading effect on this stage due to level translator
stage,

1100 x 3k
Aoz = =5 o5k

The gain of the level translator stage 1s

R _ 157k
T R 2.3 kQ

= --G.82

The last stage is emitter follower, so its voltage gain Ay, = 1
So the overall voltage gain is
Ay = (22) (-60) (—6.82) (1)
= 9002

2.6 FET OPERATIONAL AMPLIFIER

The op-amp circuits discussed so far are bipolar op-amps. Op-amps
using field transistors (FETs) in the input stage offer some very
gignificant advantages over bipolar op-amps, especially in areas as
input impedance, input bias and offset currents and slewing rate as
shown in Table 2.1,

Table 2.1
Parameter BIT JFET MOSFET
Input resistance k(2 10°02 (gigachms) 104} (terachms)
Input gate current pA 1 nA 1 pA
Input offset current 20 nA 2 pA 0.5 pA
Slewing rate 1 ¥ius 3 Vs 10 Vius
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It is now possible to fabricate JFET/MOSFET and B.JTs on the
same chip using ion implantation techniques. Op-amps which use
FET mnput stages and BJT for the remaining stages are termed as
BIFET/BIMOS. By the mid 1980s, BIMOS ecircuits were produced
commercially. Some of the FET IC op-amps available are discussed
here brefly.

JFET Op-amps

An example of a FET input hybrid op-amp is the LH0022/42/52 (Na-
tional semiconductor) series. This op-amp uses a pair of JFET tran-
sistors only for the input-stage differential amplifier and the rest of
the circuit uses bipolar transistors. A simplified diagram of this op-
amp is shown in Fig. 2.35. The input-stage differential amplifier con-
sists of @, through @, in which @, and @, are n-channel JFETs
operating in a common-drain or source-follower configuration. These
JFETs drive €, and @, which operate in the common-base configura-
tion. Thus the differential amplifier uses a compound JFET/bipolar
transistor configuration. This provides very high input resistance and
very low input current characteristics of JFETs and high-voltage gain
that is obtainable from bipolar transistors. This compound differential
amplifier drives an active load consisting of @; through @, operating
as a current mirror. The rest of this op-amp is of conventional design
as discussed for pAT741. Here diodes D, and I, are used to provide a
pre-bias across €,, and @y, to minimize cross-over distortion.

-

Fig. 2.35 Hybrid JFET-imput op-amp LHOO 22/42/52 series
{National Semiconductor)
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MOSFET Op-Amps

An interesting example of a monolithic MOSFET op-amp is the CA3130
(RCA) which contains both MOSFETs and bipolar transistors on the
same chip. A simplified schematic diagram of this device 1s shown in
Fig. 2.36.

The input stage is a differential amplifier consisting of a pair of
p-channel enhancement-mode MOSFETs @, and €. This differential
amplifier is biased by a 200 pA MOSFET current source, and it drives
a current mirror active load using @, and @,,. Resistors R, and R,
(1 k) in the active load circuit are used together with an externally
connected potentiometer (across pins 1 and 5) for offset voltage nulling.
The quiescent voltage drop across these resistors in 100 pA x 1 kQ =
100 mV, so that a + 100 mV offset adjustment range is available.
Diodes Dy and D; are connected between the input terminal to protect
the thin gate oxide of the input MOSFETs against excessive voltage
spikes and static electricity discharge, which could cause breakdown
of the oxide laver and result in irreversible damage to the transistors.
The voltage gain of this first stage is only about 5, due to low transfer
conductance of the MOSFETSs.

'Hl" lu* ‘v‘
200 pA
+
o, | Lo, ﬂr_,?-l OEal
D
—o— ; éﬂu
J—- —o Yy
t ba, 11 = %
Qg Qya
5 o—i 1
Ry
s
Yy- Ty~
(a)

Fig. 2.36 MOSFET-nput CMOS output op-amp: CH3130 (RCA Corporation)
a simplified schematic diagram

The second stage consists of a bipolar transistor @,, connected as
a common-emitter amplifier, with a 200 uA MOSFET current source
serving as the active load. As a result of the high dynamic impedance
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seen looking into the MOSFET output stage, the voltage gain of the

second stage is very large (= 6000). The output stage is a complemen-

tary pair of MOSFETs (CMOS) with @3 being the PMOS and @,
being the NMOS transistor. The use of CMOS pair in the output stage
provides significantly low drainage of current from the power supply.

Summary

1.

2.

9.

10.

An op-amp is available in three types of IC packages: metal can,
dual-in-line and flat pack.

There are five basic terminals: two input terminals, one output
terminal and two supply terminals.

. In open loop mode, the output of the op-amp is at positive or

negative saturation level. It does not operate linearly in this
mode.

. Negative feedback stabilizes the gain. Two feedback connections

used are: inverting amplifier and non-inverting amplifier.

. A special case of non-inverting amplifier is the voltage follower.
. A differential amplifier amplifies the difference between two

input signals.

. An operational amplifier is a direct coupled high gain amplifier

consisting of one or more differential amplifiers, followed by a
level translator and an output stage.

For proper operation of the differential amplifier, matched com-
ponents must be used. The diff-amp can be biased by using
emitter bias (a combination of Ry and Vgg), a constant current
bias or a current mirror.

A current mirror can be used as an active load because it has
high ac resistance.

MOSFET op-amps offer very high input resistance (10'* Q), low
input current (~ 1pA) and high slewing rate (~ 10V/us).

Review Questions

2.1.
2.2,
2.3.
2.4.

2.5.
2.6.

2.9.

What is an op-amp?

What are the different linear IC packages?

A 741 op-amp is available in a 14-pin dual-in-line package. What
is the terminal number for (i} inverting input (ii) non-inverting
input (i11) output?

Explain with figures how two supply voltages V' and V™ are
obtained from a single supply.

List six characteristics of an 1deal op-amp.

Explain the meaning of open loop and closed loop operation of
an op-amp.

Name the type of the feedback used if an external component 1s
connected between the output terminal and the inverting input.



2.8,
2.9.

2.10.
2,11,
2.12,

2.13.
21 14?
2.15.
2.16.
2.17.
EPIEI
2.19.
2.20.

2.21.
2.22.
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What is the input impedance of a non-inverting op-amp amplifier?
If the open loop gain of an op-amp is very large, does the closed
loop gain depend upon the external components or the op-amp?
What is a practical op-amp? Draw its equivalent circuit.
Define common mode rejection ratio.

Explain why CMRR —s == for an emitter coupled differential
amplifier when Rg — .

Why is Ry replaced by a constant current bias circuit in a diff-
amp?

List and explain the function of all the basic building blocks of
an op-amp.

Explain methods for increasing the input resistance of an op-
amp.

Explain the difference between constant current bias and current
mirror.

Explain why active load 18 used?

What is a Vi multiplier?

What is cross-over distortion and how it is eliminated?

Why is cascode configuration used in an op-amp?

Why are FET op-amps better than BJT op-amps?

What i1s meant by a BIMOS or BIFET amplifier?

PROBLEMS

2.1.

2.2,

2.3.
2.4,

2.9.

In an op-amp of Fig. 2.4 (a), v, = 0. What must be the voltage
at vy to give an output of 5 V if 4,5 = 50000.

Design an inverting amplifier with a gain of — 5 and and an
input resistance of 10 k.

Design a non-inverting amplifier with a gain of 10.

For the circuit shown in Fig. P. 2.4, calculate the range of gain
and input impedance.

o Yo
10 k2

—av 2.3 kil

2.2 k(2

Fig. P. 2.4

Calculate the exact closed loop gain of the inverting amplifier of
Fig. 2.5 (b) if A5; = 200,000, R, = 2 M} and R, = 754).
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2.6. For the circuit shown in Fig. P. 2.6, calculate the expression of
v fu;.

Fig. P. 2.6
2.7. In the circuit of Fig. P. 2.7 if R, = = show that the output

admitance Y, is given by
Y. = ._1.. 1 - R 1
o [ 4oL ]+ R+R

R, R+ R
A R
AN W
4
Ry
> :Aa_ —_e
L]
Fig. P. .7
2.8. Show that the input impedance for the non-inverting amp of
Fig. P. 2.8 is
R:= R 1+—ZL.
‘ R[ Z+5 J

where R, the input resistance of op-amp is large and B, = 0 and
A, is the gain without feedback.

v, O———i
r e
R [V ¢

AN
5z
t
=
-2

Fig. P. 2.8
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2.9. Refer to Fig. P. 2.9

R,
10 k2
A ————
Ry=1 k0
Vg=1.0 v {rms) AN
at TkHz O —0 Vg
Ak +
Hi
1ki2 R,
10 k0
Fig. P. 1.9

(a) Find v, if CMRR = 100 dB at 1kHz.
(b) Find v, resulting from 1% mismatches between the two R,
resistors.
(c) Find v, resulting from 1% mismatch between two R, resis-
tors.
2.10. Derive the expression for the output voltage v, for the circuit
shown in Fig. P. 2.10.

Ry
AN ——
A,
WiddA, —
EW—‘J- Vo

% Ha
i =

Fig. P. 2.10

2.11. Calculate the output voltage of the circuit in Fig. P. 2.11 if the
input signal is a 5.5 mA current.

Fig. P. 2.11
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2.12. What is the voltage at point A and B for the circuit shown in
Fig. P. 212 if v, =5V and v, = 5.1 V.

100 ki2
__mm—1
100 k£
Vi wrr -
100 kL
¥y D— +
100 k0

100 ki)
AN, ————
100 ki
0
+ B
100 kL1
100 ki}

Fig. P, 212

2.13. For op-amp, CMRR = 10° and differential gain Apy = 10%
Calculate the common mode gain Aqy of the op-amp.

2.14. The CMRR of an op-amp is 10%. Two sets of signals are applied
to it. First set is V; = + 20 pV and V, = - 20 uV and second set
is V| = 540 uV and V, = 500 pV. Calculate the percent difference
in output voltage for the two sets of signals.

2.15. For the current mirror shown in Fig. P. 2.15, determine R so
that I, = 100 pA.

R, needed for I, = 100 pA?

il

Tiﬁ"h"

it

Fig. P. 2.15
2.16. In the circuit of Fig. P. 2.16, Iz = 50 pA, what is the ratio R,/

Tiﬁ'-"

llu

Fig. P. 2.16
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Procedure

(1) Connect the op-amp as an inverting amplifier as shown in Fig.
E. 2.1 (a)

R,
NANAAAAA
bl
(4 K O 1 BF—0
. : D 1svoc| Yo
*
L o el L ——o—{CH,
[ — g |—o0
15V DC Scope
- b
Signal genaralor o

Fig. E. 2.1 (a) Inverting ampiifier

(2) Connect a dual channel scope to simultaneously view v, and v,
Adjust the signal generator to give 200 mV peak to peak sine
wave at 100 Hz. Then measure and record the peak value of v,
for Bz 1 kQ, 10 kQ, 33 k2 and 100 kf). Note the phase of v, with
respect to v,

(3) Calculate the theoretical closed loop gain = R{/R, for each value
of Ry and compare it with the experimental value of v v,

(4) Now connect the op-amp as a non-inverting amplifier as shown

in Fig. E. 2.1 (b)

(1 ks2) .
xmm%f

Fig. E. 2.1 (b} Non-inverting amplifier

(5) Repeat step 2.

(6) Calculate the theoretical gain = 1 + R/R, for each value of R;
and compare it with the experimental value of v fu,

(7) Next make a voltage follower circuit as shown in Fig. E. 2.1. (¢)
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(_?Mmm

Fig. E. 2.1 (c) Voitage follower

(8) Measure and record the output voltage v, for different input
settings: 2 V peak at 100 Hz, 1 V peak at 500 Hz and 5 V peak
at 1 kHz. Note the phase of v, with respect to v, in each case.

(9) Verify that the voltage gain of the voltage follower is always
equal to 1.

COMPUTER ANALYSIS

Program 2.1
Inverting Op-Amp Amplifier

Fig C 2.1{(a) shows an inverting op-amp amplifier with various
terminals numbered for writing the PSPICE program. The PSPICE
description is provided in program 2.1 listing. For circuit values of
R, =1 k£, R; = 10 k£, the gain of the inverting amplifier is

=B __ 9
ay=-

D.C. Analysis

For input ¥V, = 1 V, the output voltage Vj; should V, = - 10 (1V) =
- 10V,

From the result file, it can be seen that the output V; at node 5 1s
- 9,998 V which gives an error or 0.02% only.

H-Vee)

=0

Fig. C 2.1 (a) Circuit for program 2.1
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Transient Analysis

A sine wave signal of amplitude 0.1 V and frequency 1 kHz is applied
at the input terminal. It can be seen from Fig. C 2.1 (b) that the
output is a sine wave of amplitude 1 V, 1 kHz. The output waveform
15 180° out of the phase with the input waveform as expected.

Program 2.1: Listing

Inverting Amplifier: DC and Transient (Output Voltage vs Time)
Analysis

* * * * Circuit Description

W W R W R ok Rk R R F R Ok R oE R OW R RN kR KRR K FE KR E R R R kW

V110 DC 1V SIN{D 0.1V 1KHZ)
*  Output

oCvl 11 1

.TRAN . Sus 5ms Oms .01 ms

PROBE

PRINT DC V(5) V(1)

JEND

= ® * * O Transfer Curves Temperature = 27.000 DEG C

o & ok Nk W % F B N R ok W R OE kW o & NN F W R R KR N R E N R

Vi V(5] V(1)
1.000E+00 -9.998E+00  1.000E+00

V(5)

P S J— |
0s 1.0ms 2.0ms 3.0ms 4.0ms 5.0ms

Tirre
Fig. € 2.1 (b) Inverting Amplifier: Transient Analysis (Output Voltage Vs Time)
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Program 2.2
Non-inverting op-amp Amplifier

The circuit of a non-inverting op-amp amplifier for w'rit:ing the PSPICE
program is shown in Fig. C 2.2 (a).

For the circuit values, R, = 1 kfl and R; = 9 kQ, the voltage
gain is

-
-
[
-
+

"EIL 1+%z+1ﬂ'

Ry

S
= ”
/guﬁ;
Fig. C 2.2 (a) Circuit for Program 2.2
D.C. Analysis
For input voltage V| = 1V, the output voltage at node 5, V(5) = 10V
Transient Analysis

For input voltage source of amplitude 0.1 V and frequency 1 kHz, the
output voltage has art amplitude 1 V at 1 kHz as shown in Fig. C 2.2
(b). It may be noted that there is no phase shift for a non-inverting
amplifier.

Program 2.2 Listing
Non-inverting Amplifier: DC and Transient (Qutput Voltage vs Time)
Analysis

* % * * Circult Description

HF R kW kR EEREEFETE KSR EFEER R FE R Y EE X EE
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* Input Signal Source

*  Qutput
bDC vio1 1 1
TRAN . Sus 5ms Oms 0.0} ms
PRINT DC W(5) W(1)
_PROBE
L DC Transfer Cukvés Temperature = 27.000

30ms  40ms  5.0ms

Fig. C 2.2 {b) Non-Inverting Amplifier: Transient Analysis
(Output Voltage Vs Time)

Program 2.3 Voltage Follower

The circuit diagram of a voltage follower and its PSPICE description
are shown in Fig. C 2.3(a) 4nd program 2.3 listing respectively.

(U
v, .
(o)

Fig. C 2.3 (a) Circuit for program 2.3

The voltage gain for both d.c. and a.c. input is found to be unity and
without change in phase as expected. The transient analysis is shown

in Fig. C 2.3(b). It may be noted that waveforms at node 1 and 5
overlap each other indistinguishably.
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Program 2.3 Listing
* Voltage Follower
* * * * Circuit Description

W R O OE N O K F K &R kO KW N W N R N W EF R KWW K K E R KR F K

RF 2 5 IM

*  Qutput
=DC VLI 2 2 2
* TRAN 0.5us 5ms Oms 0.01 ms
* PRINT DC W(5) V(1)
* PROBE
===3* DC Transfer Curves Temperature = 27.000 DEG C
R OE kN E kR KR RE K F K ¥ E KR K E N N OE RN KR N KN N R E ¥ R R
L
Vi ¥(5) V(1)
2.000E+00 2.000E+01 2.000E + 00

E

o R e . s
1.0ms 2 Oms 2.0ms 4.0ms 5.

Fig. 2.3 (b) Transient Response of Voltage Follower



Operational Amplifier
Characteristics

3.1 INTRODUCTION

Earlier we have used an ideal op-amp, and assumed that the op-amp
responds equally well to both ac and de input voltages. However, a
practical op-amp does not behave this way. A practical op-amp has
some dec voltage at the output even with both the inputs grounded.
The factors responsible for this and the suitable compensating
techniques are discussed. Also, under ac conditions the characteristics
of an op-amp are frequency dependent. The limitations of an op-amp
under ac conditions and methods of compensation are discussed.

3.2 DC CHARACTERISTICS
An ideal op-amp draws no current from the source and its response
15 also independent of temperature. However, a real op-amp does not
work this way. Current is taken from the source into the op-amp
inputs. Also the two inputs respond differently to current and voltage
due to mismatch in transistors. A real op-amp also shifts its operation
with temperature. These non-ideal dc characteristigs that add error
components to the de output voltage are:

Input bias current

Input offset current

Input offset voltage
Thermal drift.

3.2.1 Input Bias Current _ ) )
The op-amp’s input is a differential amplifier, which may be made of

BJT or FET. In either case, the input transistors must be biased into
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their linear region by supplying currents into the bases by the external
circuit. In an ideal op-amp, we assumed that no current is drawn from
the input terminals. However, practically, input terminals do conduct
a small value of de¢ current to bias the input tramnsistors. The base
currents entering into the inverting and non-inverting terminals are

shown as Iy and I respectively in Fig. 3.1 (a). Even though both the

transistors are identical, I and I are not exactly equal due to internal
imbalances between the two inputs. Manufacturers specify input bias
current Iy as the average value of the base currents entering into the
terminals of an op-amp.

o
'-. TR

- ==

P —
o - =+ Vo

Y s
GT"""" g
I"
-
(a) ib}

Fig. 3.1 (a) Input bias currents (b) mverting ampiifier with bias currents

En| IB = 'EL';-'-{.EL {3.1}

For 741, a bipolar op-amp, the bias current is 500 nA or less. The
FET input op-amp will have bias currents as low as 50 pA at room
temperature.

Consider the basic inverting amplifier of Fig. 3.1 (b). If input voltage
V, is set to zero volt, the output voltage V, should also be zero volt.
Instead, we find that the output voltage is offset by,

V, = (I5) R (3.2)
For a 741 op-amp, with a 1 MQ feedback resistor,
V, = 500 nA x [ MQ = 500 mV

The output is driven to 500 mV with zero input because of the bias
currents. In applications where signal levels are measured in millivolts,
this is totally unacceptable. This effect can be compensated for as
shown in Fig. 3.1 (c¢) where a compensation resistor Roomp has been
added between the noninverting input terminal and ground. Current
Iy flowing through the compensating resistor R, develops a voltage
V, across it. Then, by KVL, we get,

-Vi+0+V, -V, =0
or Vi=V,-V, (3.3)
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Fig. 3.1 (c) Bias current compensation

By selecting proper value of R, V; can be cancelled with V, and
the output V, will be zero. The value of R, is derived as

VI = IERmp
or Iy = N (3.4)
R omp

The node ‘a’ is at voltage (- V), because the voltage at the non-
inverting input terminal 1s (- V). So, with V| = 0, we get,

vV
L = L 3.5
=R (3.5)

V
Also, I, = 'E:' (3.6)

For compensation, V, should be zero for V, = 0, that is, from
Eq. (3.3) V, = V,

So that, I, = A4 (3.7)
Ry
KCL at node ‘a’ gives,
_ VvV, V (R, + R;)
=0+ =—t4yt=y 1L (3.8)
B i 1 R-[' R‘ 1 R'l Rr
Assuming Iy =I5 and using Egs. (3.4) and (3.8) we get,
{R] T Rf} o l"rl
R, R; R

o p

v
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. _RR
COImp R] + Rf
that is, to compensate for bias currents, the compensating resistor

R ymp should be equal to the parallel combination of resistors tied to
the inverting input terminal.

or, R =R, || Ry (3.9)

3.2.2 Input Offset Current

Bias current compensation will work if both bias currents I and g
are equal. Since the input transistors cannot be made identical, there
will always be some small difference between Iy and Iy. This
difference is called the offset current [, and can be written as

| 1os| = Ig—1Ig (3.10)

The absolute value sign indicates that there 1s no way to predict
which of the bias currents will be larger.

Offset current [, for BJT op-amp is 200 nA and that for FET op-
amp is 10 pA. Even with bias current compensation, offset current
will produce an output voltage when the input voltage V, is zero.

V) = Ig Ry (3.11)
V,
and I, = F'l (3.12)
KCL at node ‘a’ gives,
- - + Hmﬂ
L= -I)=I;-| I} (3.13)
R,
Again
V, = LR, - V,
= IERI = IE Rmmp
- + Rﬂﬂiﬂ' +
= Iﬂ -Iﬂ Rl Rl - In Hmmp {314}
Substituting Eq. (3.9) and after algebraic manipulation,
Vo = RylIg - Ig] (3.15)
So, V, = R;1, (3.16)

8o even with bias current compensation and with the feedback
resistor of 1 M, a 741 BJT op-amp has an output offset voltage

V, =1 MQ x 200 nA = 200 mV
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with a zero input voltage. It can be seen from Eq. (3.16) that the effect
of offset current can be minimized by keeping feedback resistance
small. Unfortunately, to obtain high input impedance, R, must be
kept large. With R, large, the feedback resistor R; must also be high
s0 as to obtain reasonable gain.

|
L |

Fig. 3.1 (d) Inverting ampiifier with T-feedback network

The T-feedback network in Fig. 3.1 (d) is a good solution. This will
allow large feedback resistance, while keeping the resistance to ground
(seen by the inverting input) low as shown in the dotted network. The
T-network provides a feedback signal as if the network were a single
feedback resistor. By T to n conversion,

2
g, = BL+2RR, (317
R,
To design a T-network, first pick
R, << I—EL (3.18)
Then __RY
calculate R, = R - oR, {3.19)

Example 3.1

Design an inverting amplifier of the type shown in Fig..3.1 (d) using
741 op-amp to get a gain of — 10 and an input impedance of 10 MQ.
That is, caleulate R,, R, and R,.

Solution
In Fig. 3.1 (d), to set input impedance R, = 10 MQ, pick R, = 10 MQ

Since, AC‘.I.. = _%_
1
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Vi = [1+%L] V,, + Ry (3.24)
1

However, with Rmmp in the circuit, the total output offset voltage
will be given by
Vip = [1 + %L] V., + R, (3.25)
1
Many op-amps provide offset compensation pins to nullify the offset
voltage. So one must refer to the manufacturer’s specifications while
using the offset null connections. Figure 3.3 (a) gives the connections
for the 741 op-amp. The manufacturers recommend that a 10 kQ
potentiometer be placed across offset null pins 1 and 5 and the wiper
be connected to the negative supply pin 4. The position of the wiper
iz adjusted to nullify the output offset voltage. However, when the
given op-amp does not have these offset null pins, external balancing
techniques are used. Figures 3.3 (b, ¢) show the balancing circuits
used for inverting and non-inverting operational amplifiers.

Example 3.2

(a) For the non-inverting amplifier of Fig. 3.2 (b), R, = 1 k) and R,
= 10 k€. Calculate the maximum output offset voltage due to V,
and Iy. The op-amp is LM 307 with V, = 10 mV and Iz = 300 nA,
I, = 50 nA.

(b) Calculate the value of R, needed to reduce the effect of Iy

(c) Calculate the maximum output offset voltage if R, as calculated

in (b) is connected in the circuit.

Solution
(a) V= 1+£t]v“+nff,
. R
i
10 k2
=|1 10 + (10 300
k+1kﬂ][ mV) + (10 kQ) (300 nA)

=110 mV + 3 mV = 113 mV
(b) The value of R, needed is,
Ry = 1kQ2||10 k2 = 980 Q
(e} With R, in the circuit,
V= {1+££]Vu+ﬂ,f“

1
= 110 mV + 0.5 mV = 110.5 mV
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It can be seen from this example that it is the input offset voltage
which is more responsible for producing an output offset voltage
compared to input bias current Iy or the input offset current I .

3.2.5 Thermal Drift

Bias current, offset current and offset voltage change with tempera-
ture. A circuit carefully nulled at 25°C may not remain so when the
temperature rises to 35°C. This is called drift. Often, offset current
drift is expressed in nA/°C and offset voltage drift in mV/°C. These
indicate the change in offset for each degree celsius change in tem-
perature.

There are very few circuit techniques that can be used to minimize
the effect of drift. Careful printed circuit board layout must be used
to keep op-ampe away from source of heat. Forced air cooling may be
used to stabilize the ambient temperature.

Example 3.3

A non-inverting amplifier with a gain of 100 is nulled at 25°C. What
will happen to the output voltage if the temperature rises to 50°C for
an offset voltage drift of 0.15 mV/*C?

Solution

Input offset voltage due to temperature rise = 0.15 mV/FC x (50°C -
25°C) = 3.75 mV. Since this is an input change, the output voltage will
change by

""Fn = VM X AEL
=375 mV x 100 = 375 mV
This could represent a very major shift in the output voltage.

3.3 AC CHARACTERISTICS

We have discussed so far the dc characteristics such as bias current,
offset current, offset voltage and thermal drift. These will affect the
steady state (dc) response of the op-amp only. For small signal
sinusoidal {ac) applications, one has to know the ac characteristics
such as frequency response and slew-rate which will be discussed in

this section.
3.3.1 Freguency Response

Ideally, an op-amp should have an infinite bandwidth. This means
that, if its open-loop gain is 90 dB with dc signal its gain should
remain the same 90 dB through audio and on to high radio frequen-
cies. The practical op-amp gain, however, decreases (rolls-off) at higher
frequencies.
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Fig. 3.4 (a) High frequency model of an op-amp with single cormer frequency

What causes the gain of the op-amp to roll-off after a certain
frequency is reached? Obviously, there must be a capacitive component
in the equivalent circuit of the op-amp. This capacitance is due to the
physical characteristics of the device (BJT or FET) used and the
internal construction of op-amp. For an op-amp with only one break
(corner) frequency, all the capacitor effects can be represented by a
single capacitor C as shown in Fig. 3.4 (a). This figure represents the
high frequency model of the op-amp with a single corner frequency.
It may be observed that the high frequency model of Fig. 3.4 (a) is a
modified version of the low frequency model with a capacitor C at the
output. There is one pole due to R, C and obviously one — 20 dB/decade
roll-off comes into effect.

The open loop voltage gain of an op-amp with only one corner
frequency is obtained from Fig. 3.4 (a) as

-jxc

v, = —2oC Ay (3.26)
}En---il £ AﬁL !
or, A= u_“= -"q'DL
vy 1+j2nfR,C
A
or, A=—0OL 3.27)
1+ j(f/f) (
1
h = .
where fi TRR.C (3.28)

is the corner frequency or the upper 3-dB frequency of the op-amp.
The magnitude and the phase angle of the open loop voltage gain are
function of frequency and can be written as
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Al = oL (3.29)
Al VI+(f/ )
& = —tan™ (fif,) (3.30)

The magnitude and phase characteristics from Eq. (3.29) and (3.30)
are shown in Fig. 3.4 (b, ¢). It can be seen that
(i) For frequency f << f;, the magnitude of the gain is 20 log A
indB.
(i1) At frequency f = f,, the gain is 3 dB down from the dc value of
Ag in dB. This frequency f, is called corner frequency.
(i) For f >> f,, the gain rolls-off at the rate of —20 dB/decade or
- 6 dBloctave.

20 log Agy |
3dB

lAl{dB)

o
i

ic)

Fig. 3.4 {b) Open loop magnitude characteristics in semilog paper and (c) phase
characteristics for an op-amp with single break frequency

It can further be seen from the phase characteristics that the phase

angle is zero at frequency [ = 0. At corner frequency f, the phase angle
is8 —45° (lagging) and at infinite frequency the phase angle is —-80°,
This shows that a maximum of 90° phase change can occur in an
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op-amp with a single capacitor. It may be mentioned here, that zero
frequency does not occur in log scale. From all practical purposes, zero
frequency is taken as one decade below the corner frequency and
infinite frequency is one decade above the corner frequency. The voltage

transfer function is s-domain can be written as

A=_Ao. __ Ag
L+ j(f/f) 1+ jlefe,)
_ Agp-oy _ Agy- oy

Joo + @y 8 + 0y

A practical op-amp, however, has number of stages and each stage
produces a capacitive component. Thus due to a number of RC pole
pairs, there will be a number of different break frequencies. The
transfer function of an op-amp with three break frequencies can be
assumed as

4= Aol 0<fi<h<f (3.31)
[1+j£][1+j£][1 +jL]
.f] f: fﬂ

or, A= .__ﬁh;‘l’i;‘_“l'_i‘?_l___ (3.32)

(8+wy)(s+mwy)(s+awy)

with 0 < w; < wy < W,
For a typical op-amp, straight line approximation of open-loop gain
vs frequency in logarithmic scale is shown in Fig. 3.5. The open loop

1201

100
80
80

Open-loop gain (d8) ——=

1k 10k

Fig. 3.5 Approximation of open loop gain vs frequency curve
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frequency response is flat (90 dB) from low frequencies (including de)
to 200 kHz, the first break frequency. From 200 kHz to 2 MHz, the
gain drops from 90 dB to 70 dB which is at a —-20 dB/decade or -6 dB/
octave rate. At frequencies from 2 MHz to 20 MHz, the roll-off rate is
—40 dB/decade or —-12 dB/octave. Accordingly, as frequency is increasing,
cmadmg effect of RC pairs (poles) come into effect and roll-off rate
increases successively by =20 dB/decade at each corner frequency. Each
RC pole pair also introduces a lagging phase of maximum up to —90°,

3.3.2 Stability of an Op-Amp

Op-amps are rarely used in open loop configuration because of its
high gain. Let us now consider the effect of feedback on op-amp
frequency response. Consider an op-amp amplifier of Fig. 3.6. (a). It
uses resistor feedback network and may be used as an inverting
amplifier for v, = 0 and as non-inverting amplifier for v, = 0.

R

Qv On

Fig. 3.6 (a) Resistive feedback provided in op-amp

From the negative feedback concepts, we may write the closed loop
transfer function as
A

Ao = 1+ Ap

where A is the open loop voltage gain and f§ is the feedback ratio. In
Eq. (3.33), if characteristic equation (1 + AB) = 0, the circuit will
become just unstable, that is, leads into sustained oscillation.

Rewriting the characteristic equation as, 1 — (—=AB) = 0 leads to

(3.33)

loop gain, —AB =1 (3.34)
Since AP 18 a complex quantity, the magnitude condition become
|AB| =1 (3.35)

and phase condition is

z—Aﬂ = 0 (or multiple of 2mx)
or, [ AB = = (or odd multiple of =) (3.36)
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In the given cireuit, feedback network is a resistive network, so it
does not provide any phase shift. Since op-amp is used in the inverting
mode, 1t provides a phase shift of 180° at low frequencies. However,
at high frequencies, due to each corner frequency, an additional phase
shift of maximum —40° can take place in open loop gain 4. So for two
corner frequencies, a maximum of phase shift that can be associated
with gain A is -180° Thus at high frequencies, it 15 quite possible that
for some value of B, the magnitude of AP becomes unity when A has
an additional phase shift of 180° which makes the total phase shift
equal to zero. In this case, there is every possibility that the amplifier
may begin to oscillate as both the magnitude and phase conditions
laid down by Eqs. (3.35) and (3.36) are satisfied. This may be noted
that oscillation is just the starting point of instability, or, to be more
precise, it is just at the verge of instability. The instability means
unbounded output; which can arise from Eg. (3.33), when

(1 +4p8) <1
or A <0 1.e. negative

and then Ay > A, Le. the closed loop gain increases and leads to
instability, The phase contribution by the resistive feedback network
is zero. At low frequency, the additional phase contribution of A is
zero, 80 AP > 0 and obviously Ay < A and the system is stable. But
at high frequencies, the system A having three corner frequencies or
three HC pole pair, there is a chance of open loop gain A to contribute
a maximum of - 270° phase shift and for which AP may become
negative and instability occurs at high frequencies. This is further
elaborated 1n Fig. 3.6 (b).

Open-ioop gain
L1 T J‘
BO LN = 20 dB/decades
Curve for closed loop gain
Az = 10,000 or 80 dB
B0 B
Curve for closed loop gain = 1000 or 80 dB
% At - 40 dB/decade
'5 Curve for closed loop gain A, = 10 or 20 dB
20
60 dBidecade rate of closure - B0 dB/decade
| I L' [
1k 10k 100k 1M 10M 100M

Frequency (Hz) ————p

Fig. 3.6 (b} Effect of feedback on open loop gain vs frequency curve

Let us say that a closed loop gain of 80 dB (|Ag | = 10,000) is
desired. The projection of 80 dB curve to the open loop frequency
response curve intersects it at a — 20 dB/decade rate of closure (point A)
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as shown in Fig. 3.6 (b). The bandwidth is approximately 600 kHz and
a maximum of —90° phase shift is added to open loop gain A. The
amplifier will remain stable.

Now, if the feedback resistors are so chosen that the op-amp has a
closed loop gain of 1,000 or 60 dB, the bandwidth is about 3.5 MHz.
However, now the 60 dB projection on the open-loop curve intersects
at a —40 dB/decade rate of closure (point B). The maximum phase
shift that may get added to is now (—90° — 90°), that is —180°. This
eircuit is likely to be unstable and should not be used without
modification. Similarly, a closed loop gain of 20 dB causes a - 60
dB/decade rate of closure (point C). A maximum -270° phase shift is
added to the open loop gain A to cause unstable operation. Thus, we
may conclude that for stable operation, the rate of closure between
the closed loop gain projection and the open-loop curve should not
exceed —20 dB/decade. At higher frequencies for lower closed loop
gains, the feedback becomes significant and regenerative and may
result in sustained oscillations.

So far, we have discussed stability of an op-amp qualitatively. To
provide a gquantitative discussion about stability, let us rewrite the
transfer function of an op-amp characterized by three poles, as,

A=- AQLmlmImﬁ
(s + @) (s +wy) (s +mg)

Obviously the poles of the open-loop transfer function are at — w,,
— @, and —w,. The closed loop poles, that is the poles of Ay in Eq.
(3.33) will be given by the roots of the characteristic equation

1+ A =0
Putting the value of A from Eq. (3.32) we get,

0 <oy <my <y

1+ BAgy, @y 0 @ =0
(s + ) (s + ©g) (5 + wy)

or, (8 + @) (8 + wy) (5 + wg) + PAgy, 004 =0
or, &+ (0 + o + ) + 5 (0 0y + @ Wy + 0y 0) + ) 0y 0y
(1+PAg) =0 (3.37)
The roots of the cubic equation depend upon BAg, the dec loop gain
and therefore, (BA;, ) becomes critical parameter that determines the
new pole location. Further, fAg, can take any value between zero for
no feedback (f = 0) and Ay for maximum feedback (f = 1). For
variable B in the range 0 < fAg; < e, the root loci is shown in Fig. 3.7.
When pAgy;. = 0, the roots are at —m,, — @, and —m; and lie on the
negative real axis. For small values of Ay, the roots still lie on the
left half os s-plane with one real root and two complex conjugate roots

(a, a"). If A, is increased further beyond a critical value (BAg; )., the
two roots will move to the right half of s-plane causing instability. We
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will find out that critical value of fidy for which the closed loop
system becomes just unstable. Rewriting Eq. (3.37) as

ass® + as” + as +a, =0 (3.38)

undc.@+—+“‘ e W |

(A AT

+%+E{|

Fig. 3.7 Root loci as a function of [,
where,
a =1
Gg =y + @y + 0y
= 0y Wy + O Wy + 0wy
a, = @, 0y oy (1 + BAgy)

In order to find the critical value of fA_, apply Routh's stability
criterion to Eq. (3.38). That is,

(i) All the coefficients ay, a,, a, and a, should be positive.
(i) aga, —aza, <0 (3.39)
Put 5 = jo in Eq. (3.38)
ay (jo)* + ay(jo)* + a)(jw) + a, = 0
(a, — a0’) + jola, - azu®) = 0
Equating real and imaginary parts to zero, we get
a, — a;@* =0, (3.40)
G, — a3 = (3.41)
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Thus, the frequency of oscillation is given by,
=+ (B -4+ (B
=+ =% (3.42)
o Jﬂn Jﬂa

Putting values of coefficients,

Dgse = 1&% Y 0 + @, 03 + Wy 03

Also from Eq. (3.39), we get,

_ma

%= "o
or w0505 {1 + (BAg)d = (0, + wy + @) (0 0 + ©; 0y + 00y
: =2+ 0 9% O 9, E}_ 3.44
or {%L} +mz+ma 0y Wy 0y { .

It is obvious that (fdy; ). depends upon the ratio of open lmp pole
locations. The minimum value of (BAg; ), will occur when all the poles
are located at the same place giving (Bdg ), = 8.

As an example, if Ay, = 10° and @, = wy = wy = 107 rad/s, then the
circuit will oscillate at a frequency of

Wose = 9y V3 =107 /3 radys.
On the other hand, if 10000 w, = wy = w,, the critical loop gain is,

(o). = 2% = 20000

20000 _ 20000

and, B, < =0.2
Aor 100000
In the Fig. 3.6 (a), p = R,/(R, + R,).
For, ﬂ < 0.2,
Rl + %-_., 1 =5
R, 0.2
or, El >4
R,

This means that if op-amp is used as an inverting amplifier in Fig.
3.6 (a), the inverting gain magnitude should be greater than 4 and if
used as non-inverting amplifier, the non-inverting gain should be
greater than 5 for oscillation to sustain.

If it is desired that the amplifier should remain stable for any
resistive network, that is, 0 < f < 1, then Ag; must satisfy the most
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stringent condition for f = 1, that is,

%L{[z+&+ﬁ+ﬁ+ﬁ+ﬁ+ﬂ‘l (3.45)
Wy @y @ Wy W Oy

3.3.3 Frequency Compensation

In applications where one desires large bandwidth and lower closed
loop gain, suitable compensation techniques are used. Two types of
compensating techniques are used (j) External Compensation, (ii)
Internal Compensation.

External Fregquency
Some types of op-amps are made to be used with externally connected
compensating components specially if they are to be used for rela-
tively low closed loop gain. The compensating network alters the open-
loop gain so that the roll-off rate is —20 dB/decade over a wide range
of frequency.
The common methods for accomplishing this are:
Dominant-pole compensation
Pole-zero (lag) compensation

Su A 18 the uncompensated
'I'.I'H.].'lafn er Eﬂ‘g ufnftggg: Eﬁﬂﬁf n ﬁpenliﬁgemndmun as mvepjfhy Eq.
(3.32). Introduce a dominant pole by adding RC-network in series
with op-amp as in Fig. 3.8 (a) oi by connecting a capacitor C from a
suitable high resistance point to ground. The compensated transfer
function A" becomes

A=
o
=)
= 4. '-'“i_j -‘“r (3.46)
R~ mc 1+J'f':
1
whars, fa= SxRC

using Eq. (3.31) we get,

(7 o omd

where fa<fi<fa<fy

Ir

A =
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f
14—
u’! z]_""gg R1+R=1+1'L
fo
whereE,=R1,Ez=RE+__L_rﬁ=_l_‘f= 1
Jo Gy 2xR,C;" " 2r(R, + Ry)C,

The compensating network is designed to produce a zero at the
first corner frequency [, of the uncompensated transfer function A.
This zero will cancel the effect of the pole at f,. The pole of the
compensating network at f, = ©,/2n is selected so that the compensated
transfer function A’ passes through 0 dB at the second corner frequency
f; of the uncompensated transfer function A in Eq. (3.31). The frequency
can be found graphically by having A" pass through 0 dB at the
frequency f, with a slope of —20 dB/decade as shown in Fig. 3.9 (b).
Assuming that the compensating network does not load the amplifier,
i.e. Ry >> R, then the overall transfer function becomes.

Open ioop gain (dB)
o
§

e o

D dﬂl

a
B

(b)

Fig. 3.9 (a) Pole-rero compensation (b) Open loop gain vs. frequency for
pole-rero compensation
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L
wole Vo _ 4 R T
ul 2 U-; H1+R21+1L
J
fo

[

1+ ji-

_ Ao R +J?

[ f f) By+Ry [

1+jL |1+ L1+ L j
[ ”fl][ +f=]{ ”ﬁ] f
= AQL {3.43]
Lol

with D<f,<fi<fa</s

and note that K, >> R,, so that _E 1
Ry + By

Consider again the frequency response (Bode plot) for the uncom-
pensated op-amp having three poles at frequencies f;, f; and f5. Now
select R, and C, so that the zero of the compensating network is equal
to the pole at the frequency f, (lowest). If there had been no pole
added by the compensating network, the response would have changed
to that of the dotted curve. However, because of the predominance of
the pole of the compensating network at [, the rate of closure will be
— 20 dB/decade throughout as shown in the curve X of Fig. 3.9 (b). The
pole at f, should be selected so that the —20 dB/decade fall should
meet the 0-dB line at f;, which is the second pole of A.

A comparison of dominant pole and pole-zero compensation tech-
nique is shown in Fig. 3.10. The dominant pole is selected so that the
compensated transfer function goes through 0-dB at the first pole f,
of the uncompensated system. In pole-zero compensation, the zero is
chosen at f, and pole is selected so that the modified transfer function
goes through 0-dB at the second pole f; of uncompensated transfer
function. The improvement in bandwidth is clearly shown in Fig. 3.10
and is Ei."ll'ﬂn h'!f ffg - f]]

With either type of compensation, the value of the compensating
capacitance is too large to be easily built into standard integrated
circuit and as a result, many IC op-amps have internal connections
brought out to allow attachment of an external compensating network.
However, recently, several op-amps have become available with built-
in lag compensation which is accomplished by making use of Miller
effect to generate large capacitance needed from fixed small capacitance
which can be built into the IC,
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L Pale-ze40 compansation
8 No compensation
i
g- -20 dR/decade
g_ Dominant pole
COMpansaon

)
|
|
|
|
:
I
I
t
I

O 2\ (og scaie

3-dB Band width improvement
Fig. 3.10 Comparison of dominant pole and pole-rero techniques

Internally Compensated Operational Amplifier

Sometimes, the relatively broad bandwidth of the uncompensated op-
amp is not needed. For example, in the instrumentation circuit, the
op-amp required is to amplify relatively slow changing signals and
therefore it does not require good high-frequency response. In this
and similar applications, internally compensated op-amps can be used.
They are sometimes called compensated op-amps. Also they are stable
regardless of the value of closed-loop gain and without externally
connected compensating components. The type 741 op-amp is com-
pensated and has an open-loop gain vs frequency response as shown
in Fig. 3.11. The op-amp IC 741 contains a capacitance C, of 30 pF
(see Fig. 2.22 (a)) that internally shunts off signal current and thus
reduces the available output signal at higher frequencies. This inter-
nal capacitance, which is an internal compensating component, causes
the open-loop gain to roll-off at —20 dB/decade rate and thus assures
for a stable circuit. The 741 op-amp has a 1 MHz gain-bandwidth
product. This means that the product of the coordinates, gain and
frequency of any point on the open-loop gain vs frequency curve is
about 1 MHz. If 741 op-amp is wired for a closed-loop gain of 10° or
80 dB, its bandwidth is 100 Hz as can be seen by projecting to the
right from 10* in the curve of Fig. 3.11. For gain of 10%, the bandwidth
increases to 10 kHz and for gain 1, the bandwidth is 1 MHz, For 741
op-amp, unity gain-bandwidth product is specified as 1 MHz in the
data sheet. This simply means that op-amp 741 has 1 MHz bandwidth
with unity gain as seen in Fig. 3.11. Some internally compensated op-
amps are Fairchild's pA 741, National Semiconductor’'s LM741, LM107
and LM112 and Motorola's MC1558.
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Figure 3.15 gives the data sheet for a Fairchild pAT41 op-amp. 741
series are available in models 741, T41A, 741C and T41E. The schematic
diagram and electrical parameters for all these models are the same
with only the values of the parameters differing from one model to
another. We will consider specifications for 741C op-amp.

From the data sheet it can be seen that:

1. 741 1s internally frequency compensated op-amp.

2. 741 is a monolithic IC fabricated using planar epitaxial process.

3. It is useful for integrator, summer, voltage follower and other
feedback applications.

4. Absolute maximum ratings are specified for supply voltage,
internal power dissipation, differential input voltage, input
voltage, storage and operating temperature ranges, soldering pin
temperature and output short circuit duration.

5. T41 is available in all three packages viz 8-pin metal can, 10-pin
flat pack and 8 or 14 pin DIP. The pin diagrams for all these
packages are shown in the data sheet.

6. For 741C, two sets of electrical specifications are available, one
set is applicable at room temperature (25°C) and other set applies
to the commercial temperature range {(0° to + T0°C). As we are
interested only in showing the significance of the parameters
listed, we limit the discussion to only one model, that is 741C at
25°C.

The various electrical parameters supplied in the data sheet are as

follows:

Input offset voltage:Tt js the voltage that must be applied between
the input terminals of an op-amp to nullify the output. Since this
voltage could be positive or negative its absolute value is listed on the
data sheet. For 741C, the maximum value is 6 mV.

Input offset current-The glgebraic difference between the currents
into the (-) input and (+) input is referred to as input offset current.
It is 200 nA maximum for 741C.

Input bias current-The average of the currents entering into the
() input and (+) input terminals of an op-amp is called input bias
current. Its value is 500 nA for 741C.

Input resistance:Thig is the differential input resistance as seen
at either of the input terminals with the other terminal connected to
ground. For the 741C, the input resistance 18 2 M{l.

Input capacitance:[t ig the equivalent capacitance that can be
measured at either of the input terminal with the other terminal
connected to ground. A typical value of C, is 1.4 pF.

Offset voltage adjustment range: gpecial feature of the 741
family op-amp 1s the provision of offset voltage null capability. For
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General Description: The pAT41 is a high performance monclithic
operational amplifier constructed using the planer epitaxial process.
High eomman mode woltage range and sbeenes of lstch-up tendencies
make the pAT4l ideal for use as voltage follower. The high gain and
wide range of operating voltage provides superior performance in
integrator, summing amplifier and general feedback applications,
*Mo frequency compensation required

*Offset voltage null capability
*Large commen mode and differential voltage ranges
*Low power sonsumplion
*Mo latch-up
Absolute Maximum Ratings
Bupply veltage
PATALA, wAT4l, wAT4IE sV
pATLO £ 18V
Internal Power Dissipation
Metal Can 500 m W
Malded and Hermetic DIP 870 m W
Mini DIP 0 m W
Flatpack 570 m W
Differentinl Input Voltage 0V
Input Voltage =15V
Operating temperature Range
Military (LATALA, pAT41) - 55"C o 125 *C
Commercial (WAT41E, pAT410) 0°C to TO "C
8 Pin Mini DIF 10 Pin Flatpak
{top wiew) (tog wiew)

MAX  UMITS
my
nA
mi
MO
pF
my
i1 v
R, s 10 ki 0 dB
Supply Voltage Rejection Ratio R, £ 10 k0 30 150 uvi
Large Singal Veltage Gain ;lrbtm o 20,000 200,000
LE 3
Output Voltage Swing Ry 2 10k +12 + 14 v
Ry 2 2ki2 + 10 + 13 L
Output Hesistanes 75 LH
(rutput Short Circuit Current 5 i
Supply Carrent 1.7 248 mA
Power ; 50 B5 mWw
Transient Hesponse HRise Time YV, = 200 mY,
(unity Gain) = Zkid 0.3 16
Orvershioot Cy, = 100 pF 6.0 5
Blew Rate Rz 2kid 0.5 Vius

Fig. 3.15 Data Sheet of pA 741
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Internally compensated op-amps are also available but give
smaller bandwidth.

Large signal output (> 1V) is limited by the speed at which the
op-amp can charge compensating capacitor. This is called slew
rate and is expressed in volts per micro-second.

The manufacturers supply data sheets for the [Cs they produce.
The data sheet gives pin diagrams, equivalent circuits, absolute
maximum ratings, electrical characteristics and typical applica-
tions of the device.

Review Questions

3.1,
3.2.
3.3.
3.4.
3.5.
3.6.
3.7.
3.8.
3.9.
3.10.
3.11.
3.12.
3.13.
3.14.
3.15.
3.16.
3.17.
3.18.
3.158.
3.20.
3.21.

3.22.

List the non-ideal de characteristics of an op-amp.

Why do we use R, resistor?

Why is R, not needed in differential amplifier?

How is input offset voltage compensated for?

What produces more offset voltage at the output: input offset
current or input bias current?

Define thermal drift.

List the parameters that are important for ac applications.
What does the term roll-off mean?

What 1s Bode plot?

What problem can occur with an amplifier with a steep gain
roll-off?

Why are low closed loop gains avoided with uncompensated op-
amps”

If an op-amp is specified as being compensated, what does this
mean?

If closed loop gain of an op-amp is increased, what happens to
bandwidth.

If the gain-bandwidth product of an op-amp is 2 MHz, what is
its bandwidth when connected as a voltage follower?

Define slew rate. What causes the slew rate?

How is the slew rate measured?

What is the effect of operation frequency on the maximum
unclipped output signal capability of an op-amp.

List and explain the parameters given in manufacturer's data
sheet of an op-amp.

The dec open loop gain of an op-amp is 100,000. What will be the
open loop gain at its break frequency?

The transient response rise time (unity gain) of an op-amp is
0.07 us. Find the small signal band width.

What is the difference between the open loop and closed loop
gain of an op-amp.

Does increasing the compensating capacitor increase or decease
unity-gain band-width.
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How fast can the output of an op-amp change by 10V, if its slew
rate is 1V/us.

Find the maximum frequency for a sine wave output voltage of
10 V peak with an op-amp whose slew rate is 1Vius,

PROBLEMS

3.1.

3.2.

3.3.

d.4.

3.5.

3.6.
3.7.

3.8.
3.9.

A 741 op-amp 1s used as an inverting amplifier shown in Fig. 3.2
{c) with B, = 1 ki} and R; = 100 kfl. What 15 the maximum
output offset voltage caused by the input offset voltage V.. For
741, V. = 6 mV. -
Repeat Problem 3.1, if op-amp used is LM 307 with V, = 10 mV;
R, = 100 Q and R; = 4.7 kfl.

In an inverting amplifier of the type shown in Fig. 3.2 (c), R, =
100 k€, R; = 10 MAQ. Calculate (i) maximum output offset volt-
age caused by the input offset voltage V; (i1) maximum output
offset voltage caused by the input bias current Iy, The op-amp
used is 741 with V_ = 6 mV; Iz = 500 nA.

In problem 3.3, calculate the value of R, needed to eliminate
the effect of input bias current.

In an inverting amplifier B, = 1 kQ, R; = 100 k). The op-amp
has the following specifications:

AV = 3p uVAC max
AT

Aly = 0.3 nAPC max
AT

Assume that the amplifier is nulled at 25°C. Calculate the value
of the error voltage and the output voltage V, at 35°C, if (i) V|
=1 mV de; (i) V, = 5 mV de.

Repeat Problem 3.5, for a non-inverting amplifier.

The LM312 op-amp is used as an inverting amplifier with the
following specifications:

270 = 30 pViIRrG = 10 nA®
T 30 w E,a_;l 10 C

R, =1k Ry = 4.7 k.

Assume that the amplifier is nulled at 25°C. A sine wave of 10

mV peak amplitude at 100 Hz 1s apphed. Draw the output volt-

age waveform at 25°C and 45°C.

Repeat Problem 3.7 for a non-inverting amplifier.

(a) An op-amp has a slew rate of 2 Vius. What is the maximum
frequency of an output sinusocid of peak value 5 V at which
distortion sets in due to the slew rate limitation.
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(b) If a sinusoid of 10 V peak is specified, what is the full power
bandwidth?
3.10. An op-amp has a slew rate of 2V/us. Find the rise time for an

output voltage of 10 V amplitude resulting from a rectangular
pulse input if the op-amp is slew rate limited.

Experiment 3.1

To measure (a) input bias current, (b) input offset current and (c)
input offset voltage of the given op-amp.
Procedure

(a) Set up the circuit shown in Fig. E. 3.1 (a) to measure I (inverting
input bias current) and Fig. E. 3.1 (b) to measure Iy (non-
inverting input bias current). Select a large resistor (in MQ) and
measure the output voltage. Calculate Iy = V/R;and I} =V, R.

0.01uF

Virtual
ground

Fig. E.3.1 (a) Measurement of inverting input bias current

Fig. E. 3.1 {b) Measurement of non-inverting input bias current
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(b) Offset current may be measured by the circuit shown in Fig

E.3.1 (c). The use of the equal resistors cancel the effect of the
bias current. The offset current I, = V /R,

- D.01F
1
A et
Hf
\.Fi-
S
741 o
7 B Vy=lyR
-
3 v
Rz =C
0.01pF

Fig. E. 3.1 (c) Offset current measurement
{c} To measure input offset voltage, set up the circuit shown in Fig.

E. 3.1 (d). The effect of the bias current is compensated by R,
The output voltage is given by,

V,= [1+£]F“+INR-£
R,

= [ 1+ EL] Vi
R,
The value of V,,, so obtained gives typically 98 percent accuracy.
Reomp v
-—WM——N\T;\
a
1oa Tal 8 =
: _/l“/ Yo
VO pomF R=10ka
R,=100Q
=
Y =

Fig. E.3.1 (d) Offset voitage measurement
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Experiment 3.2
To measure the slew rate of the 741C op-amp.

Procedure
1. Connect the op-amp as shown in Fig. E.3.2.

O Vg

T~
/
E}m

Fig. E. 3.2 Voltage follower to measure sléw rate

2. Adjust the input sine-wave signal generator so that the output
is 1 V peak sine wave at 1 kHz.

3. Slowly increase the input signal frequency until the output gets
just distorted.

4. Calculate slew rate, SR = 2—’;% V/us where V, = peak output

amplitude in volts and [ = frequency in Hz.

5. Now give a square-wave input and repeat step 2.

6. Increase the input frequency slowly until the output 18 just barely
a triangular wave. The slew rate,

Au,
vV
v [us

where, Ay, = change in the output voltage amplitude in volts.
At = time required for Av, in ps.

SR =




Operational Amplifier
Applications

4.1 INTRODUCTION

We have already discussed the electronics of op-amp, its dc and ac
characteristics, parameter limitations and various configurations. Now
we take a look at the applications of an op-amp. As we shall see, op-
amp has countless applications and forms the basic building block of
linear and non-linear analog systems. In linear circuits, the output
signal varies with the input signal in a linear manner. Some of the
linear applications discussed in this chapter are: adder, subtractor,
voltage to current converter and current to voltage converter,
instrumentation amplifier, analog computation, power amplifier etc.

There is another class of circuits with highly non-linear input to
output characteristics. Rectifier, peak detector, clipper, clamper, sample
and hold eircuit, log and antilog amplifier, multiplier are the various
non-linear circuits discussed. These non-linear circuits are very useful
in industrial instrumentation, communication and general signal pro-

cessing.

4.2 BASIC OP-AMP APPLICATIONS

Scale Changery/Inverter

In the basic inverting amplifier of Fig. 4.1, if the ratio BJ/R, = K,
where K is a real constant, then the closed loop gain A5 = —K. The
circuit thus could be used to multiply by a constant factor if R; and
R, are selected as precision resistors. For R; = R, A5 = -1 and the
circuit is called an inverter, i.e., the output is 180" out of phase with
respect to input though the magnitudes are same.
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R,
_—W«-——
Hl|
||'l_| ﬁ-—m -
L0 v,
-+
YN

b
=

Fig. 4.1 Scale changer for (R&/R, = A} and phase inverter for (&R, = 1)

Summing Amplifier

Op-amp may be used to design a circuit whose output is the sum of
several input signals. Such a circuit is called a summing amplifier or
a summer. An inverting summer or a non-inverting summer may pe
obtained as discussed now. '

Inverting Summing Amplifier

A typical summing amplifier with three input voltages V|, V, and Vj,
three input resistors R,, R,, R, and a feedback resistor R;is shown in
Fig. 4.2 (a). The following analysis is carried out assuming that the
op-amp is an ideal one, that is, Ay = = and R, = =. Since the input
bias current is assumed to be zero, there is no voltage drop across the
resistor R, and hence the non-inverting input terminal is at ground
potential.

R, M
Vi o—pnA-
v R,
20—MNN—1— —_—
Vag—. HH;H * " 0y,
Pomp =P IRIIRUIA,

Fig. 4.2 (a) Inverting summing amplifier

The voltage at node ‘a’ is zero as the non-inverting input terminal
is grounded. The nodal equation by KCL at node ‘a’ is
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—;-'L+E=-+E?L+5 =0

1 By Ry R
R R R
V = = L f { .
or, o [ 1 Vi+=LV, + X V_.,} (4.1)

Thus the output is an inverted, weighted sum of the inputs. In the
special case, when R, = R, = Ry = R, we have

V,==(V, + Vo + V) (4.2)

in which case the output V, is the inverted sum of the input signals.
W2 may also set

R]:REER_-!:BR[
in which case

3

Thus the output is the average of the input signals (inverted). In
a practical circuit, input bias current compensating resistor K_
should be provided as discussed in Sec. 3.2.1. To find R, make nﬁ
inputs V; = V, = V; = (. So the effective input resistance R, =
R, || Ry || Ry. Therefore, Ry, = R;|[R; = R, || Ryl| B3|l R;.

v, = _[V1+V3+V3] 4.3)

Example 4.1
Design an adder circuit using an op-amp to get the output expression
as

V,=-(01V, + V,+ 10V,
where V|, V,, and V; are the inputs.

Solution
The output in Fig. 4.2 (a) is
V, = —[(RJR,) V, + (RJR)V, + (R/R)V,)
say Ry =10 k2, R, = 100 kQ, R, = 10 k), R, = 1 kQ
Then the desired output expression is obtained.

Non-inverting Surmming Amplifier

A summer that gives a non-inverted sum is the non-inverting summing
amplifier of Fig. 4.2 (b). Let the voltage at the (-) input terminal be
V,- The voltage at (+) input terminal will also be V. The nodal equation

at node ‘a’ is given by
Vi-V, Va-Vi V-V,
R, R, Ry

=0
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from which we have,

(4.4)

Fig. 4.2 (b) Noninverting summing amplifier

The op-amp and two resistors K; and R constitute a non-inverting
amplifier with

v,=(1+8)y 45
= (o F )% o
Therefore, the output voltage 1s,
i8)
V, = [1+ Hf] 1 Ry Ry (4.6)
R 1 + 1 + 1
R, Ry Ry

which is a non-inverted weighted sum of inputs.
Let Ry = Ry = Ry = R= RyZ then V, =V, + V, + ¥,

Swubtractor

A basic differential amplifier can be used as a subtractor as shown in
Fig. 4.3 (a). If all resistors are equal in value, then the output voltage
can be derived by using superposition principle. To find the output V,;
due to V, alone, make V; = 0. Then the circuit of Fig. 4.3 (a) becomes
a non-inverting amplifier having input voltage V,/2 at the non-inverting
input terminal and the output becomes

V, = ﬂ[1+ﬁ)=ﬂ 4.7)
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Similarly the output V,; due to V, alone (with V| grounded) can be
written simply for an inverting amplifier as
V==V, (4.8)

Thus the output voltage V, due to both the inputs can be written
das

V=V, +V,=V, -V, (4.9)
R
AN
R
o— AN -
"-'* A 0
+ '!uF'lﬂl'hI".'-'l.I’=I
v’l
R

Fig. 4.3 (a) G;ﬂarnp as subtractor
Adder-Subltractor

It 18 possible to perform addition and subtraction simultaneously with
a single op-amp using the circuit shown in Fig. 4.3 (b).

The output voltage V, can be obtained by using superposition
theorem. To find output voltage V,, due to V| alone, make all other
input voltages V,, V, and V, equal to zero. The simplified circuit is
shown in Fig. 4.3 (c). This is the circuit of an inverting amplifier and
its output voltage is,

R Vi__y
_ e — =] 4;1[’
" Rf2 2 ! 10
(by Thevenin's equivalent circuit at inverting input terminal).
Similarly, the output voltage Vo due to V, alone 1s,
Ve = =V, (4.11)

Now, the output voltage V,; due to the input voltage signal V;
alone applied at the (+) input terminal can be found by setting V|, V,
and V, equal to zero. The circuit nuw becomes a non-inverting amplifier
as shown in Fig. 4.3 (d). The voltage V, at the non-inverting terminal
is

V =_R&
* = R+Rj2

So, the output voltage V4 due to V; alone is

V,=V,/3 (4.12)
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Therefore,
=YN__K__s 4.24
Agy, v R s+ YRC (4.24)
It is seen from Eq. (4.24) that the lower 3dB frequency is,
f=— | (4.25)
2n ch

In the mid-band range of frequencies, capacitor C behaves as a
short circuit and therefore, Eq. (4.24) becomes,

Ay = Bt (4.26)

R,
HI
_I__‘ N
c:a—-|Fti
>—

i g -

L

Fig. 4.6 (a) Inverting ac amplifier (b) Non-inverting ac amplifier (c) High
input impedance noninverting ac amplifier

Non-fnverting AC Amplifier

The circuit is shown in Fig. 4.6 (b). Here a resistor R, is added to
provide a de return to ground. However, this reduces the overall input
impedance of the amplifier, which now becomes approximately R,.
This problem of low input impedance is eliminated by connecting
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a capacitor C; as in Fig. 4.6 (c). Capacitor C; is large enough to act
as short circuit to ac signals. The non-inverting terminal and the node
‘n’ will be almost at the same potential so that K, carries almost
no current. Hence the circuit will have an extremely high input
impedance.

AC Voltage Follower

The circuit of a pracucal ac voltage follower is shown in Fig. 4.7. The
circuit is used as a buffer to connect a high impedance signal source
to a low impedance load which may even be capacitive. The capacitor
C, and C, are chosen high so that they are short circuit at all frequen-
cies of operation. Resistors R, and R, provide a path for dc input
current into the non-inverting terminal. C, acts as a bootstrapping
capacitor and connects the resistance R, to the output terminal for ac
operation. Hence the input resistance that the source sees is approxi-
mately R/(1 — Agy) [from Miller's theorem] where Aq; is the gain of
the voltage follower which is close to unity (0.9997). Thus very high
input impedance can be obtained.

0.01uF
o— k3 )~ °
" ook £ E'Mt|

1wk 2R, &

Fig. 4.7 AC voltage follower
4.5 VTO T AND J TO V CONVERTER
Voltage to Current Converter (Transconductance Ampiifier)

In many applications, one may have to convert a voltage signal to a
proportional output current. For this, there are two types of circuits
possible.

V-I Converter with floating load

V-I Converter with grounded load

Figure 4.8 (a) shows a voltage to current converter in which load
Z;, is floating. Since voltage at node ‘a’ is v;, therefore,

v = i R, (as Iz = 0)
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. = _LII.

or, L R (4.27)

That is the input voltage v, is converted into an output current of
v/R,. It may be seen that the same current flows through the signal
source and load and, therefore, signal source should be capable of
providing this load current.

A voltage-to-current converter with grounded load 18 shown in Fig.
4.8 (b). Let v, be the voltage at node a’. Writing KVL, we get

iy + i = iy {4.28)
or, L'L—UI+U,;,—U| :jL
R R
ar, vy +y,-2v =R
_utu, - R
Therefore, vy = = 'é {4.29)

Fig. 4.8 Voltage to current converter with (a) floating load (b) grounded load

Since the op-amp is used in non-inverting mode, the gain of the
circuit is 1 + R/R = 2. The output voltage is,

vy =20, = +u, - i R

that is, v, = i R
or, fy = % (4.30)

As the input impedance of a non-inverting amplifier is very high,
this circuit has the advantage of drawing very little current from the
source. A voltage to current converter is used for low voltage dec and
ac voltmeter, LED and zener diode tester.
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Current to Voltage Converter (Transresistance Amplifier)
Photocell, photodiode and photovoltaic cell give an output current
that is proportional to an incident radiant energy or light. The current
through these devices can be converted to voltage by using a current-
to-voltage converter and thereby the amount of light or radiant energy
incident on the photo-device can be measured.

Figure 4.9. shows an op-amp used as [ to V converter. Since the
(=) input terminal is at virtual ground, no current flows through K,
and current i, flows through the feedback resistor R;. Thus the output
voltage v, = - i ;. It may be pointed out that the lowest current that
this circuit can measure will depend upon the bias current Iy of the
op-amp. This means that pA741 (I3 = 3 nA) can be used to detect
lower currents. The resistor Ry is sometimes shunted with a capacitor
C; to reduce high frequency noise and the possibility of oscillations.

c,
S

uﬁ.ﬁ i

Fig. 4.9 Current to voltage converter

+
=
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4.6 OP-AMP CIRCUITS USING DIODES

The major limitation of ordinary diode is that it cannot rectify voltages
below V., (~ 0.6 V), the cut-in voltage of the diode. A circuit that acts
like an ideal diode can be designed by placing a diode in the feedback
loop of an op-amp as in Fig. 4.10 (a). Here the cut-in voltage is divided
by the open loop gain Ag (~ 10%) of the op-amp so that V, is virtually
eliminated. When the input v; > Vi /Ag; then v,,, the output of the op-
amp exceeds V| and the diode D conducts. Thus the circuit acts like
a voltage follower for input v, > V,/dy; (i.e., 0.6/10" = 60 pV) and the
putput vy, follows the input voltage v, during the positive half cycle as
shown in Fig. 4.10 (b). When v; is negative or less than V. /Ay, the
diode D is off and no current is delivered to the load R except for
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small bias current of the op-amp and the reverse saturation current
of the diode. This circuit is called the precision diode and is capable
of rectifying input signals of the order of millivolt. Some typical
applications of a precision diode discussed are:

Half-wave rectifier

Full-wave rectifier

Peak-value detector

Clipper
Clamper
vi
100 mV |~
O
Y 1
HL =100 mV -
4"
100 mV = | :
(&)

Fig. 4.10 (a) Precision diode (b) Input and output waveforms

4.6.1 Half-Wave Rectifier

An inverting amplifier can be converted into an idea half-wave rectifier
by adding two diodes as shown in Fig. 4.11 (a). When v, is positive,
diode D, conducts causing vg, to go to negative by one diode drop
(~ 0.6 V). Hence diode D, is reverse biased. The output voltage v, is
zero, because, for all practical purposes, no current flows through R;
and the input current flows through D,.

For negative input, i.e., v, < 0, diode D, conducts and D, is off. The
negative input v, forces the op-amp output vy, positive and causes I,
to conduct. The circuit then acts like an inverter for R; = R, and
output v, becomes positive.

The input, output waveforms are shown in Fig. 4.11 (b). The op-
amp in the circuit of Fig. 4.11 (a) must be a high speed op-amp since
it alternates between open loop and closed loop operations. The
principal limitation of this circuit is the slew rate of the op-amp. As
the input passes through zero, the op-amp output v,, must change
from 0.6 V to — 0.6 V or vice-versa as quickly as possible in order to
switch over the conduction from one diode to the other.
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Hl
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10k
. ot
10kL2
v, / Vou II:I::?:j
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Fig. 4.11 (a) Ideal half-wave rectifier (b) Input/output waveforms

4.6.2 Fuli-wave Rectifier

A full wave rectifier or absolute value circuit is shown in Fig. 4.12 (a).
For positive input, i.e. v; > 0, diode D, is on and D, is off. Both the
op-amps A, and A, act as inverter as shown in equivalent circuit in
Fig. 4.12 (b). It can be seen that v, = v,

For negative input, i.e. v, < 0, diode D, is off and D, is on. The
equivalent circuit is shown in Fig. 4.12 (c). Let the output voltage of
op-amp A, be v. Since the differential input to A, is zero, the inverting

input terminal is also at voltage v.
KCL at node ‘a’ gives

L L u
=L o — =
R 2 R

L3 b2

ar = -—Ul

=0

]
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R 1
(a)
R R
A — AN
R
O—MN -1 =
" —AAWA— A, —2o
+ Yo
T -
{b)

Fig. 4.12 (a) Precision full wave rectifier (b) Equivalent circult for & > 0

The equivalent circuit of Fig. 4.12 (c) is a non-inverting amplifier
as shown in Fig. 4.12.(d). The output v, is,

=(1+ B2, =0,
U, [HER][ 3”'] U (4.32)

Hence for v, < 0, the output is positive. The input and output
waveforms are shown in Fig. 4.12 (e).

2R R
IN‘—'”W_
A —o
-
Vei-2¥)

Fig. 4.12 (c) Equivalent circuit for » < 0 (d) Equivalent circuit of (c)
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WA,

Fig. 4.13 (b) Output ¥, corresponding to arbitrary input ¥

4.6.4 Clipper

A precision diode may also be used to clip-off a certain portion of the
input signal to obtain a desired output waveform.

Figure 4.14 (a) shows a positive clipper. The clipping level is
determined by the reference voltage V ; and could be obtained from
the positive supply voltage V*. The input and output waveforms are
shown in Fig. 4.14 (b). It can be seen that the portion of the output
voltage for v, » V_; are clipped off.

v, §
..‘I
o N 7 A
T WA
v Vo d
o
Vo N Vo T
- NS
i
\/m .

Fig. 4.14 Input and output waveforms for (b) positive ¥ (C) Negative 1.,
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For input voltage v; < V,,;, diode D conducts. The op-amp works as
a voltage follower and output v, follows input v, till v; < Vi ;. When v,
is greater than V, the output v, of the op-amp is large enough
of drive D into cut-off. The op-amp operates in the open-loop and
output voltage v, = V. However, if V; is made negative, then the
entire output waveform above V,, will get clipped off as shown in fig.
4.14 (c).

The positive clipper of Fig. 4.14. (a) can be easily converted into a
negative clipper by simply reversing diode I and changing the polarity
of the reference voltage V; as shown in Fig. 4.15 (a). The negative
clipper clips off the negative parts of the input signal below the
reference voltage. The circuit diagram of a negative clipper and the
expected waveforms for negative V; and positive V; are shown in
Fig. 4.15 (b and c).

10k
u'*
1 '
=

Fig. 4.15 (a) Negative clipper circuit

¥

'u',l !

/-\._ - Vo __7(:\_:..
Vo === —_—— 1 \_/ 1
Vo b v
v, {.\_u/\ a ”HI‘A_A— .

(b) (c)
Fig. 4.15 (b, c) Input-output waveforms for negative and positive Ky
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4.6.6 Clamper

The clamper i1s also known as de inserter or restorer. The circuit is
used to add a desired dc level to the output voltage. In other words,
the output is clamped to a desired de level. If the clamped dc level is
positive, it is called positive clamper. Similarly if the clamped de level
is negative, the clamper is called negative clamper.

Figure 4.16 (a) shows a clamper with a variable positive dc voltage
applied at the (+) input terminal. This circuit clamps the peaks of the
input waveform and therefore is also called a peak clamper. The output
voltage in the circuit 15 the net result of ac and dec input voltages
applied to the (=) and (+) input terminals respectively. Let us first see
the effect of V_; applied at the (+) input terminal. For positive V_
the voltage v* is also positive, so that the diode D is forward biased.
The circuit operates as a voltage follower and therefore output voltage
L'u = + Fﬂf‘

Now consider the ac input signal v; = V sin w¢ applied at the
(~) input terminal. During the negative half cycle of v, diode D
conducts. The capacitor C, charges through diode D to the negative
peak voltage V,,. However, during the positive half cycle of v,, diode
D} is reverse biased. The capacitor retains its previous voltage V.
Since this voltage V, is in series with the ac input signal, the output
voltage now will be v, + V. The total output voltage is, therefore,

Fig. 4.16 (a) Peak clamper circuit

Vet vy + V. The input and output waveforms are shown in Fig. 4.16
(b). It is possible to obtain negative peak clamping by reversing the
diode D and using a negative reference voltage -V, The expected
waveforms are shown in Fig. 4.16 (¢). The resistor R is used for
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protecting the op-amp against excessive discharge currents from
capacitor C, especially when the dc supply voltages are switched off.

"ul v

NANIY AN AN AN
MY/ N AV f
Vol ii-"-"n

T' (]

v, J "_'_'7\\ T
AV Hav)

()

Fig. 4.16 (b) Waveforms for + ¥, (c) Waveforms for - K,

4.7 SAMPLE AND HOLD CIRCUIT

A sample and hold circuit samples an input signal and holds on to its
last sampled value until the input is sampled again. This type of
circuit is very useful in digital interfacing and analog to digital and
pulse code modulation systems. One of the simplest practical sample
and hold circuit configuration is shown in Fig. 4.17 (a). The n-channel
E-MOSFET works as a switch and is controlled by the control voltage
v, and the capacitor C stores the charge. The analog signal v, to be

o ]

Fig. 4.17 (a) Sample and hold circuit

sampled is applied to the drain of E-MOSFET and the control voltage
v, is apphed to its gate. When v, is positive, the E-MOSFET turns on
and the capacitor C charges to the instantaneous value of input v,
with a time constant [(R, + rpg (en)] C. Here R, is the output resistance
of the voltage follower A, and rpg (on) is the resistance of the MOSFET
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when on. Thus the input voltage v, appears across the capacitor C
and then at the output through the voltage follower A,. The waveforms
are as shown in Fig. 4.17 (b).

Y

o
t

"l';,l
; || .
I--Tl -IIP-TH I

Vo
\, e

o -

Fig. 4.17 (b) Input and output waveforms

During the time when control voltage v, is zero, the E-MOSFET is
off. The capacitor C is now facing the high input impedance of the
voltage follower A, and hence cannot discharge. The capacitor holds
the voltage across it. The time period Ty, the time during which voltage
across the capacitor is equal to input voltage is called sample period.
The time period Ty of v, during which the voltage across the capacitor
18 held constant is called hold period. The frequency of the control
voltage should be kept higher than (at least twice) the input so as to
retrieve the input from output waveform. A low leakage capacitor
such as Polystyrene, Mylar, or Teflon should be used to retain the
stored charge.

Fig. 4.17 (c) Typical connection diagram
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Specially designed sample and hold ICs of make Harris semicon-
ductor HA2420, National semiconductor such as LF198, LF398 are
also available. A typical connection diagram of the LF398 is shown in
Fig. 4.17 (¢). It may be noted that the storage capacitor C is connected
externally.

4.8 LOG AND ANTILOG AMPLIFIER

There are several applications of log and antilog amplifiers. Antilog
computation may require functions such as In x, log x or sinh x. These
can be performed continuously with log-amps. One would like to have
direct dB display on digital voltmeter and spectrum analyser. Log-
amp can easily perform this function. Log-amp can also be used to
compress the dynamic range of a signal.

Log Ampilifier

The fundamental log-amp circuit is shown in Fig. 4.18 (a) where a
grounded base transistor is placed in the feedback path. Since the
collector 1s held at virtual ground and the base 1s also grounded, the
transistor's voltage-current relationship becomes that of a diode and
18 given by,

Ig = I, (e9V%/AT 1) (4.33)
Since, I = Iy for a grounded base transistor,

Io = I, (V% 1) (4.34)

I, = emitter saturation current = 10713 A

k = Boltzmann's Constant
T = absolute temperature (in °K)

Therefore, %;: = (7 VEIAT _ 1) (4.35)
or, ed VelbT = ‘;i +1
. %ﬂ (as I = 1079 A, I >> []
8
Taking natural log on both sides, we get
Ve = 2T, [i"-l] (4.36)
q I

Also in Fig. 4.18 (a), [ = lﬂ%



Operational Amplifier Applications 179

UE == Vn
ET ., {V ] kT (u \
S0, V== lnji —— |=-ZZIn| —-| (4.37)
°" g NRL)T g\ Vi)
where Vi = Ry,

EANA- >_ +
v, Y ' J

) i

Fig. 4.18 (a) Furidamental log-amp cifeuit

The output voltage is thus proportional to the logarithm of input
voltage. Although the circuit gives natural log (In), one can find log,q
by proper scaling

log,oX = 0.4343 In X (4.38)

The circuit, however, has one problem. The emitter saturation
current I, varies from transistor to transistor and with temperature.
Thus a stable reference voltage V,; cannot be obtained. This is
eliminated by the circuit given in Fig. 4.18 (b). The input is applied
to one log-amp, while a reference voltage is applied to another log-
amp. The two transistors are integrated close together in the same
silicon wafer. This provides a close match of saturation currents and
ensures good thermal tracking.

Fig. 4.18 (b) Log-amp with saturation current and temperature compensation
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Assume, ILy=1,=1 _ (4.39)
kT, ([ V)

and then, Vi=_Z2"In|— (4.40)
Vg R

and v, = T 1y Yt | (4.41)
q uR'lIu

Now, V.=V,-v,=*T [m [_Vi_],.]n[fﬂ_ﬂ (4.42)

q Byl R,
or, v, = 5T ln[ L4 ] (4.43)
q me

Thus reference level is now set with a single external voltage source.
Its dependence on device and temperature has been removed. The
voltage V, is still dependent upon temperature and is directly
proportional to T. This is compensated by the last op-amp stage A,
which provides a non-inverting gain of (1 + Ry/Eyc). Now, the output

mlh‘e m.

where Rp- is a temperature-sensitive resistance with a positive
coeffecient of temperature (sensistor) so that the slope of the equation
becomes constant as the temperature changes.

2
R,

+—1v% "
H'I-'!:

L]

Fig. 4.18 (c) Log-amp using two op-amps only
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The eircuit in Fig. 4.18. (b) requires four op-amps, and becomes
expensive if FET op-amps are used for precision. The same output
{with an inversion) can be obtained by the circuit of Fig. 4.18 (¢) using
two op-amps only.

Antilog Ampilifier

The circuit is shown in Fig. 4.19. The input V| for the antilog-amp is
fed into the temperature compensating voltage divider R, and Ry
and then to the base of . The output V, of the antilog-amp is fed
back to the inverting input of A, through the resistor R,. The base to
emitter voltage of transistors @, and €, can be written as

kT . (v, )

V., H—E= In 2 {4.45]
@ g \RL,

and Vosnp = BT 1 [ Vet | (4.46)
e Ty AR

Qy .
R, I_r Vous-e
>

ﬂ:-z::::ﬂ

—l..f‘—"vﬂ

{f;}

Fig. 4.19 Antilog amplifier
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Since the base of @, is tied to ground, we get

Va=-Vo pe= —"‘: "1[;} ] (4.47)

The base voltage Vg of @, is
Ve = j‘ﬂ_ . 4.48
B [.Rg g )V; (4.48)
The voltage at the emitter of @, is
V@ee = Vo + Vo

=[_—Brc |y _E [ Vet
or, Vaa ( 7 |- | B (4.49)
But the emitter voltage of @, is V), that is,
Vh = ti E
kT VvV, _ RTQ_ kT . V.
or, - In —& = ——ln-lﬁ— (4.50)
Ryl Ry + HI‘C q R,
or, +R]’(', i q I.I.'.'IEE I.I.'.'l ﬂf-]
g _ By V.
or, “3T o+ Fro V.= 1:1[—‘7“—] (4.51)
Changing natural log, i.e., In to log,; using Eq. (4.38) we get
_ q Erg = 0,4343 x| [_v,_) 4.52
ﬂja{a[#T][Rg+Rm)“ nf 3t (4.52)
or - KV, = logyg [E':]
V.
or, Tf":;_ 10KV
ar, V, = Vi (10-K%) (4.53)
= 9\ _Brc
where K 0'4343(.&'?][133 " H‘l‘ﬁ] (4.54)

Hence an increase of input by one volt causes the output to decrease
by a decade. The 755 log/antilog amplifier IC chip is available as a
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functional module which may require some external components also
to be connected to it.

4.9 MULTIPLIER AND DIVIDER
Multipiier

There are a number of applications of analog multiplier such as
frequency doubling, frequency shifting, phase angle detection, real
power computation, multiplying two signals, dividing and squaring of
signals. A basic multiplier schematic symbol is shown in Fig. 4.20 (a).
Two signal inputs (v, and v,) are provided. The output is the product
of the two inputs divided by a reference voltage V.

v, = =2 (4.55)
1"'Ir:l"ul'
+15 -1T’N-
v v
'h':_q X 4
X T
"l"rp_ W t
GND v,V

'

Fig. 4.20 (a) Multipler schematic symbol
Normally, V. is internally set to 10 volts. So,

U, = i‘;ﬁ-
As long as

Uy < Vigr
and vy < Vigr

the output of the multiplier will not saturate.

If both inputs are positive, the IC is said to be a one quadrant
multiplier. A two quadrant multiplier will function properly if one
input is held positive and the other is allowed to swing both positive
and negative, If both inputs may be either positive or negative, the IC
is called a four quadrant multiplier.

There can be several ways to make a circuit which will multiply
according to Eq. (4.55). One commonly used technigue is log-antilog
method. The log-antilog method relies on the mathematical relationship
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that the sum of the logarithm of two numbers equals the logarithm
of the product of those numbers.

Inv, +Inv =In (v, v) i(4.56)

Figure 4.20 (b) is a block diagram of a log-antilog multiplier IC, Log
-amps require the input and reference voltages to be of the same
polarity. This restricts log-antilog multipliers to one quadrant opera-
tion. A technigque that provides four quadrant multiplication is
transconductance multiplier. Some of the multiplier IC chips avail-
able are AD533 and AD534. We now discuss two applications of
multiplier 1C.

in v
¥y O—— Log Amp

g

g

E

v, 0—— Log Amp =y H'H_'H"'u"]

Fig. 4.20 (b) Block diagram of a log-antilog

Fregquency Doubling

The multiplication of two sine waves of the same frequency, but of
possibly different amplitudes and phase allows to double a frequency
and to directly measure real power. Let

v, = V, sin of (4.57)
Uy = F._.. sin (of + 8) (4.58)

where 6 is the phase difference between the two signals. Applying
these two signals to the inputs of a four gquadrant multiplier will yield
an output as,

o = V, sin wt V, sin (wf + 8)

0 Vi (4.54)

Uy = Msin i {sin wi cos B + 5in B cos o)
ref

= %Fl[ginﬂmmaﬂwsin 8 sin of cos wf)
ref

2 2

But sin“a=1-cos" a

and cosca = 2 cos® a—1
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But, ainamu={—;~]sinzn

Hence, uu=ﬂ(umﬂ-mﬂm2uﬂ+ninﬂain2ﬂ)
2V o
ar, U.=H1mﬂ+ﬂl{sinﬂsin2mt-mﬂmaﬂm} (4.61)
2V, " DV

The first term is a DC and is set by the magnitude of the signals
and their phase difference. The second term varies with time, but at
twice the frequency of the inputs (2m).

Divider

Division, the complement of multiplication, can be accomplished by
placing the multiplier circuit element in the op-amp’s feedback loop.
The output voltage from the divider in Fig. 4.20 (c) with input signals
v, and v, as dividend and divisor respectively, is given by

v, = = Vit 2 (4.62)
Uy

The result can be derived as follows. The op-amp's inverting terminal
is at virtual ground. Therefore,

L=1, (4.63)
=4
and L=3 (4.64)

The output voltage V, of the multiplier is determined by the
multiplication of v, and v,

Uy by 1 U
Vi=—~L=X o 4.65
L P T (4.65)
Again Va=-1,R
80, I,=-VJR=-—xls (4.66)



186 Linear Integrated Circuils

o
JIIF_I: ——i

Fig. 4.20 (c) Multiplier IC configured as divider

As, I, =1,
s0, I =_ Yb%
VR
From Eq. (4.64), wt get
v, = L.R=-x'%
Vier
or, Uy = — Vigp = {(4.87)
Ty

Divigion by zero is, of course, prohibited. Multiplier IC can be used
for squaring a signal. Similarly, divider circuit can be used to take the
square root of a signal.

4.10 DIFFERENTIATOR

One of the simplest of the op-amp circuits that contain capacitor is
the differentiating amplifier, or differentiator. As the name suggests,
the circuit performs the mathematical operation of differentiation,
that is, the output waveform is the derivative of input waveform. A
differentiator circuit is shown in Fig. 4.21 (a).

Analysis

The node N 1s at virtual ground potential Le., vy = 0. The current i.
through the capacitor is,



Hidden page



Hidden page



Hidden page



Hidden page



Hidden page



Hidden page



Hidden page



Hidden page



Hidden page



Hidden page



Hidden page



Hidden page



Hidden page



200 Linear Integrated Circuils

Example 4.7

For the circuit shown in Fig. 4.27 if the input is a constant V, show
that the output v, (f) is given by a differential equation.

Solution

The transfer gain of the circuit is,

Ry+ R, .n_"aC'

Vols) _ _2Z;_ ' Ry+1/sC
Vi (s) R, R,
_ (R;+ Ry +sCRy Ry !
R, (1+sCRy) 481
z'.i-.
n,
C
— AN~
Py
o=
'I H1 —-ﬂ""n
+
=

Fig. 4.27 Circuit for Example 4.7
or, R (1+sC Ry V,(s)+[(Ry; + Ry +sC RyRy] Vi(s) = 0 (4.92)

Writing Eq. (4.92) in time domain [; _}%J, we get

RL[1+CR3%)L5{I]+|:{R3+HS}+CRER3 %]ui{t} =0 (499

Since () =V
Therefore, duéf” =0
duv

Hence CR, REEE'?-+ Ryu,+(Ry+ RV =0

dv, v, V R -
or, C—24—ty 4+ —2 V=0 (4.94)
dt "R, R, R.R,
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Example 4.8

Figure 4.28 shows a non-inverting integrator. Show that v, = ﬁ jui dt.

Solution
The voltage at the (+) input terminal of the op-amp due to the potential
divider is,
Vi+) = _]Iil_ﬂc r 4.9
(+) R+],.I’3C’“{E] (4.95)
The ocutput voltage V (s) for the non-inverting amplifier is

V,is) = [1 + yig) Vi+)

1
sRC

Hence in time-domain, we get,

Vi(s) (4.96)

U, = %J‘l{:ﬂ

Note that there is no phase inversion in a non-inverting integrator.

@y = éhrldi

pay
a

Fig. 4.28 Noninverting integrator circuit

4.12 ELECTRONIC ANALOG COMPUTATION

An analog computer performs linear operations such as raultiplication
by a constant, addition, subtraction and integration. Since these oper-
ations are sufficient for the solution of linear differential equation, it
is possible to connect the various modules of an analog computer for
obtaining the solution of differential equation.

We have already discussed the building blocks of the analog
computer, that is, op-amp used as inverter, scale changer, summer,
integrator, summing integrator etc. Potentiometer is widely used in
analog computer to multiply voltages by a constant less than unity.
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The symbolic representation of a summer, potentiometer and summing
integrator is shown in Fig. 4.29 (a, b, c).

M0 1M
"l" : "'ll""l'-".' .:!.'r‘!'-'r"

T — Vg G |
/ g Va1
V3 g Yo
? (a) = (v, +yy+ 10wy}
I H e
‘rnl!'ll'i.l-l:'l Y
J_- "i"‘ — 3*' 1\-1"; Yo !1"1
T 7T 5 (b)

:—-—um.—-—--fhir—— 03

ic) vg= itl!'[""ﬁ *10v;+v3)di-3

Fig. 4.29 (a) Summer and fts symbolic representation (b) Potentiometer and
its symbal. () Summing integrator and its symbol

Let us now see how an analog computer can be used to solve a
second order differential equation given as,

d?y dy
—=+5.4 +0.58 vy = ultf 4.97
T 57 y = ult) (4.97)
with initial conditions,
0)=-48and | -50)=
y (0) 3t L0 ¥(0)=2.3

Rewrite Eq. (4.97) by keeping the highest order derivative on the
left hand side and taking all other terms to the right side as

¥=-545-058y+ult) (4.98)

Assuming ¥ is available, it may be successively integrated to obtain
y and y as shown in Fig. 4.30 (a). At the output of amplifier 4, i.e.
point B, we obtain the sum

~5.4y-0.38y +u(t)
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3573. The 3573 is desigred to deliver 100W peak or 40W continuous
output power and can be used to drive dc and ac motors, electronic
valves and push-pull solenoids.

4.14 OPERATIONAL TRANSCONDUCTANCE AMPLIFIER (OTA)

In Sec. 4.5, we have discussed the use of 741 op-amp as a voltage to
current converter. A voltage to current converter is an amplifier which
produces an output current proportional to an input voltage. The
constant of proportionality is the transconductance of the amplifier
and therefore such amplifiers are also known as transconductance
amplifier. Due to wide applications, specially designed single chip
transconductance amplifiers are available, called, operational trans-
conductance amplifier (OTA). The symbolic representation of an OTA
is shown in Fig. 4.37 (a). An OTA is a voltage-input, current-output
device such that

In = Bm Vin = Em {Vl - Vg] {‘L]ﬂﬂ

Fig. 4.37 (a) Symbol for OTA

where g is the transconductance, or gain of the OTA. The unique
feature of an OTA is that it is possible to vary g, over a wide range
by means of an external control current. OTAs are used to implement
programmable amplifiers and integrators in audio processing and
electronic music synthesis. They are also used as current switches in
sample-and-hold applications. Another important application of OTA
using VLSI technique is in Neural networks. Popular OTAs are the
CA3080 (RCA), the LMI 3600/700 (National Semiconductor) and the
NE 5517 (Signetics).

The simplified internal circuit diagram of an OTA is shown in Fig.
4.37 (b). Transistors @, and €, form a differential pair. Current mirror
;- Q, accepts the control current I, which can be adjusted h:.r an
external resistance R_, and control vnltagﬂ V.. Due to current mirror
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@y — @, we get I, = [.. The current [, is divided at the emitters of @,
and §,. Thus
I+ I, =1,

S a———)

Yio M hd ll,-l1
[ by
"i’.II:-".i'I--"nI’I l t Hn Hq_
"III ﬂ: 1 l Aw\ﬂ_
lg=l, l ho=le=la =
e Fon ‘I‘-I:
O—AMAM
—

: Q, 9, Qy _an

Ve
Fig. 4.37 (b) Simplified internal diagram of OTA

Current mirror @; — @ duplicates I, to yield Iy = I,. The current
I, is in turn duplicated by current mirror @y — @,, to produce I}, = I
= I,. Similarly, current mirror @, — @, duplicates I, to yield Iy = I,. By
KCL, we have,

I,=I;-1,=1 -1 (4.108)
Hence, the voltage gain A, can be writien as
Yo LR
A, AT Em RL (4.109)
The transconductance g, can be caleulated as
I = I, MW (4.110)
and
I, = I, €%/ (4.111)

where, I, = reverse saturation current of transistor §,, &, assumed to
be equal and, V; = volts equivalent of temperature

Now I.=1,+1,=1 [e"""'w'-" + :FNWT] (4.112)
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_ I,
or, I, = T, T (4.113)
I_eM/Vr
Eﬂ-, .r]_ = El"'II'IFT N EF!I'IF'I' {4.114}
Vo/Ve
and = — e (4.115)

,E""Iun""r + EVEWT

El"u"'l-"'r T

Hence I,-1, =1 i, T (4.1186)

g
Multiplying both the numerator and denominator by ¢ #

Eq. (4.116) can be expressed in terms of voltage difference (V, - V5)
as,

v-¥y  _W-¥
e 2V _ o 2%
IE=I.'I-IE= I{ ir’-lr" _.‘,.- +l',-" {4-11?}
e 1M 4 o W
= [, tanh [5'_”1] (4.118)
2Vq

A plot of output current I, as a function of (V; - V,) is shown in Fig,
4.38. A transconductance amplifier basically computes a tan-hyperbolic.
It operates linearly for a very small range of inputs and smoothly
transits to saturation. The transconductance 1s given by

al,
0 Via

S5 I‘:
2Vy

(4.119)

]

with theassumption that for small V, - V; ; tanh Vi-V | W-V
2V; 2V;

Then the voltage gain A, is,

A, =g R = %—% (4.120)

Thus the voltage gain of the OTA circuit can be externally controlled
by the control current [.
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0.5V

L L L L L L L L Ty e

w 1
1
I
I
-0.5V-
l
!
I
=1.0% -
€.0ms 6.1ms 8.2ms 6.3ms £.4ms 8.5ms 6.6ms
O V(B) OV(5) Time
Fig. C 4.2 (c) Input and output waveforms of a practical differentiator
Experiment 4.3
To demonstrate the operation of a Lossy Integrator
Design Aspects

Fig. E. 4.3 (a) shows a lossy integrator designed in Example 4.4.
The resistor R, (100 k) is connected across the 0.01 pF capacitor
to prevent the amplifier from saturation due to the presence of any de
offset in the input.
Choose R(C; = period of the signal to be integrated = 1/f, and R, =
10 R,.

100kE2 (R)

WA\
0.01uF

I 1
©)

LR

—O

Fig. E. 4.3 (a) A Lossy integrator
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Comparators and Waveform
Generators

5.1 INTRODUCTION

An operational amplifier in the open-loop configuration operates in a
non-linear manner. There are a number of applications of op-amp in
this mode, such as, comparators, detectors, limiters and digital inter-
facing devices namely converters. In this chapter, we shall discuss
comparator and its applications.

5.2 COMPARATOR

A comparator is a circuit which compares a signal voltage applied at
one input of an op-amp with a known reference voltage at the other
input. It is basically an open-loop op-amp with output + V,, (= Vo)
as shown in the ideal transfer characteristics of Fig. 5.1 (a). However,
a commercial op-amp has the transfer characteristics of Fig. 5.1 (b).

ik Yo ‘
W
0=
— L
0 (VW ) 0 1 2 '_-.,,I.i:';]. mv
—_ eV, -10
(a) (&)

Fig. 5.1 The transfer characteristics (2) ideal comparator
(b) practical comparator
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It may be seen that the change in the output state takes place with
an increment in input v; of only 2 mV. This is the uncertainty region
where output cannot be directly defined. There are basically two types
of comparators:

Non-inverting comparator

Inverting comparator.

The circuit of Fig. 5.2 (a) is called a non-inverting comparator. A
fixed reference voltage Vi is applied to (-) input and a time varying

=
-

L
2d 5

— v — ——
T — i — — —
T R S———— —

ﬂt
Jﬂ-'—'q-_ — — ——

L/ .
| |
I
+".||'- I -
v -
i
LTI T
(b}
¥ et
("' W R
v y
[P T TP —1
v 10K

(d)

Fig. 5.2 {a) Non-inverting comparator. Input and output waveforms for (b) ¥
positive {c} ., negative (d) Practical noninverting comparator
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signal v, is applied to (+) input. The output voltage is at —V,, for v,
< V. And u, goes to + V,,, for v, > V. The output waveform for a
sinusoidal input signal applied to the (+) input is shown in Fig. 5.2 (b
and c) for positive and negative V,; respectively.

In a practical circuit V,;is obtained by usging a 10 k potentiometer
which forms a voltage divider with the supply voltages V+ and V-
with the wiper connected to (-) input terminal as shown in Fig. 5.2 (d).
Thus a V; of desired amplitude and polarity can be obtained by
simply adjusting the 10 kf) potentiometer.

Figure 5.3 (a) shows a practical inverting comparator in which the
reference voltage V, is applied to the (+) input and v, is applied to
(=) input. For a sinusoidal input signal, the output waveform is shown
in Fig. 5.3 (b) and (c) for Vi, positive and negative respectively.

Qutput voltage levels independent of power supply voltages can
also be obtained by using a resistor K and two back to back zener
diodes at the output of op-amp as shown in Fig. 5:3 (d). The value of
resistance R is chosen so the zener diodes operate at the recommended
current. It can be seen that the limiting voltages of v, are (Vg + V)
and — (Vg + Vp) where Vp (~ 0.7 V) is the diode forward voltage.

In the waveforms of Figs. 5.2 and 5.3, the output transitions are
shown as taking place instantaneously. Practical circuits, however,
take a certain amount of time to switch from one voltage level to
another. The actual waveform will therefore exhibit slanted edges as
well as delays at the points of input threshold crossing. These effects
are more noticeable at high frequencies where the output switching
times are comparable or even longer than the input period itself. Thus
there is an upper limit to the operating frequency of any comparator.

If 741, the internally compensated op-amp is used as comparator,
the primary limitation is the slew rate. Since 741C has slew rate
equal to 0.5 V/us, it takes 2 x 13/0.5 = 50 us (V,, = £ 13V for 741) to
swing from one saturation level to the other. In many applications,
this is too long. To increase the response time, it is possible to use
uncompensated op-amps such as 301, for comparator applications.

Although uncompensated op-amps make faster comparators than
compensated op-amps, there are applications where even higher speeds
are required. Also, for interfacing, it is often desired that the output
logic levels be compatible with standard logic families such as TTL,
CMOS, ECL. To accomodate these needs, monolithic voltage
comparators are available. Some of the comparator chips available
are the Fairchild pA 710 and 760, the National LM 111, 160 and 311.
The response time for 311 is 200 ns whereas 710 is a high speed
comparator with a response time of 40 ns. CMOS comparators are
also available. Some examples are TLC 372 dual, TLC 374 quad (Texas
Instruments), MC 14574 quad (Motorola).
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R
10k0) ~
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Fig. 5.3 (a) Inverting comparator. Input and output waveforms (b) ¥, > 0
{c) ¥. < 0 (d) Comparator with zener diode at the output
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5.2.1 Applications of Comparator

Some important applications of comparator are:

Zero crossing detector
Window detector

Time marker generator
Phase meter.

Zero Crossing Detector

The basic comparators of Fig. 5.2 (a) and 5.3 (a) can be used as a zero
crossing detector provided that Vi, is set to zero. An inverting zero-
crossing detector is shown in Fig. 5.4 (a) and the output waveform for
a sinusoidal input signal is shown in Fig. 5.4 (b). The circuit is also
called a sine to square wave generator.

"

)
| AN/ '

4
I

i
i
i I
W I |
' |
v 1+ 'i"gl | | 1
= . a A _
-
vﬂ -*\I'_ ]
@) i)
Fig. 5.4 (a) Zero crossing detector (b) Input and output waveforms
Window Detector

Sometimes one may like to mark the instant at which an unknown
input is between two threshold levels. This can be achieved by a
circuit called window detector. Figure 5.5 shows a three level detector
with indicator circuit. There are three indicators: Yellow (LED 3) for
input too low (< 3V), Green (LED 2) for safe input (3 — 6V) and Red
(LED 1) for high input (> 6V). They are turned on and off as indicated
in Table 5.1.

Table 5.1 Three level comparator LED specifications

Inpit (volts) Yelow LED 3 Green LED 2 Red LED 1
Less than 3V On off Off
Bebween 3V and 6V Off On Off
Greater than 6V Off OfF On
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positive pulses of spacing T and may be used for triggering the
monoshots, SCR, sweep voltage of CRT ete.

Phase Detector

The phase angle between two voltages can also be measured using the
eircuit of Fig. 5.6 (a). Both voltages are converted into spikes and the
time interval between the pulse spikes of one input and that of the
other is measured. The time interval is proportional to the phase
difference. One can measure phase angles from 0° to 360° with such
a circuit.

Example 5.1
(a) For the comparator shown in Fig. 5.7 (a) plot the transfer curve
if the op-amp is an ideal one and V;, = V,, = 9V,
(b) Repeat part (a) if the open loop gain of op-amp is 50,000,

Solution

(a) Since Agy = =, even a small positive or negative voltage at the
input drives the output to + Vi,,. This causes V;, or Vi, to break
down, giving output voltage v, = % (Vy + Vp) = £ 9.7 V. The
transfer curve is shown in Fig. 5.7 (b).

&V,
8.1V

2.7V

(b) {c)

Fig. 5.7 (a} Circuit of Example 5.1 (b) Transfer curve for Example 5.1 (a).
(c) Transfer curve for Example 5.1 (b)

(b) Now Ay = 50,000, so Ay, = f— = 0.194 mV. The zeners break
L
down after + 0.194 mV as shown in the transfer curve of Fig.

8.7 (c).

5.3 REGENERATIVE COMPARATOR (SCHMITT TRIGGER)

If positive feedback 1s added to the comparator circuit, gain can be
increased greatly. Consequently, the transfer curve of comparator

becomes more close to ideal curve. Theoretically, if the loop gain
—BAg;, is adjusted to unity, then the gain with feedback, Ay, becomes
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infinite. This results in an abrupt (zero rise time) transition between
the extreme values of output voltage. In practical eircuits, however, it
may not be possible to maintain loop-gain exactly equal to unity for
a long time because of supply voltage and temperature variations. So
a value greater than unity is chosen. This also gives an output wave-
form wvirtually discontinuous at the comparison voltage. This circuit,
however, now exhibits a phenomenon called hysteresis or backlash.

Figure 5.8 {(a) shows such a regenerative comparator. The circuit is
also known as Schmitt Trigger. The input voltage is applied to the
(=) input terminal and feedback voltage to the (+) input terminal. The
input voltage v, triggers the output v, every time it exceeds certain
voltage levels. These voltage levels are called upper threshold voltage
(Viyp) and lower threshold voltage (Vi ;). The hysteresis width is the
difference between these two threshold voltages i.e. Vi;p - Vi1. These
threshold voltages are calculated as follows.

Suppose the output v, = + V,,. The voltage at (+) input terminal
will be

Vier +FR+IR_,W“' = Viet) = Vir (5.1)

This voltage is called upper threshold voltage Vi As long as v, is
less than Vi, the output v, remains constant at + V.. When v, is just
greater than Vi, the output regeneratively switches to -V, and
remains at this level as long as v, > Vj;p as shown in Fig. 5.8 (b).

For v, = =V, the voltage at the (+) input terminal is,

R
Fﬂ_R 2
 + Ry

This voltage is referred to as lower threshold voltage Vi;. The
input voltage v, must become lesser than V), in order to cause v, to
switch from -V, to +V,,. A regenerative transition takes place as
shown in Fig. 5.8 (¢) and the output v, returns from -V, to +V,
almost instantaneously. The complete transfer characteristics are
shown in Fig. 5.8 (d).

Note that Vi < Viyr and the difference between these two voltages
is the hysteresis width Vi and can be written as

= Vi — Vim = 2R Vg
Vi = Viyp = Vip Y (5.3)

Because of the hysteresis, the circuit triggers at a higher voltage
for increasing signals than for decreasing ones. Further, note that if
peak-to-peak input signal v, were smaller than Vy; then the Schmitt
trigger circuit, having responded at a threshold voltage by a transition
in one direction would never reset itself, that is, once the output has
jumped to, say, +V,, it would remain at this level and never return

(Ve +Veer) = Vip (5.2)
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FU'I':_FLT:M-'E

R]. +H=

If an input sinusoid of frequency f = U/T is applied to such a
comparator, a symmetrical square wave is obtained at the output. The
vertical edge of the output waveform however will not occur at the
time the sine wave passes through zero [Fig. 5.8 (f)] but is shifted in
phase by 8 where sin 8 = Vi/V_ and V, is the peak sinusocidal voltage.

i
Fig. 5.8 (f) Shift 6 in the output waveform for ¥y = =I5

Special purpose Schmitt triggers are commercially available. T1-
13, T1-14 and T1-132 chips with totem pole output and Vi;p = 1.7V,
Vir = 0.9V are available. The T1-132 package is a quad two-input
NAND Schmitt trigger. CMOS Schmitt triggers offer the advantage of
high input impedance and low power consumption. Examples of CMOBS
inverting Schmitt trigger are the CD40106B and 744C14.

Example 5.2

In the circuit of Schmitt trigger of Fig. 5.8 (a), K, = 100 Q, R, = 50 k2,
Viet = OV, y; = 1V}, (peak-to-peak) sine wave and saturation voltage
= + 14V, Determine threshold voltages Vyp and Viq.

Solution
From Eqs. (5.1) and (5.2)
100
Vir = 14 =28 mV
UT = 50100 m
100

Vir = x(-14) = -28 mV
LT !H}lﬂﬂ{ ) m
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Example 5.3

A Schmitt trigger with the upper threshold level Vi;r = OV and
hysteresis width Vy = 0.2V converts a 1 kHz sine wave of amplitude
4V__ into a square wave. Calculate the time duration of the negative
and positive portion of the output waveform.

Solution
Vip = 0
Vg=Vyp-Vip =02V
So, VL‘T‘ -02V

In Fig. 5.9, the angle 0 can be calculated as
-02=V_ sin(n+0)=-V_,sin8=-2gn8o
® = arc gin 0.1 = 0.1 radian
The period, T = 1/f = 1/1000 = 1 ms
wly = 2r (1000) T, = 0.1
Ty = (0.1/2 x) ms = 0.016 ms

So, T, = T/2 + Ty = 0.516 ms
and T,=T2 - Ty = 0.484 ms
Vi &
w:/\
+ t
R
Voh Tgle- :
0 — T,—OL_ 7_.[ t
T

Fig. 5.9 Circuit for Example 5.3

5.4 SQUARE WAVE GENERATOR (ASTABLE MULTIVIBRATOR)

A simple op-amp square wave generator is shown in Fig. 5.10 (a). Also
called a free running oscillator, the principle of generation of square
wave output is to force an op-amp to operate in the saturation region.
In Fig. 5.10 (a) fraction p = R,/(R; + R,) of the output is fed back to
the (+) input terminal. Thus the reference voltage V,,; is v, and may
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At t = T, voltage across the capacitor reaches pV,,, and switching
takes place, Therefore,
U(T)) = PVige = Viar = Vi (1 + P TRE  (5.6)

After algebraic manipulation, we get,

T, = RCln _E:*_fﬂ (5.7)
This give only one half of the period.
Total time period

T=2T, = zncm:—"E (5.8)
and the output wave form is symmetrical.

If R, = R;, then p = 0.5, and T = 2RC In 3. And for R, = 1.16R,,
it can be seen that T = 2 RC

1
o fo= 3R
The output swings from + V,, to - V|, so,
v, peak-to-peak = 2 V, (5.9)

The peak to peak output amplitude can be varied by varying the
power supply voltage. However, a better technique is to use back to
back zener diodes as shown in Fig. 5.10 (c). The output voltage is
regulated to £ (V; + V) by the zener diodes.

v, peak-to-peak = 2 (V; + Vp) (5.10)
Resistor R, limits the currents drawn from the op-amp to,

1 =Yau=Vg 5.11
st i (5.11)

This circuit works reasonably well at audio frequencies. At higher
frequencies, however, slew-rate of the op-amp limits the slope of the
output square wave.

If an asymmetric square wave is desired, then zener diodes with
different break down voltages V3, and V;; may be used. Then the
output is either V,, or V,;, where V; = Vi, + Vp and V; = Vg + Vi,
It can be easily shown that the positive section is given by,

T, = RC In Hﬁlﬂgﬂn (5.12)

The duration of negative section T, will be the same as given by
Eq. (5.12) with V,; and V; interchanged.
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11 i

R,
Sy

.
\7

Fig. 5.16 (a) Wien bridge oscillator (b) practical Wien bridge oscillator with
adaptive negative feedback

of the amplifier which in turn lowers the output amplitude. Hence
sustained oscillations can be obtained. Further, if the output signal
falls, the diodes would begin to turn-off thereby increasing R, which
in turn increases gain.

Summary

1. A comparator is an open loop op-amp with analog inputs and a
digital output (+ Vi, = V).

2. Reduced output voltage levels can be obtained by using back-to-
back zener diodes at the output.

. Zerg crossing detector is a comparator with V= 0.

. A window detector determines when an unknown input is
between two threshold levels.

. Schmitt trigger 1s a comparator with positive feedback.

In Schmitt trigger, the input voltage triggers the output every

time it exceeds certain voltage levels called upper threshold Vi

and lower threshold Vig.

o Qo

=t =
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PROBLEMS
5.1. Draw the input and output waveforms of the op-amp shown in
Fig. P. 5.1.
m‘%l"’j
rLm.s

Fig. F. 5.1

5.2. Draw output of the op-amp shown in Fig. P. 5.2. (a) for given v,
as in Fig. P. 5.2, (b) when (1) V, = 0 (ii) V| = 4V,

bV
+5V

cf - //,.;

¥ {a) &)
Fig. P. 5.2 (a) & (b)

5.3. For the circuit shown in Fig. P. 5.3., what is the condition of
each of the LEDs for () vy =1V (1) vy, = 2V,

+oV

2.5V o————
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5.4.

5.5.

5.6.

a.7.

5.8.

9.9.

5.10.

For the circuit shown in Fig. P. 5.4, calculate the trigger points
if supply voltage V =+ 12 V. Plot the output voltage v, vs { if
v; is a 100 Hz triangular wave of magnitude + 10V,

\T:"”’

- O

o §o0
vizy) § 1ok

4. Tk}

Fig. P. 5.4

In the circuit of Fig. 5.7 (a) v, = 100 mV peak sine wave at
100 Hz, R=1kQ and Vy, = V3, = 6.2V and the op-amp is a 741
with supply voltages = £ 12 V. Draw the output waveform.
For the circuit shown in Fig. P.5.6, v, = 500 mV peak 100 Hz
sine wave, R=1000, V=62V, V;=0.7V and supply voltages
= + 15 V. Determine the output voltage swing and draw the
output waveform.

>
Vi
fﬁm

Fig. P. 5.6

In a Schmitt Trigger of Fig. 5.8 (a) hysteresis of 0.1 V is desired.

Caleulate Vi, V. and R, if Viyp = V5 Agy = 100,000 and loop

gain is 1000 and R, = 1 k.

The Schmitt Trigger of Fig. 5.8 (a) uses 9V zener diodes. Calculate

RyRyand Vi, if Vp =07V, Vyir=0and V43 =02V,

(a) In the Schmitt trigger of Fig. 5.8 (a), v,=8V, Vyy =4V and
FLT =3 V. Calculate RIJIRE and Vﬁ.

(b) Calculate the value of V,; so that V| is negative.

(¢} Caleulate V; for Viyp = -Vip.

For the non-inverting Schmitt comparator circuit shown in Fig.

P. 5.10, calculate the threshold levels Viyp and Vi and the
hysteresis Vy.
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Fig. P. 5.10

5.11. In the square wave oscillator of Fig. 5.10 (a) calculate the
frequency of oscillation if R, = 10 kQ, R, = 11.6 k2, R = 100 k0,
C = 0,01 pF.

5.12. Design a square wave oscillator for f = 1 kHz. The op-amp is a
741 with supply voltages + 15 V.

5.13. Design a monostable multivibrator with trigger pulse shaping
which will drive a LED on for 0.5 second each time it is pulsed.

Experiment 5.1

(a) To study the operation of 741 op-amp as a comparator.
(b) To design a Schmitt trigger for Viip = + 0.5V and Vj; = - 0.5V
and show its use for generating a square wave output.

{a) Comparator
Procedure

1. Connect the circuit shown in Fig. E. 5.1 (a) and adjust the 10 k{2
potentiometer so that Vi, = +0.5V.

2. Adjust the signal generator so that v, =2V pp sine wave at 1 kHz.

3. Using a CRO observe the input and output waveform simulta-
neously. Plot the output waveform,

4. Adjust the 10 kQQ potentiometer so that V,, = — 0.5V. Repeat
step 3.

5. To make a zero crossing detector, set V,; = OV and observe the
output waveforms.

(B) Schmitt Trigger
Design: [n Fig. E. 5.1 (b)
R

S e
vm R-l + R2 Vnt
R
and Vir = == (-Vu)

R, + R,
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For 741, with supply voltages = + 15V, the saturation voltage + V,,
=+ 14 V.

R
So, BV = —2 Y
0.5 R+R (14V)
Gr. Rl = 27 Raz
Choose, R, =1kQ
So, R, = 27 kQ (take a 50 kQ pot)

C;SIE'H'
R=R,IIA, (2)
#—*ME:———\u;L @ .
o [ ks wﬁ;ﬂm

®

IN 750
: \fr-;?...'-‘h"

!
© <+
= =

Ry (1ka)
)

Fig. E. 5.1 (a) Comparator (b) Schmitt trigger

Procedure

1. Connect the circuit of Fig. 5.1(b) with the values obtained in the
design. Please note than Fig. E. 5.1(b) has been numbered for
PSPICE simulation given in Computer program 5.1.

2. Adjust the signal generator so that v, =2V pp sine wave at 1 kHz.

. Plot the input and output waveforms.

4. Connect two zener diodes (IN 750, V, = 7.5 V) at the output and
find value of R, to get the same values of Viyp and Vi

Computer Program 5.1 (Schmitt Trigger)

Fig. E. 5.1. (b) has been numbered for PSPICE simulation and its
listing 18 shown below. The input and output waveforms have been
shown in Fig. C. 5.1 (a) and (b) for (i) without zener diodes (ii) with
zener diodes

i
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Design equations and component values:
{a) Phase shift oscillator:

In Fig. 5.15,

fo

_ 1

=5 7ec W R22R

Choose C = (.1 uF,

Then

R

~ 1
2x (500) (¥6) (10°7)

= 1.3 k€2 (use 1.5 ki)

To prevent loading, K, 2 10 K
Therefore, take R, = 10 R = 15 ki)
R, =290 R, = 29 x 15 kQ

—_—
—_—

435 kQ

(Use R, = 500 k2 potentiometer)
(b} Wien bridge oscillator:

In Fig. 5.16(a),

1

fo= gxkc *nd Re=2R,

Choose C = 0.05 mF

So, R

Take R,

and R;
Procedure

1
2 (1000)(0.05 x 107%) 31kQ

10R = 30 kQ
2R, = 60 kQ (Use 100 kQ pot)

1. Set up the Phase shift oscillator of Fig. 5.15 with the values
obtained in the design.

2, See the output waveform on an oscilloscope. Adjust Ry to obtain
a sine wave output.

3. Measure the frequency of oscillator and voltage amplitude.

4. Repeat steps 1, 2 and 3 for the Wien bridge oscillator.
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Table 6.1 Electrical characteristics of 7805 voltage regulator
Absolute Maximum

Input Voltage (5 V through 18 ELR')
(24 V) 0V

Internal Power Dissipation Internally limited
Storage Temperature Range =65°C to + 150°C
Operating Juncticn

Temperature Range

WATB00 -5%°C to + 150°C

wATB00C 0°C to + 125°C

7805C

Electrical Characteristics by = 10 V, [y = 500 mA, 0°C < T, < 1235°C, Gy = 0.33uF,
Cour = 0.1 wF, unless otherwise specified.

Characteristic Condition Min Typ Max Unit
Output Voltage T = 25°C 48 50 52 v
IV KysV 3 100 mv
Line Regulation T = 25°C
BV ¥ysi2v 1L 50 mv
SmAs LyslSA 15 100 mv
Load Regulathon ?;-M
250 mA £ Ly 5 7S0mMA 5 S0 mv
IV Myc20V
Output voitage SmA S by s 10A 4.75 525 W
Pz 15 W
Quiescent Current T, = 25°C 42 8.0 mA
with line 7V < K, <25V 1.3 mA
Quiescent Current
Change with load S mA < L < 1.0 A 0.5 mA
Output Moise Voltage T, =25C 10 He = 1< 100 kHz 40 W
Ripple Rejection f=120H, BV Ky=18V 62 7B dB
Dropout Voltage byr = 10 A, T = 25°C 2.0 W
Output Resistance F=1kHz 17 mikl
Short-Circuit Current Fi=25% Wy=35V 750 A
Peak Output Current T = 25°C 2.2
Average Temperature byr = S mA, 0°C < ) < 125°C 11 mv/*C
coefficent of output voltage
Metal Can Package
Auminum

Output Plastic Package
GND
w
4 GHID P GHD
1"!‘_
Top View

Pt Botom View
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1
o Input, V,,

i SRS R e et e e e
e el e ce| e 5
b i " = £ 2 'y
A o T i
i, S

e e e e .:{{K ‘--ﬁ--ﬁ-ﬁ-#’&'%’:}#"‘--" e

daid
DIFF AMP

Fig. 6.3 Schematic diagram for MC 7800C series monolithic regulator

The monolithic regulator has in-built circuitry enclosed in the solid
line to provide:

Owver-current protection.

Thermal overload protection.

Current is limited by R;, R, and transistor @,. If the output voltage
goes low due to overload, the excess voltage appears across the pass
element (@ @), that is, across the collector emitter of @”. When this
voltage is more than the break-down voltage of the zener diode D,, it
starts conducting. This pmﬂd&s sufficient base current to transistor
@, and drives it on. Now, because of the collector current of @, when
fully on, current flowing to the base of @' is reduced. This in turn
reduces the conduction of @”. Thus the volt-ampere product of the
pass element (@ @) 15 limited.

The thermal overload protection is provided by the resistor R; and
transistor @;. The voltage drop across resistor Ry is directly applied
to the base-emitter of §,. When the temperature goes high, @, conducts
more, thereby reducing the base drive of @'Q" combination. This
provides thermal protection.
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Current Source

The three terminal fixed voltage regulator can be used as a current
source. Figure 6.4(a) shows the circuit where 7805 has been wired to
supply a current of 1 ampere to a 10 £, 10 watt load.

I=1Iy+ I (6.2)

where I, is the quiescent current and is about 4.2 mA for 7805. (See
Table 6.1)

L=24] (6.3)
R
Since I = 1A, l’}g ~ 1A (Iq << Iy) (6.4)
Also Vi = 5V (Voltage between terminal 2 and 3)
Drop out voltage
Vi Vg2V
Input, V
Pl N 7805 gy
! GND
3
== G —°
= (@
I
Rigliy, g Ven
e a3
b
N 7805 OUT|——a—o
GND A

o MI*“
4

® B

Fig. 6.4 (a) IC 7805 as a current source
(b} Boosting a three terminal regulator
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Solution

Load = 100Q
For 7805, the output voltage across the load will be 5V.

Iy, = 5V/1008 = 0.05A = 50 mA

The voltage across R, is 7Q % 50 mA = 350 mV which is less than
0.7V. Hence &, is off.

So, I =1,=1I =50 mA
and I.=0
Load = 5Q

I = 5V/50Q = 1A

Assume that the entire current comes through regulator and that
&, is off. Now the voltage drop across R, is equal to TQ2 x 1A = TV,
Thus our assumption is wrong and €, is on. Putting the values in Eq.
(6.10), it can be found that

I, = 196 mA
I. = 904 mA
Load = 1Q
I, = 5V/1Q = 5A
Here also @, is on. Solving Eq. (6.10) for I,, we get
I, = 446 mA
80, I.=455A

Fixed Regulator used as Adjustable Regulator
In the laboratory, one may need variable regulated voltages or a

voltage that 1s not available as standard fixed voltage regulator. This
can be achieved by uging a fixed three terminal regulator as shown
in Fig. 6.5. Note that the ground (GND) terminal of the fixed three
terminal regulator is floating. The output voltage

V,=WVg + Vi,

= Vg + (lg + I, Ry
= Vg + IgRy + %Re

or, V, = (1 + Ry/R) Vi + Ryl (6.12)

where Vp is the regulated voltage difference between the OUT and
GND terminals. The effect of I is minimized by choosing R, small
enough to minimize the term IgH,. The minimum output voltage is
the value of the fixed voltage available from the regulator. The LM117,
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properly, both diodes will be reverse biased and will no longer have
any effect on the circuit.

=]

w
n LM340-15 . y
ATV | 1 2 JS V p =+15V
Dﬁ-

Reclifier
iL
1

L7

%

il

ril

ﬂl
=15V
A7V GND _T ~ zis "-I'_l

w £

Fig. 6.6 A dual voitage (£ 15V} supply

An op-amp draws less than 5 mA current, so a 100 mA supply can
be used to drive a circuit consisting of 20 op-amps. LM 325H 1s a dual
tracking + 15V supply and is available in a 10-pin metal-can package
and can furnish current upto 100 mA.

6.4 723 GENERAL PURPOSE REGULATOR

The three terminal regulators discussed earlier have the following
limitations:

1. Not short circuit protection

2. Output voltage (positive or negative) is fixed.

These limitations have been overcome in the 723 general purpose
regulator, which can be adjusted over a wide range of both positive or
negative regulated voltage. This IC is inherently low current device,
but can be boosted to provide 5 amps or more current by connecting
external components. The limitation of 723 is that it has no in-built
thermal protection. It also has no short circuit current limits.

Figure 6.7 (a) shows the functional block diagram of a 723 regulator
IC. It has two separate sections. The zener diode, a constant current
source and reference amplifier produce a fixed voltage of about 7 volts
at the terminal V_, The constant current source forces the zener to
operate at a fixed point so that the zener outputs a fixed voltage.

The other section of the IC consists of an error amplifier, a series
pass transistor ¢, and a current limit transistor @,. The error amplifier
compares a sample of the output voltage applied at the INV input
terminal to the reference voltage V; applied at the NI input terminal.
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The error signal controls the conduction of @,. These two sections are
not internally connected but the various points are brought out on the
IC package. 723 regulated IC is available in a 14-pin dual-in-line
package or 10-pin metal-can as shown in Fig. 6.7(b). The important
features and electrical characteristics are given in Table 6.2,

e Vak
o Q,
V=TV v cs
NI
o— N
INV Em>—<
s
oV 1
(a) (Sectiong) Freq. Comp
Cual-in-ine package
NC 1— ) —14 NC
Current limit 2 — — 13 Freq compensation
Current sense 3 — —12V*
Inverting input 4 — 11V,
Non-inverting input 5 — 10V,
Vo €— — 9V,
V7T —8 NG

Fig. 6.7 (a) Functional block diagram of 723 requlator
(b} Pin diagram for 14-pin DIP and 10-pin metal can
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Current Foldback

In current limiting technigue, the load current is maintained at a
present value and when overload condition occurs, the output voltage
V, drops to zero. However, if the load is short circuited, maximum
current does flow through the regulator. To protect the regulator, one
must devise a method which will limit the short circuit current and
vet allow higher currents to the load.

Current foldback is the method used for this. Figure 6.10(a) shows
the current foldback characteristic curve. As current demand increases,
the output voltage is held constant till a present current level (I,,.,)
is reached. If the current demand exceeds this level, both eutput
voltage and output current decrease. The circuit in Fig. 6.10(b) shows
the method of applying current foldback. In order to understand
the operation of the circuit, consider the circuit of Fig. 6.10(c). The
voltage at terminal CL is divided by Ry~ R, network. The current limit
transistor €, conducts only when the drop across the resistance R, is
large enough to produce a base-emitter voltage of @, to be at least

Vicaa

(a)
Ta
unreguiated -
de supply 34 Flm
10
E\;n T
cul2 Ry
R, EH
EE -
—_ INY 4
0. 9pF COMP

13

S
100pF

e 4
—_ -
-
— ]

Fig. 6.10 (a) Current fold back characteristic curve (b) A low voltage regulator
using current fold back
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0.5 V. As @, starts conducting, transistor &, begins to turn off and the
current I, decreases. This reduces the voltage V) at the emitter of @,
and also the output voltage V,. The voltage at the base of @, (CL) will
be V,R/J(R, + R,). Thus the voltage at the CL terminal drops by a
smaller amount compared to the drop in voltage at CS terminal. This
increases Vgg of @, thereby increasing the conduction of ., which in
turn reduces the conduction of @,. That is, the current I} further
reduces. This process continues till ¥V, = 0V and V| is just large enough
to keep 0.5V between CL and CS terminal. This point is I and has
been reduced by lowering both I} and V.

Fig. 6.10 (c) Current fold back (partial schematic)

Current Boosting

The maximum current that 723 IC regulator can provide 1s 140 mA.
For many applications, this is not sufficient. It is possible to boost the
current level simply by adding a boost transistor ¢, to the voltage
regulator as shown in Fig. 6.11. The collector current of the pass
transistor €, comes from the unregulated dc supply. The output current
from V, terminal drives the base of the pass transistor @,. This base
current gets muitiplied by the beta of the pass transistor, so that 723
has to provide only the base current. So,

jlEI:m.‘l = Bpl.ﬂm x Iﬂ (TEE {6-19}
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a Psc
o o 1 N
Unregulated g
de supply i2 iy
V.. ho
[+
'U'u E
2
CL 3
Cs
723 4 1
NV
COMP

1

-
100pF

Fig. 6.11 Current boosted low voltage regulator

6.5 SWITCHING REGULATOR

The regulated power supplies discussed so far are referred to as linear
voltage regulator, since the series pass transistor operates in the linear
region. The linear voltage regulator has the following limitations.

The input stepdown transformer is bulky and the most expensive
component of the linear regulated power supply mainly because of
low line frequency (50 Hz). Because of the low line frequency, large
values of filter capacitors are required to decrease the ripple. The
efficiency of a series regulator is usually very low (typically 50 percent).
The input voltage must be greater than the output voltage. The greater
the difference in input-output voltage, more will be the power dissipated
in the series pass transistor which 18 always in the active region. A
TTL system regulator (V, = 5V) when operated at 10V dc input gives
50 percent efficiency and only 25 percent for 20V dec input. Another
limitation is that in a system with one dc supply voltage (such as + 5V
for TTL) if there is need for £ 15V for op-amp operation, it may not
be economically and practically feasible to achieve this.

Switched mode power supplies overcome these difficulties. The
switching regulator, also called switched mode regulator operate in a
significantly different way from that of a conventional series regulator
circuit discussed earlier. In series regulator, the pass transistor is
operated in its linear region to provide a controlled voltage drop across
it with a steady dc current flow. Whereas, in the case of switched-
mode regulator, the pass transistor 1s used as a “controlled switch”
and is operated at either cutoff or saturated state. Hence the power
transmitted across the passe device is in discrete pulses rather than as
a steady current flow. Greater efficiency is achieved since the pass
device is operated as a low impedance switch. When the pass device
is at cutoff, there is no current and dissipates no power. Again when
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the pass device is in saturation, a negligible voltage drop appears
across it and thus dissipates only a small amount of average power,
providing maximum current to the load. In either case, the power
wasted in the pass device is very little and almost all the power is
transmitted to the load. Thus efficiency in switched mode power supply
is remarkably high—in the range of 70-90%.

Switched mode regulators rely on pulse width modulation to control
the average value of the output voltage. The average value of a
repetitive pulse waveform depends on the area under the waveform.
If the duty cycle is varied as shown in Fig. 6.12, the average value of
the voltage changes proportionally.

Vv
10
-5---— - — e — — —
0 mfv- .-
—={ on timej= 100 Wys)
=—perind
v
*v
2-5 " —— —
r
0 35¥ 100 w-thus)
v
10
1s——¢—tr-t—---
vh'
0
75 100 - ts)

Fig. 6.12 Pulse width modulation and average value

A switching power supply is shown in Fig. 6.13. The bridge rectifier
and capacitor filters are connected directly to the ac line to give
unregulated de input. The thermistor R, limits the high initial capacitor
charge current, The reference regulator is a series pass regulator of
the type shown in Fig. 6.1. Its output is a regulated reference voltage
V..t which serves as a power supply voltage for all other circuits. The
current drawn from V; is usually very small (~ 10 mA), so the power
loss in the series pass regulator does not affect the overall efficiency
of the switched mode power supply (SMPS). Transistors @, and @,
are alternately switched off and on at 20 kHz. These transistors are
either fully on (Vg . ~ 0.2V) or cut-off, so they dissipate very little
power. These transistors drive the primary of the main transformer.
The secondary is centre-tapped and full wave rectification is achieved
by diodes D, and D),. This unidirectional square wave is next filtered
through a two stage LC filter to produce output voltage V.
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The regulation of V, is achieved by the feedback circuit consisting
of a pulse-width modulator and steering logie circuit. The output voltage
V, is sampled by a R,R, divider and a fraction R,/(R,+R,) is compared
with a fixed reference voltage V,; in comparator 1. The output of this
voltage comparison amplifier is called V. and is shown in Fig. 6.14
(a). Ve 18 applied to the (=) input terminal of comparator 2 and a
triangular waveform of frequency 40 kHz (also shown in Fig. 6.14 (a))
is applied at the (+) input terminal. It may be noted that a high
frequency triangular waveform is being used to reduce the ripple. The
comparator 2 functions as a pulse width modulator and its output is
a square wave U, (Fig. 6.14 (b)) of period TYf = 40 kHz). The duty cycle
of the square wave 18 T)/(T, + T,) and varies with V.., which in
turn varies with the variation of v,. The output v, drives a steering
logic circuit shown in the dashed block. It consists of a 40 kHz oscillator
cascaded with a flip-flop to produce two complementary outputs vg
and g shown in Fig. 6.14 (d) and (e). The output vy, and vy, of AND
gates A, and A, are shown in Fig. 6.10 (f) and (g). These waveforms
are applied at the base of transistor @, and @,. Depending upon
whether transistor @, or @, is on, the waveform at the input of the
transformer will be a square wave as shown in Fig. 6.14 (h). The
rectified output vy is shown in Fig. 6.14 (i).

An inspection of Fig. 6.13 shows that the output current passes
through the power switch consisting of transistors @, and @,, inductor
having low resistance and the load. Hence using a switch with low
losses (transistor with small Vi ., and high switching speed) and a
filter with high quality factor, the conversion efficiency can easily
exceed 90%.

If there is a rise in dc output voltage V,, the voltage control V.
of the comparator 1 also rises. This changes the intersection of the
Veontret With the triangular waveform and in this case decreases the
time period T, in the waveform of Fig. 6.14 (b). This in turn decreases
the pulse width of the waveform driving the main power transformer.
Reduction in pulse width lowers the average value of the dc output V,,
Thus the initial rise in the dc output voltage V, has been nullified.

So far we have discussed the operation of the SMPS, Now we shall
be able to justify why SMPS has better efficiency than linear regulated
power supply. We have noted that very high frequency signals (about
40 kHz or more) are being applied. The transistors @, and @,
are acting as the switches and become alternately on and off at a
frequency of 20 kHz (Fig. 6.14 (a)). Again the transistor @, or @, is on
for very small duration and consumes negligibly small power since
Ver (sary (0.2V) is small. It may also be noted that the high operating
frequency used for the switching transistors allows the use of smaller
transformers, capacitors and inductors. This allows a decrease in size
and cost.
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(vi) Replace R; with a short circuit and measure the load current.
This gives I,,.

(vii) Make R, = 0. With V,, = 10V, measure and record I} and V}, for
I;: 5 mA, 10 mA, upto I, ;..,) where I; ..., i8 5 mA greater than
the value of I measured in step (vi).
Caution: Do not short circuit the output of the regulator. It is
better to connect a 100 Q resistor in series with Ry to avoid
accidental short circuit.

(viil) With R = 0, adjust Ry for a load current [} of 1 mA. To determine
line regulation, measure and record V), for Vj: 10V, 15V, ....
upto 35V in 5V increments. Calculate percent line regulation.

Procedure (c)
{i) Connect the current foldback circuit shown in Fig. E. 6.1. (¢).

dc powar supply
L

— + I

12 11 L
l 10VDE v 10 Hﬂ: — H'L
6] v e VY 2 0k0
1.!_, 2 Tk 3,30
T23 E
COMP

U.
2,20 13
:f 0.001F
= =

Fig. E. 6.1 (c) Current foldback circuit

(ii) Adjust Ry (10 kQ-pot) and gradually increase the load current I,
until you observe a sudden reduction in V) and I;. The point at
which this drop begins is the knee of the current foldback. By
adjusting R;, measure and record [j and V| in the vicinity of the
knee and plot the current foldback characteristic. Measure V
across K, at the knee.

(i1i) Replace R, with a short circuit and record the short circuit load
current.
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7.1 INTRODUCTION

Electric filters are used in circuits which require the separation of
signals according to their frequencies. Filters are widely used in
communication and signal processing and in one form or another in
almost all sophisticated electronic instruments. Such filters can be
built from, (1) passive RLC components, (i1) crystals or (111) resistors,
capacitors and op-amps (active filters). In this chapter, we are
discussing (1) RC active filters and (ii) switched capacitor filters.
Further, active filters in its low-pass, high-pass, band-pass, band
elimination configuration and stave variable filter have been discussed.

7.2 RC ACTIVE FILTERS

A frequency selective electric circuit that passes electric signals of
specified band of frequencies and attenuates the signals of frequencies
outside the band 1s called an electric filter. Filters may be analog or
digital. Our point of discussion, in this chapter, will be analog filters.

The simplest way to make a filter is by using passive components
(resistors, capacitors, inductors). This works well for high frequencies,
that is, radio frequencies. However, at audio frequencies, inductors
become problematic, as the inductors become large, heavy and
expensive. For low frequency application, more number of turns of
wire must be used which in turn adds to the series resistance degrading
inductor’s performance, i.e. low @, resulting in high power dissipation.

The active filters overcome the aforementioned problems of the
passive filters. They use op-amp as the active element, and resistors
and capacitors as the passive elements. The active filters, by enclosing
a capacitor in the feedback loop, avoid using inductors. In this way,
inductorless active RC filters can be obtained. Also, as op-amp is used
in non-inverting configuration, it offers high input impedance and low
output impedance. This will improve the load drive capacity and the
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load is i1solated from the frequency determining network. Because of
the high input impedance of the op-amp, large value resistors can be
used, thereby reducing the value (size and cost) of the capacitors
required in the design.

The active filters have their limitation too. High frequency response
is limited by the gain-bandwidth (GBW) product and slew rate of the
op-amp. Moreover, the high frequency active filters are more expensive
than the passive filters. The passive filter in high frequency range is
a more economic choice for applications.

The most commonly used filters are:

Low Pass Filter (LPF)
High Pass Filter (HPF)
Band Pass Filter (BPF)
Band Reject Filter (also called Band Stop Filter) (BSF)

The frequency response of these filters is shown in Fig. 7.1, where
dashed curve indicates the ideal response and solid curve shows the

§ Gain

I — T T I-'ﬂ_-.l

Fig. 7.1 Frequency response of filters (a) Il_:w-pm {b) high-pass
{c) band pass (d) band reject
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practical filter response. It is not possible to achieve ideal character-
istics. However, with special design techniques it is possible to closely
approximate the ideal response.

Active filters are typically specified by the voltage transfer function,

_ Vils)
70 = Y@
Under steady state conditions, (i.e., 8 = jw)
H (jw) = | H (jw)|e/ ¢+ (7.1)

where | H (jw)| 1s the magnitude or the gain function and ¢ (@) is the
phase function. Usually the magnitude response is given in dB as

20 log | H (jw)| (1.2)
and the phase response is given in degrees as
— ¢ (w) % 57.296 degrees (7.3)

Sometimes, active filters are specified by a loss function V] (s¥V, (s).
The use of loss function is a carry over from passive filter design.

7.2.1 First Order Low Pass Filter

Active filters may be of different orders and types. A first order filter
consists of a single RC network connected to the (+) input terminal of
a non-inverting op-amp amplifier and is shown in Fig. 7.2 (a). Resistors
R, and K, determine the gain of the filter in the pass band.

i .

l-ﬂ“u

s———— Pass band ——— geter— Stop band —
L -
f {

(b}
Fig. 7.2 (a) First order low-pass filter (b) Frequency response
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The voltage v, across the capacitor C in the s-domain is

1
Vi) = —5C_/ (s)
R+—
sC
Vils) _ _ 1
" Viis) RCs+1 (.4
where Vis) is the Laplace transform of v in time domain.
The closed loop gain A, of the op-amp is,
= Yol®) =(1 EL] 7.5
Y e MR )
S0, the overall transfer function from Eq. (7.4) and (7.5) is
_Vels) V(o) Vile) A
HE) = 56) " Vi(s) Vi(s)  RCs+1 "9
o1
Let O = Ho (7.7)
Therefore, H(s) = Yo(8) __ A _ Ayy (7.8)
Vi) 8 ,, s+,

iy

This 18 the standard form of the transfer function of a first order
low-pass system.

To determine the frequency response, put s = jo in Eq. (7.8).
Therefore, we get

Hio) = 1+$Rﬂ= 1+ ;:;'rm (79
hew b= g
At very low frequency, i.e. f << f}
|H (jw)| = 4, (7.10)
At f=f,
| H (jw)| = %z 0.707 A, (7.11)

At very high frequency ie. f >> f;
|H (jo)| << A, = 0 (7.12)
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The frequency response of the first order low pass filter is shown
in Fig. 7.2 (b). It has the maximum gain, A, at f = 0 Hz. At f; the gain
falls to 0.707 time (ie. -3 dB down) the maximum gain (4,)). The
frequency range from 0 to f}, is called the pass band. For f > f; the gain
decreases at a constant rate of —20 dB/decade. That is, when the
frequency is increased ten times (one decade), the voltage gain is
divided by ten or in terms of dBs, the gain decreases by 20 dB (= 20
log 10). Hence, gain rolls off at the rate of 20 dB/decade or 6 dB/octave
after frequency, f,. The frequency range [ > f, is called the stop band.
Obviously, the low pass filter characteristics obtained is not an ideal
one as the rate of decay is small for the first order filter.

7.2.2 Second Order Active Filter

An improved filter response can be obtained by using a second order
active filter. A second order filter consists of two RC pairs and has a
roll-off rate of — 40 dB/decade. A general second order filter (Sallen-
Key filter) 1s shown in Fig. 7.3. The results derived here can be used
for analysing low pass and high pass filters.

The op-amp is connected as non-inverting amplifier and hence,

U = [1+%]Ln=ﬂutm (7.13)
R R,
q::‘_. "l’i '.:l i "|I'a Iwfﬂ V/ :':
" v
<L

Fig. 7.3 Sallen-Key filter (General second order filter)

where = K 7.
he A, = 1+ (7.14)

and vg is the voltage at node B.
Kirchhoff's current law (KCL) at node A gives

|J'I' F-l = UA[YI + FE + Fa:l = Uﬂfa = DBFE

=u, (Y, + Yy + r,}-u,f,-%i (7.15)

where v, is the voltage at node A.
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KCL at node B gives,

U,q?z = L'B(FE + }'J = ﬂ:’:_}rl?_

Uy = i‘ﬂ-“il—;—i—-}ﬁl (7.16)

Substituting Eq. (7.16) in Eq. (7.15) and after simplification, we get
the voltage gain as

W AXY, -
Y hh+LN+L+KB)+Bh(1-4,)

To make a low pass filter, choose, ¥, = Y, = URand Y; = ¥, = sC
as shown in Fig. 7.4. For simplicity, equal components have been
used.

R Ry
£ :"‘“""
S—Apﬂw—o—ME»T + Ve
i — c
-

Fig. 7.4 Second order low-pass filter

From Eq. (7.17), we get the transfer function H(s) of a low pass filter as,

. A,
He) = SRR E-A) 71 (7.18)

This is to note that from Eq. (7.18), H(0) = A, for s = 0 and H (=)
= 0 for s = = and obviously the configuration is for low pass active
filter. It may be noted that for minimum de offset RR/R; + R) =
R + R = 2R should be satisfied.

Second order physical systems have been studied extensively since
long back and their step response, damping coefficient and 1ts cause
and effect relationship are known. We shall exploit those ideas in case
of second order RC active filter. The transfer function of low pass
second order system (electrical, mechanical, hydraulic or chemical)
can be written as,

He) = — 2% (7.19)
82 + s + 0]
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coefficient of 1.73. This gives better pulse response, however, causes
attenuation in the upper end of the pass band.

10

5

Fig. 7.5 Second order low-pass active filter response for different damping
(unity gain 4, = 1)

We shall discuss only Butterworth filter in this text as it has
maximally flat response with damping coefficient « = 1.414. From Eq.
(7.24), with @ = 1.414, we get

= 20 log —22 (1.25)
4
(2
™

Hence for n-th order generalized low-pass Butterworth filter, the
normalized transfer function for maximally flat filter can be written as

1+ [E]
Wy,

7.2.3 Higher Order Low-Pass Fiiter

EﬂlnEIHUm}|=zﬂlug‘l;!-

A second order filter can provide — 40 dB/decade roll-off rate in the
stop band. To match with ideal characteristics, the roll-off rate should
be increased by increasing the order of the filter. Each increase in
order will produce — 20 dB/decade additional increase in roll-off rate,
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vp ¥y = -y, Xy
va = =y, (Yy'Ys) (7.33)
Putting v, in Eq. (7.32), we get

vY, +vY, = - Wi+ +¥+¥)

s
1.lllI
Yy
B
o— ¥, Y, l .\
v, o
V/ "

Pl

Fig. 7.9 (a) Band-pass configuration

[ LY + Yk + BYs + Y + K
or, Yy = | -
¥
Hence
[ ny (7.34)
u B+ NG+ R+ B+ Y

For this circuit to be band pass filter, put ¥, = G, Y, = sC,, ¥y =
sCs, Yy =G, and Y, = Gy as in Fig. 7.9 (b). Then the transfer function
becomes,

¢,
T
i
Ry
AN
R, G
o— AMA—t | e— hf“mh .
i V Vy
HI-
= -

Fig. 7.9 [b) Second order band-pass filter
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His) = yol8) _ ~8G1Cy
Vis) 050 +s(0; + C) G + Gy (Gy + )

. He = —Gi (7.35)
v U 5GA GG GG (G + GGG

The transfer function of Eq. {7.35) is eqguivalent to the gain
expression of a parallel RLC circuit of Fig. 7.10{a) driven by a current
source G'v; and with band pass characteristics as shown in Fig. 7.10
(b). The gain expression is,

Vols) = G _ -G’ (7.36)
Vils) Y sC+G+1/sL
i | I
0.707 - ——=—
CD ==c a Lo
G.vl
v

{a)

Fig. 7.10 (a) A paraliel RLC circuit (b) Band-pass characteristics
Comparing the gain expression of Eq. (7.35) and Eq. (7.36), we get,

G =G, (7.37)
=G

L XN (7.38)

G= ﬁﬁc;—cﬂ (7.39)

and C=0C, (7.40)

At resonance, the circuit of Fig. 7.10(a) has unity power factor, i.e.
imaginary part is zero which gives the resonant frequency w, as,

ﬁ.’F - L =G5———--{Gl +G":I

= — 7.
o = TIe C.C, (7.41)
The gain at resonance is,
&L - G __G_ _(GIG)
el P G G Gy + Cy
(fs/7) (7.42)
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0.1 02 03 04 0.8 081 2 2 4567810

",
Fig. 7.11 Single op-amp band-pass filter response

It is obvious from Eq. (7.25) that for @ << @, and © >> o, the gain
is zero and for ® = m, the gain is A,. It may be noted that A  is
negative.

Wide Band-Pass Filter

A wide band-pass filter can be formed by cascading a HPF and LPF
section. If the HPF and LPF are of the first order, then the band-pass
filter (BPF) will have a roll-off rate of — 20 dB/decade.

For the high pass section of Fig. 7.12 the magnitude of gain is

NN ANLY. N
| Prel = [“ﬂ]“iﬂxfﬁ'zc:

i)
1+ jif/f)

P N - ‘
"L‘ ¢ *-\.\ R, ~
3.—4 e
A, I ‘

- HPE - - LPF -

Fig. 7.12 First order band-pas filter

Agy

3
)
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_ Ay (f/f)

= (7.50)
Jl +(f/f,)

1

2n R
Similarly, for the low-pass section of Fig. 7.12, the magnitude of

where fi = (7.51)

gain is
_ Ay
|Hypl| = (7.52)
31 «(fIR)
where fo = — (7.58)

2n K, G

The voltage gain magnitude of the wide band pass filter 15 the
product of that of LPF and HPF. One can calculate the frequency

response from the equation

[ﬁ‘ _ A (f/f)
= {7.54)
w1 | el ea/nr] | |

where the total pass band gain A, = A, ¥ A,
In a similar fashion, to obtain BPF of - 40 dB/decade fall-off rate,
second order HPF and LPF sections are to be cascaded.

Example 7.6

Design a wide-band pass filter having [, = 400 Hz, f, = 2 kHz and pass
band gain of 4. Find the value of € of the filter.

Solution

The pass band gain is 4. The LPF and HPF sections each of Fig. 7.12
may be designed to give gain of 2, that is, A, =1 + RJ/R, = 2. So R; and
R, should be equal. Let Ry = R, = 10 ki2 for each of LPF and HPF
sections.

For LPF, f, = 2 kHz = 1/2 n R,C,. Let C, = 0.01 pF gives R, = 7.9
kQ. For HFF, f, = 400 Hz = 1/2n R,C,. Let C, = 0.01 pF gives R, =
39.8 kil

Again f, = /£ f, =J2000 x 400 = 894.4

& = fJBW = fJ(f, — [) = 894.4/(2000 - 400) = 0.56
Obviously, for wide band pass filter, @ is very low, i.e., @ < 10

7.2.6 Band Reject Filter

A band reject filter (also called a band stop or band elimination) can
be either (i) Narrow band reject or (11) Wide band reject filter. The
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narrow band reject filter is commonly called a notch filter and is
useful for the rejection of a single frequency, such as 50 Hz power line
frequency hum.

There are several ways to make notch filters. One simple technique
is to subtract the band pass filter output from its input. This principle
is illustrated in Fig. 7.13 (a).

The band pass filter discussed earlier has an inverted output as the
gain or transfer Eq. (7.35) is negative, Therefore, while implementing
Fig. 7.13 (a), we must use a summer instead of a subtractor. Also, the
band pass filter has a gain of A, so that output at the centre frequency
will be - A, ¥ v,. To completely subtract this output, the input of the
summer must be precisely A v, Thus, a gain of A, must be added
between the input signal and the summer as shown in Fig. 7.13(b).
The output, of the circuit in the s domain is,

- . - A o Vi(s)
Vy(s) A..Hish[shuwwﬂ] (7.55)
Fn{-ﬁl' s |

Vits) ~ A“'nz+umus+m§

Band pass filter
0
S L/L
'H'.
la
1] —
—-----1
Entire input signal ()
Second order
band pass filter

V{s) | %ﬂ Vis)
o B

ib)
Fig. 7.13 (a) Notch filter block diagram (b) Practical notch filter block diagram
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ettt

s% + 00,8 + 0

(82 + w?)

A,

= e 0 7.56

& + 0w + 0} (7.56)

This is the transfer function for a second order notch filter and the

circuit schematic 18 shown in Fig. 7.14. It is evident from Eq. (7.56),

that for ® << m, and for ® >> w,_ the pass band gain is |4 | and at
frequency w = w, the gain is zero.

c
I
R, C
ﬁu—u—#..—-——ﬂ—c—\
H,i g

fa———— Band pass fiter

Fig. 7.14 Notch filter schematic

Another commonly used notch filter is the twin-T network as shown
in Fig. 7.15(a). We will determine the notch frequency, @ factor and
bandwidth for this configuration.

Node voltage equations in s-domain (by KCL) for the active filter
circuit of Fig. 7.15{a) can be written as,

CaA C
FI
[
v i B R Vo

Fig. 7.15 (a) Twin-T notch filter
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At node A: (V- V,)sC + (V, - V) sC + (KV, - V)2G = 0
or, sCV,+(sC+2KG)V,=2(C+ G) Vy (7.6T)
where V), is the Laplace transform of the voltage at node A. Similarly

V; and V, are transformed input and output. The s in the parenthesis
has been dropped in the Laplace transform for simplicity.

At node B: (V, = VRIG + (V, - VpIG + 2 (KV, - Vg)sC = 0
or, GV, + (G + 2 KsQ) V, =2(G + sO)V (7.58)
where Vj is the Laplace transform of the voltage at node B.
Atnode P (V, - V)sC+ (V- V)G =10
or, sCV, + GV = (G + sO)V, (7.59)
where, K=RJ(R, + R,) and G = 1/R

From these node voltage equations, the transfer function can be
written as,

_V G? +s2(C?
He) = 3 = @0t + a(1- K)s CC
- s +(GICY
s2+(GICY +4(1- K)s (G/C) (7.60)
In the steady state (L.e. 8 = jw),
o @ — o2
H(jw) = 7.61
Ve w* —f - j4(1- K)ow, (.61
where, w, = G/IC = 1/RC
. _ 1
ie., T (7.62)

From Eq. (7.61), H(jw) becomes zero for @ = w, and approaches
unity a8 @ << u, and for ® >> w, In practice the high frequency
response will be limited by the high frequency response of the op-
amp. At 3-dB points, |H| = Y42
i.e. o —of =+ 4(1 - K) 0w,
or (ww,)® £ 41 - K) (/o) ~1=0 (7.63)

Solving the quadratic equation, we get the upper and lower half
power frequencies as,

f = f.,[.,1'1+4{1—ff}= +2{1—x}] (7.64)

and = LT+ 4= KF -20- K)] (7.65)
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The 3-dB bandwidth,

BW = f, - f, = 41 - K, (7.66)
Y R | 767
@ BW 4(1-K) (7.67)

As K approaches unity, @ factor becomes very large and BW
approaches 0. In fact, mismatches between resistors and capacitors
imit the @-factor and BW to practically realizable value. It is advisable
to use the components of 0.1 percent tolerance resistors and 1 percent
tolerance capacitors for very high value of @-factor. The frequency
response is shown in Fig. 7.15(b).

4

20 log IH1 dB

.

Fig. 7.15 (b) Frequency response of notch filter

Example 7.7
Design a 50 Hz active notch filter.

Solution
Given f, = 50 Hz. Let C = 0.1 uF then from Eq. (7.62), we get R =
1/2x f,C = 1/2 (3.14) (50) (1077) = 31.8 kQ.

For R/2,. take two resistors of 31.8 k{} in parallel and for 2C, take
two 0.1 uF capacitors in parallel to make the twin-T notch filter as
shown in Fig. 7.15(a) where resistors R, and K, are for adjustment of
gain.

Wide Band-Reject Filter

A wide band-reject filter (@ < 10) can be made using a LPF, HPF and
a summer. It is of course necessary that (i) the lower cut off-frequency
f; of the HPF should be much greater than the upper cut-off frequency
fi, of the LPF and (ii) the pass band gain of LPF and HPF should be
same.

Example 7.8
Design a wide band reject filter having f, = 400 Hz and f, = 2 kHz
having pass band gain as 2.
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Solution

For HPF, f, = 2 kHz = 1/2 =R, (C,. Letting C, = 0.1 uF gives R, = 795 02
(= 800 Q). Again A, = A,; = 2 = (1 + R/R)) gives Ry = R, = 10 ki {(say).
For LPF, f, = 400 Hz = 1/2 n R,C,. Letting C; = 0.1 uF gives R, =
3978 Q (choose 4 k). Further A, = A,, = 2 = (1 + RJR) gives R, = R,
= 10 k€ (say). The schematic arrangement and the frequency response
is shown in Figs. 7.16 (a, b).

e AA—
108} Q
C,
_l /
ﬂ""FFII 2000
o] R R
O BN R A R4 N
k)
MAMA +
R Lo

—-*E

=
,,!.. .l.. Pass Band -
|

F lI: ll' —-'1

(b)
Fig. 7.16 (a) Wide band-reject filter (b} Frequency response

7.3 TRANSFORMATION

We shall now show that a high-pass, band-pass or band-reject filter
can be obtained using an ideal low-pass transfer function by simple
frequency transformation. For simplicity, let us normalize the frequency
such that the cut-off frequency of the low pass function is unity. Let
‘P’ be the frequency domain of the low pass and ‘s’ the frequency
domain of interest.
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Low-pass to High-pass Transformation

We get the high-pass characteristics by the following low-pass to high-
pass transformation p = Us. For example, a third order Butterworth
low-pass transfer function in p-domain given as

Hip) = A 7.68
®) P+2p+25+1 { :I

can be transfrrmed to high-pass by the transformaton p = 1/s as

His) = At (7.69)

5_3+252+25+1

The high-pass filter has the same pass band flatness as that of the
Butterworth low-pass filter.

A low pass filter can be transformed to a high-pass filter simply by
mnterchanging K and C components and vice versa. A simple RC : CR
transformation is shown in Fig. 7.4 and Fig. 7.8. This is to note that
the 3-dB (cut-off) frequency 1s the same for both the original low-pass
and the transi rmed high-pass filter i.e., f, 45 = /2 x RC.

Low-pass to Band-pass Transformation

Consider a first order Butterworth low-pass transfer function in p-
domain as

H(p) = ;%wl— (7.70)

Let the transformation

2 2
l'l'.ﬂh ll 111 }-5
In order to normalize, put
8, = slw, (7.72)
. @
and quality factor, Q= 2
twy, — 0,
Then Eq. (7.71) can be rewritten as
2
p=90E+D (1.73)

By
Substituting the transformation from Eq. (7.73) to Eq. (7.70), we get

_ (ASQ)s, |
H(s,) = T QT (7.74)
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This is identical with Eq. (7.48) of band pass filter. The quality
factor € is an important parameter, If @ is very high, i.e @ >> 1, the
filter is called narrow band filter (i.e., v, >> (@, — w,)) and the response
is symmetric about the central frequency w,.

Low-pass to Band-reject Transformation
The transformation i1s given by

{mh - @, )8 8
= = = 7.75
P 8* + Qs +1) 7.79)
where s, = slo,

The band-reject transfer function corresponding to first order low-
pass of Eq. (7.70) and is given by

oS = ol +1) 7.7
(S 82+ (1/Q)s, +1 (7.76)

Note at s, = j1, | H(j1)| = 0. Such filters are called ‘notch filter’ with
normalized null frequency as w, = 1.

7.4 STATE VARIABLE FILTER

The state variable configuration uses two op-amp integrators and one
op-amp adder to provide simultaneous second order low-pass, band-
pass and high-pass filter responses. The circuit can be viewed as
analog computer simulation of biquadratic transfer function. Although,
in general, all component values are different, imposing equal value
simplifies algebra without diminishing versatality.

A simple state variable configuration has been shown in Fig. 7.17 (a).
It uses two op-amp integrators and one op-amp summer. The outputs
Ugpy Ugps Vpp of high-pass, band-pass and low-pass filters are obtained at
the output of op-amp A,, A, and A, respectively. For simplification, it
15 assumed that Vis the Laplace transform of the corresponding v in
time domain.

The op-amp A, works as an inverting integrator, so the Laplace
transformed output Vip is given by

Vap = _.&lﬁvﬂ? (7.77)
If R=1MQ and C = 1 yF, so that RC = 1, we get,
Var = -~ LVip (7.78)
8

Also for the inverting integrator A;, we may write
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— |“_
A
SN —0
HLF
=
Fig. 7.17 (a) State variable filter
_ 1
Vie = — Vep
&
1
=Lly, (1.79)
52

Op-amp A, is a three input summer. The output Vip can be written
using superposition theorem. That is,

(8B e )

z—ﬂ—VLF-l'ﬂ[—Hl—]VEP

R, + K,
R,
=af 211
Put vl 3[ R +R_=]
Then Vm = —'l-": — 'l.-"rLP + O F:HP {TBEI}

Eliminating Vgp and Vip using Eqs. (7.78) and (7.79), we get

Vip = —ﬁ‘%‘%VHF

VHP[I-I*E-I-JI'—E]:—H

& &

So, the high pass transfer function Hyp 18
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The circuit of Fig. 7.17(a) can be modified to that of Fig. 7.17(b)
where a fourth op-amp has been used to get a notch filter response.
The op-amp A, provides the notch filter response by combining the
low-pass and high-pass output. The notch filter output Vy is written as

Vi = -[%]Vm- —[%] Vip

== Vyp — Vip (7.89)

Putting the values of Viyp and Vip, the transfer function of notch
filter 15 obtained as

W, 52 +1
H,, = &= (7.890
MV sSfias+l )

)

C
v
L/

AN ——
AN —— B
.H
R/3 (for bias current
compansation)

Fig. 7.17 (b) Four op-amp state variable filker with notch response

Thus it 1s possible to obtain LP, BP, HP and notch filter outputs from
a state variable filter and therefore these are also known as universal
filters. Quad op-amps such as LF347, TL0O74 and TLC274, FET input
device are especially suited for these applications. With the advance-
ment of IC technology, universal filters are available in single IC chip
form. Datel's FLT-U2Z and AF100 of National Semiconductor are the
typical examples of IC universal filters.

State Variable Formulation

It may be noted that this filter is called state variable filter because
the analog simulation can be made after the state variable formulation
of the proper transfer function.
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The band-pass filter transfer function of Eq. (7.48) can be rewritten
for A, =-1,®,= 1, @ = 1 and assuming a dummy vartable X, = .lx,(t),

as
EEEEL:E;
X Vv s +8+1
Let - 1

Vi s+s+1
which can written in time domain as
I+xn+xn =y
Let I =X
then Xg T—X) ~Xg *
These can be written in matrix form as

=15 AlR]G)

and l-;?—:'— =g

leads to the output in time domain as vgp = %, = %

or, vgp = [0 1][:]

(7.91)

(7.92)

(7.93)

(7.94)

(7.95)

Similarly the high-pass transfer function Hyp of Eq. (7.81) with
@ = 1 can be rewritten assuming another dummy variable ¥ = .y (f) as

= S =1 T Y,
where % = %._:J{awl} = +ls+1
Let %:L N az+::+1
It leads to
R M HRH
and %‘ =g + 1)

leads to in time domain ¥y = G+ 3 =X + %

(7.96)

(7.97)

(7.98)

(7.89)

(7.100)
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-
or, y=[1 1] L:} (7.101)

Hence the output
Vip=y-uy = [l l] |::lj| - {1y (7.102)

The simulation of Egs. (7.99) and (7.102) is shown in Fig. 7.18
having Vyp as output.

Similarly, the low-pass transfer function of Eq. (7.75) can be written
in the same fashion as

L e

ot ol

The simulation is as shown in Fig. 7.18.

and output

©Vee

. — |
X, 1 Vi
i 1 1 —0 Y5
|

<
-
|

.

p

Fig. 7.18 Simulation of state variable filter

7.5 SWITCHED CAPACITOR FILTERS

Active RC filters using ICs have advantages of not using inductors
and of offering easy implementation of various high performance low-
pass, high-pass, band-pass and band-elimination filters. The resistor
values needed for these filters are generally much too large for
fabrication on a monolithic IC chip. Integrated (diffused) resistors
have poor temperature and linearity characteristics. Large value
resistors (= 10 kfl) take up an excessive amount of chip area. This is
the major reason that active filters have not previously been fully
integrated in MOS technology. The switched capacitor filter offers an
attractive alternative to the conventional RC active filter. A switched
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capacitor filter shown in Fig. 7.19 is a three terminal element which
consists of capacitors, periodic switches and operational amplifiers
and whose open circuit voltage transfer function represents filtering
characteristics. It is not possible to manufacture passive elements of
an RC active filter with suitable values and quality in the same
technology as the op-amps. For the range of frequencies within which
the op-amp operates satisfactorily, it is not possible in MOS technology
to implement RC products of sufficient magnitude and accuracy. On
the other hand, in the case of switched capacitor filter, the RC products
are set by capacitor ratios and the switch period. In MOS technology,
the accuracy and the values of these quantities are suitable for the
implementation of selective filters. The large resistor values required
for active filter are easily simulated by the combination of small value
capacitors (say 10 pF) and MOS switching transistors. The equivalent
resistor value so obtained is high enough such that the filter capacitance
value should be small enough to be easily incorporated on a monolithie
IC chip. In this way, the complete active filter circuit can be obtained
on a monolithic IC chip.

10— o‘)\‘(p \71- —0 2

o—1> o
C—

Y '
© 2 o

Fig. 7.19 Switched capacitor filter schematic

Thus, even a filter of relatively high order becomes an integrated
circuit of a very small size, with a low power consumption and reliability
and price which are potentially more favourable than those of passive
LC and RC active filters. Further, the filters may be combined on the
same substrate with other logic circuits, offering interesting prospects
for the implementation of a complete system of analog and discrete
signal processing.

7.5.1 Realization of Resistors by Single Capacitor

Consider the switched capacitor network in Fig. 7.20(a). The switch S
is initially in position ‘a’, the capacitor C is charged to voltage V,. The
switch is then thrown to position ‘b’. The capacitor C is discharged to
the voltage V. Assume V, < V,. The amount of charge that flows
through the capacitor C is thus,
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is @ = CV,. When ¢ goes low and ; goes high, the capacitor C charges
up in the opposite direction to V,. The charge transfer from the output
of the cireuit back into C is @ = C, (V, = V). The time average of this
charge 1s the current flow i and is given by,

i= _ﬂ_=_mc{1@_vl}=ﬂ'_v1 (7.116)
Tox R
where,
1
R=-1 7.11
7.C (7.117)

The two circuits just described use a series switched capacitor.

The circuit of Fig. 7.23(c) uses a shunt switched capacitor. The
circuit is a modification of Fig. 7.21(b) with V, = 0. For this circuit,

o g
o - _ v

) ‘*m-—ﬂ#n-—n"":
—o @ o3 =
_ [l] -
17 1°
v c i Vyo—www—oV;
e po® =
= [b}

dl

l 1 [
1o
il

e
=

Fig. 7.23 (a) Noninverting series switched capacitor circuit (b) Inverting series
switched capacitor circult (¢) Shunt capacitor circuit
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capacitors C, and C; and its MOS version is in Fig. 7.25(c).

c
A
R, C, )
AW {F c,

(a) =

Fig. 7.25 (a) Lossy integrator (b) Switched capacitor version (c) CMOS version

R, = (7.125)
R, =—1_ (7.126)
fax

So, BE_G 7.12

B G (7.127)
__ 1 16
and fu = 2xOuR " 25 O fix (7.128)
Thus the transfer function can be rewritten as,

Hiw) = - & 7.129
Ue [1+J{f"fh ] { )

It is evident from the transfer function expression that the LP filter
characteristics is a function of MOS capacitance ratio and the clock
frequency.

Thus with the control of the clock frequency, the filter characteristic
can be wvaried electronically. This also shows that SC filters are
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inherently a programmable type. In a similar fashion, other types of
active filters without resistance can also be achieved.

Switched capacitor filters are available in IC version from several
manufacturers. The MF&-100 (National Semiconductor) is a 6th order
low-pass Butterworth filter fabricated by CMOS technology. A mono-
lithic switched capacitor universal filter (National Semiconductor MF
10) can be designed to provide LP, HP, BP and notch characteristics,

Summary

L.

10.

An electric filter is a frequency selective circuit that allows a
specified band of frequencies and attenuates the frequencies
outside this band.

Filters are classified in a number of wavs: analog or digital,
passive or active, audio or radio frequency.

Passive filters use inductors, At audio frequencies, inductors are
bulky, expensive and have poor electrical characteristics. Active
filters use op-amps.

The commonly used filters are: Low pass (LP), High pass (HP),
Band pass (BP) and Band reject (BR).

Filter behaviour is usually described by frequency response plot.
The gain magnitude is usually expressed in dB. Critical frequency
occurs when the gain drops by 3 dB below the pass band gain.
The critical frequency is the dividing line between the stop band
and the pass band.

Low pass filters pass low frequencies and stop high frequencies.
High pass filters do just the opposite. Critical frequency oceurs
where the gain has dropped by 3 dB below the pass band. A
band pass filter has a pass band between the two cut-off
frequencies f, and f; and all signals outside this pass band are
stopped. The band reject filter, also called a notch filter, performs
exactly opposite to the band pass.

A first order low pass filter has a —20 dB decade roll-off rate.
The roll-off rate increases with the order of the filter. An n-th
order filter has a roll-off rate of =20 n dB/decade.

Higher order filters are made by cascading first and second
order filters.

A low pass filter can be converted into a high pass filter or vice
versa, simply by interchanging resistors and capacitors.

The important transfer functions derived are:

First order low pass: Aoy
5 + Wy,
General Second order filter:

ANY
hh+Yih+R+ 1Y)+ RH(-4)
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What is a switched capacitor? Discuss its importance.
Discuss various types of switched capacitors.
Give the circuit of a switched capacitor low pass filter.

PROBLEMS

7.1.
7.2

7.3.

7.4.

7.5.

7.6.

7.7.

1.8.

7.9.

7.10.

Design a first order low pass filter for a high cut-off frequency
of 2 kHz and pass band gain of 2.

Determine the order of the Butterworth low pass filter so that at
o = 1.5 wy_yp, the magnitude response is down by at least 30 dB.
In the circuit of Fig. 74, R = 3.3 kQ2, C = 0.047 pF, R, = 27 kQ
and R; = 20 k1. Calculate the high frequency cut-off f, and pass
band gain A,.

A low-pass Butterworth filter is to be designed to have a 3-dB
bandwidth of 200 Hz and an attenuation of 50 dB at 400 Hz.
Find the order of the filter.

Design a fourth order Butterworth low pass filter whose band-
width is 1 kHz. Select all capacitors equal to 1000 nF.

Design a HPF at a cut-off frequency of 1 kHz and a pass band
gain of 2.

Design a band pas filter so that f, = 2 kHz, @ = 20 and 4, = 10.
Choose C = 1 uF.

Design a notch filter for f, = 8 kHz and @ = 10. Choose C =
500 pF.

An i1deal LPF having f;, = 5 kHz is cascaded with HPF having
fi = 4.8 kHz. Sketch the frequency response of the cascaded
filter.

7.11.
7.12.

Find the transfer function of the circuits shown in Fig. P.7.10.
|
AN o e Ao
/ ol R,
lI:'.:I R, c,
- o—AMWA—— | -

(a) ) Y —0

+ Vs
(b} I Given : R,=A=10

GliC],-'lF

Fig. P. 7.10

Realize the circuit shown in Fig. P.7.10 using switched capacitors.
Find suitable component values of a lossy integrator of Fig. 7.25

{a), using switched capacitors. Given f, = 1 kHz and low frequency
gain of 10.
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Experiment 7.1

To construct and plot the frequency response of a second order low
pass, high pass filter. To measure the cut-off frequency in each case

and verify with theoretical values.
Procedure

Low Pass Filter

1.

Connect the circuit as shown in Fig. E.7.1 using discrete compo-
nents. The values of the components have been taken from the
Example 7.1. Please note that the Fig. E.7.1 has been numbered
for the computer program 7.1.

Given an input signal v; of 1V peak to peak and measure the
output voltage for different input frequencies (e.g. 100 Hz, 200
Hz, 500 Hz, 1 kHz, 1.5 kHz, 2.0 kHz, 5 kHz, 10 kHz).

Plot the frequency response 20 log (vy/v,) versus input signal
frequency and find the 3 dB frequency from here.

A Ry
SYYYY e a A —
-J.- 10k 3.86kL}

- ®
@ Ry R, @ > O ‘Jvu

G,_l, 0.1uF E,Iu.'lpF

*©

Fig. E.7.1 Second order low-pass filter

4. Calculate the theoretical value of upper cut-off frequency f, and

the pass band gain A

1, |Wm=R=R
EER{:‘! C]_:CE:C

hh =

A, (dB) = EDIDE[I+%]

High Pass Filter

0.

6.

Interchange the resistor K with the capacitor € to make the high
pass filter and repeat step 2 and 3.

Calculate the theoretical value of the lower cut-off frequency [,
and pass band gain A, using the formula of step 4.
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Computer Program 7.1

Figure E.7.1 has been numbered for PSPICE simulation. The listing
for this simulation is shown in Fig. C. 7.1(a) and the frequency response
18 shown 1in Fig. C. 7.1(b).

Flg. C. 7.1 {a) Program Listing
*2nd order low pass Butterworth filter (Sallen key filter)

* ® * ¥ Crcuit Description

W OE B B R B OFE ¥ FE FE N R OF XS R N OB E R N OE R N KRN KK EENESEEE

*LOWPASS BUTTERWORTH FILTER
Rl 7 & 1.6
R2 6 1 16K
C1 &6 5 0.1uF
€2 1 0 0.1uF
Ri 0 2 10K
Rf 2 5 5.86k
*  Op-amp analysis
1 1 2 3 4 5 uAM
LIB EVALLIB
*  Power supplies
VOC 3 0 dc 12¥
VEE 0 4 dc 12v
VIN 7 0 Ac 1V
. AC DEC 20 1HZ 10 kHZ
. PROBE
O
V-—————— E —— e e - - -1
I
]
. Vi) I
l .
YiT)
1”4— ——————— ___c‘i_____-___———-_-_- — i —— — -
I |
! I
i
l .
| l
I
| |
|
I |
m‘————————l——— S —— il
1.0Hz 10Hz 100 Hx 1-0KHz 10KH:
Fregquency

Fig. C. 7.1 (b) Frequency response of 2nd order low-pass filter
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APPENDIX 7.1
Approximation Methods for Filter Design

We here consider techniques for approximating ideal filter transmission
characteristics specifically for low pass filter.

Consider a realizable magnitude function that approximates the
ideal low pass characteristics shown by dotted curve in Fig. 7.1 (a).

jw) | = HO) __ .n-123
| H(jo) | @iy n=1,23.... (A.7.1)

This is known as the n-th order Butterworth or maximally flat
response at @ = 0. From the Binomial series expansion, H{jw) can be
written as +

- n 12
| H (jw) = H{0) 1+[J“-] [
{0y,

-

2n 4in Ga
= 1o 3o _5|o
HoO (1 2[%) + E[mﬂ] IE[UJ.,] +] (A.7.2)

-

It can be seen that the first (2n — 1) derivatives of H{w) are zero
at @ = 0. Naturally approximation improves as n increases.

The pole locations corresponding to Eq. (A. 7.1) can be determined
as,

H(s)|? = H(s) H~s) = _H-(0)_ A. 7.3)
| His)| (8) H(~s) T iy (
The location of poles of H(s) are found from,
1+(-s9"=0 (A. 7.4)
The pole locations are:
8, = exp j[zk_l)i]:n even (A. 7.5)
I n 2
8 = exp jE-E]:nodd A. 7.6)
" n 2
[ 2k+n-1
8 = E-xp__; ;: .%];kﬂ,z, ..... 2n. (A T.T)

'[—ﬂ]:.ﬂ—ll <4 {-n) (-n —;H—i‘l—ﬂ P

T{l+x)™ =1+ (=-n)x+
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Table A. 7.1 Computation of Butterworth Polynomial
n  Angies from lcos 8] o= 2cos® Butterworth Polynomial
either real axis;
in degrees
1. D 1 s+ 1
2. + 45 0.70711 1.414 £+ 1414 5+ 1
3. 0 1 (s+1)(F + 5+ 1)
+ 60 0.5 1 =@ +28 +25+ 1
4. + 22.5 0.92388 1.84776 (& + 1848 s+ 1) (¢ + 0765 5
+ 675 0.38268 0.76536 +1)= &+ 2613 & + 3414 7
2613 s+ 1
5. 0 1 (s+ 1) (& + 16185+ 1)
(¢ + 0.6185 + 1)
+ 36 0.80902 1.61804
+ 72 030902 0.61804 = & + 3.2368 + 523658 +
52368 + 32365+ 1
6. + 15 0.96593 1.93186 (8 + 1.9325 + 1) (¥ + 14145
+ 1) (& + 05185+ 1)
+ 45 0.70711 1.41422 = & + 38635 + 74644 +
91415 + 74645 + 38635+ 1
+ 75 0.25822 0.51644




555 Timer

8.1 INTRODUCTION

The 555 timer is a highly stable device for generating accurate time
delay or oscillation. Signetics Corporation first introduced this device
as the SE555/NES55 and it is available in two package styles, 8—pin
circular style, TO-99 can or 8-pin mini DIP or as 14—pin DIP. The 556
timer contains two 555 timers and 18 a 14-pin DIP. There is also
available counter timer such as Exar’s XR-2240 which contains a 555
timer plus a programmable binary counter in a single 16-pin package.
A single 555 timer can provide time delay ranging from microseconds
to hours whereas counter timer can have a maximum timing range of
days.

p—

Grouna 1 8] Veo
TrignarE :ﬂmm
5585
roset (4 5) Ve
8-Pin package

Fig. 8.1 Pin diagram

The 555 timer can be used with supply voltage in the range of +5V
to + 18V and can drive load upto 200 mA. It is compatible with both
TTL and CMOS logic circuits. Because of the wide range of supply
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voltage, the 555 timer 15 versatile and easy to use in various applca-
tions. Various applications include oscillator, pulse generator, ramp
and square wave generator, mono-shot multivibrator, burglar alarm,
traffic light control and voltage monitor etc.

8.2 DESCRIPTION OF FUNCTIONAL DIAGRAM

Figure 8.1 gives the pin diagram and Fig. 8.2 gives the functional
diagram for 555 IC timer. Referring to Fig. 8.2, three 5 kQ internal
resistors act as voltage divider, providing bias voltage of (2/3) V. to
the upper comparator (UC) and (1/3) V. to the lower comparator (L.C),
where V. is the supply voltage. Since these two voltages fix the
necessary comparator threshold voltage, they also axd in determining
the timing interval. It is possible to vary time electronically too, by
applying a modulation voltage to the control voltage input terminal
(pin 5). In applications, where no such modulation is intended, it is
recommended by manufacturers that a capacitor (0.01 uF) be connected
between control voltage terminal (pin 5) and ground to by-pass noise
or ripple from the supply.

v

O CT
B
}'""" Ve |
I
: P B g
e[ A1
o |
5 |
Control | ]r
|
| =1
v |
ol 2 |
—_— o—t
aﬂ_gﬁ:—wl I
]
Discharge| ower | | Output
I amp o
I Inve 3
e e ———— —

Fig. 8.2 Functional diagram of 555 timer

In the standby (stable) state, the output @ of the control flip-flop
(FF) is HIGH. This makes the output LOW because of power amplifier
which is basically an inverter. A negative going trigger pulse is applied
to pin 2 and should have its dc level greater than the threshold level
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of the lower comparator (i.e. V. /3). At the negative going edge of the
trigger, as the trigger passes through (V_/3), the output of the lower
comparator goes HIGH and sets the FF (@ = 1, EJ = ). During the
positive excursion, when the threshold voltage at pin 6 passes through
(2/3) V. the output of the upper comparator goes HIGH and resets
the FF (@ =0, g = 1).

The reset input (pin 4) provides a mechanism to reset the FF in a
manner which overrides the effect of any instruction coming to FF
from lower comparator. This overriding reset is effective when the
reset input is less than about 0.4 V. When this reset is not used, it is
returned to V. The transistor @, serves as a buffer to isolate the
reset input from the FF and transistor @,. The transistor @, is driven

by an internal reference voltage V. obtained from supply voltage V..

8.3 MONOSTABLE OPERATION

Figure 8.3 shows a 555 timer connected for monostable operation and
its functional diagram is shown in Fig. 8.4. In the standby state, FF
holds transistor €, en, thus clamping the external timing capacitor
' to ground. The output remains at ground potential, 1.e. LOW. As
the trigger passes through V_/3, the FF is set, i.e. a = (). This makes
the transistor ), off and the short circuit across the timing capacitor
C is released. As @ is LOW, output goes HIGH (= V). The timing
cycle now beging. Since C is unclamped, voltage across it rises
exponentially through K towards V_. with a time constant RC

o

e
8B |4
Tigger _ 2 ; N
r
imput
——4
555 o
C==
-
5 g
L] o
|::|.1p|=_i__-1l Output

Fig. 8.3 Monostable multivibrator

as in Fig. 8.5(b). After a time period T (calculated later) the capacitor
voltage is just greater than (2/3) V,, and the upper comparator resets
the FF, that is, K= 1, § = 0 (assuming very small trigger pulse width).
This makes ¢ = 1, transistor @, goes on (i.e. saturates), thereby
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discharging the capacitor C rapidly to ground potential. The output
returns to the standby state or ground potential as shown in Fig.
8.5 (c).

cc
B
q
U Reset
“z__A <
0
R QI
Cantrol
FF
¢ B
Powear Output
amp —03
[ e
oy T

Fig. B.4 Timer in monostable operation with functional diagram
The voltage across the capacitor as in Fig. 8.5(b) is given by

v, = V(1 - ¥ (8.1)
Atet=T, v, = (2/3) V,
Therefore, %F’u =V, (1 - ¢ TR
or, T = RC In (1/3)
ar, T = 1.1 RC (seconds) {8.2)

It is evident from Eq. (8.2) that the timing interval is independent
of the supply voltage. It may also be noted that once triggered, the
output remains in the HIGH state until time T elapses, which depends
only upon R and C. Any additional trigger pulse coming during this
time will not change the output state. However, if a negative going
reset pulse as in Fig. 8.5(d) is applied to the reset terminal (pin-4)
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during the timing cycle, transistor @, goes off, @, becomes on and the
external timing capacitor C is immediately discharged. The output
now will be as in Fig. 8.5 (e). It may be seen that the output of @, is
connected directly to the input of @, so as to turn on @, immediately
and thereby avoid the propagation delay through the FF. Now, even

-v —

[ ]

o
o

Output afer
resal puise
applied

/

" L
pulse applied

Fig. 8.5 Timing pulses

Additional pulse
:_:__,hunuuﬂn:lm

(a)

(o)

{c)

()

(e)

if the reset is released, the output will still remain LOW until a
negative going trigger pulse is again applied at pin 2. Figure 8.6
ghows a graph of the various combinations of R and C necessary to

produce a given time delay.

0.001

1ms

100s
Time delay T——

Fig. 8.6 Graph of &C combinations for different time delays
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Sometimes the monostable circuit of Fig. 8.3 mistriggers on positive
pulse edges, even with the control pin bypass capacitor. To prevent
this, a modified circuit as shown in Fig. 8.7 18 used. Here the resistor
and capacitor combination of 10 kf) and 0.001 pF at the mput forms
a differentiator. During the positive going edge of the trigger, diode
D becomes forward biased, thereby limiting the amplitude of the
positive spike to 0.7V.

Wavalorm af pin 2 IS

Fig. 8.7 Modified monostable circuit

Example 8.1

In the monostable multivibrator of Fig. 8.3, R = 100 kil and the time
delay T' = 100 mS. Calculate the value of C. Verify the value of C
obtained from the graphs of Fig. 8.6.

Solution
From Eq. (8.2)., we get
C=1T1.1R=100 % 10%1.1 x 100 x 10* = 0.9 pF

From the graph of Fig. 8.6, the value of C is found td be 0.9 uF also.

8.3.1 Applications in Monostable Mode

Missing Pulse Detector

Missing pulse detector circuit using 555 timer is shown in Fig. 8.8.
Whenever, input trigger is low, the emitter diode of the transistor &
15 forward biased. The capacitor C gets clamped to few tenths of a volt
(~ 0.7V). The output of the timer goes HIGH. The circuit is designed
so that the time period of the monostable circuit is slightly greater
(1/3 longer) than that of the triggering pulses. So long the trigger
pulse train keeps coming at pin 2, the output remains HIGH. However,
if a pulse misses, the trigger input is high and transistor @ is cut off.
The 555 timer enters into normal state of monostable operation. The
output goes LOW after time T of the mono-shot. Thus this type of
circuit can be used to detect missing heartbeat. It can also be used for
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speed control and measurement. If input trigger pulses are generated

from a rotating wheel, the circuit tells when the wheel speed drops
below a predetermined value.

¢ *Vee
N
7 4 Output
—0
Trigger
00— Q 555
Inpat 8 5
pus
- 0.01pF
—— c 3 1 |

Fig. B.8 A missing pulse detector monostable circuit

Trigger input Wauing putes
rd
0 ; 2 3 s !
"l."c m
(] i
vﬂ
-
0

Fig. 8.9 Output of missing puise detector

Linear Ramp Generator

Linear ramp can be generated by the circuit shown in Fig. 8.10. The
resistor K of the monostable circuit is replaced by a constant current
source. The capacitor is charged linearly by the constant current source
formed by the transistor ¢,. The capacitor voltage v, can be written as

1,
0=z ! i dt (8.3)

where ( 18 the current supplied by the constant current source. Further,
the KVL equation can be written as

T Ve~ Vog = (B+ DIpRe =BlpRe = IcRg = iRy (8.4
1+ Ry
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where Iy, Ip are the base current and collector current respectively,
B is the current amplification factor in CE-mode and 1s very high.
Therefore,

= EIVH - FEE(-_@ + !h} 8.5
t Hg '[R1 + &] 5.5
g Vee
4 B HE_%F:,
Trigger 7
o q,
o5 6
ouu 5 £
-1 —-—C
|1:n.|:r1m:=T
=

Fig. 8.10 Linear ramp generator

Now putting the value of the current i in Eq. (8.3), we get

_ BVe Ve (R + Ry
C Rg(R, + Ry)

e L (8.6)

At time ¢t = T, the capacitor voltage v, becomes (2/3) V.. Then we
get

2y - RiVe-Vee(R+Ry)
£V, = cx xT 8.7
3 Ry (R, + R)C (&0
which gives the time period of the linear ramp generator as
T= (2/3) Vie Ry (By + By)C (8.8)

Ry Ve — Vag (B + By)

The capacitor discharges as soon as its voltage reaches (2/3) V
which is the threshold of the upper comparator in the monostable
circuit functional diagram. The capacitor voltage remains zero till
another trigger is applied. The various waveforms are shown in Fig.
8.11.

The practical values can be noted as

R, = 47 k& R, = 100 kQ; Ry = 2.7 kQ2; C = 0.1 pF.

V.. = 5V (any value between 5 to 18V can be chosen)
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Pulse Width Modulation

The circuit is shown in Fig. 8.13. This is basically a monostable
multivibrator with a modulating input signal applied at pin-5. By the
application of continuous trigger at pin-2, a series of output pulses are
obtained, the duration of which depends on the modulating input at
pin-5. The modulating signal applhed at pin-5 gets superimposed upon
the already existing voltage (2/3) V,, at the inverting input terminal
of UC. This in turn changes the threshold level of UC and the output
pulse width modulation takes place. The modulating signal and the
output waveform are shown in Fig. 8.14. It may be noted from the
output waveform that the pulse duration, that is, the duty cycle only
varies, keeping the frequency same as that of the continuous input
pulse train trigger.

O+Vc
4 8 R,
Trigger 7 | Discharge
o—-2
&
555
Modulating
input
O
Output 5 5
o
C—
1

E——
r—
=

Fig. 8.13 Pulse width modulator

un:mxr-nm-d'

Fig. B.14 Fulse width modulator waveforms
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(R, + Rp)C. During this time, output (pin 3) is high (equals V) as
Reset R = 0, Set S = 1 and this combination makes @ = 0 which has
unclamped the timing capacitor C.

When the capacitor voltage equals (to be precise is just greater
than), (2/3) V,, the upper comparator triggers the control flip-flop so
that @ = 1. This, in turn, makes transistor @, on and capacitor C
starts discharging towards ground through Ry and transistor @, with
a time constant RgC (neglecting the forward resistance of @,). Cur-
rent also flows into transistor @, through R,. Resistors R, and Ry
must be large enough to limit this current and prevent damage to the
discharge transistor @,. The minimum value of R, is approximately
equal to V_J0.2 where 0.2 A is the maximum current through the on
transistor €.

During the discharge of the timing capacitor C, as 1t reaches (to be
precise, is just less than) V_J/3, the lower comparator is triggered and
at this stage S = 1, R = 0, which turns @ = 0. Now @ = 0 unclamps
the external timing capacitor C. The capacitor C 1s thus periodically
charged and discharged between (2/3) V,, and (1/3) V, respectively.
Figure 8.17 shows the timing sequence and capacitor voltage wave
form. The length of time that the output remains HIGH is the time
for the capacitor to charge from (1/3) V. to (2/3) V... It may be calculated
as follows:

od U U U LU U Low
oyloge ] fo-T-+1
st 1
ANANNNN =
voltage

Fig. 8.17 Timing sequence of astable multivibrator

The capacitor voltage for a low pass RC circuit subjected to a step
input of V,, volts is given by

v, = V(1 = &R0y
The time ¢, taken by the circuit to charge from 0 to (2/3) V_, is,
(2/3) V. = V(1 - g"W/8C) (8.9)

or, t, = 1.09 RC
and the time {; to charge from 0 to (1/3) V_ is,
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(1/3) Vo = Vi (1 - e %'FC) (8.10)
or, t, = 0.405 RC
So the time to charge from (1/3) V. to (2/3) V. is
tg =t — &
tion = 1.09 RC - 0.405 RC = 0.69 RC
So, for the given circuit,
tier = 0.69 (R, + Rg)C (8.11)

The output is low while the capacitor discharges from (2/3) V. to
(1/3) V.. and the voltage across the capacitor is given by

(U3) V. = (U3)V,, e*/FC
solving, we get = 0.69 RC
So, for the given circuit, t; oy = 0.69 RgC (8.12)

Notice that both R, and Ry are in the charge path, but only Ry is
in the discharge path. Therefore, total time,

T = tyign + tLow

or, T =069 (R, + 2Rg) C
_1__ 145
ED* f" T [Rﬁ"’ERB}E {3.13]

Figure 8.18 shows a graph of the various combinations of (R, +
2Rp) and C necessary to produce a given stable output frequency. The
duty cycle D of a eircuit is defined as the ratio of ON time to the total
time period T = (tgy + topp). In this circuit, when the transistor @), is
on, the output goes low, Hence,

0.1

0.01

Capacitance in uF —g=

0.001

100k

Fig. 8.18 Frequency dependence of £, & and
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D% = fi?lx 100

=B 8.14
Rt 2R 100 (8.14)

With the circuit configuration of Fig. 8.15 it is not possible to have
a duty cycle more than 50% since oy = 0.69 (R + Rp) C will always
be greater than t; 4y = 0.69 Rz C. In order to obtain a symmetrical
square wave 1.e. [J = 50%, the resistance K, must be reduced to zero.
However, now pin 7 is connected directly to V_, and extra current will
flow through @, when it is on. This may damage @, and hence the
timer.

An alternative circuit which will allow duty cycle to be set at
practically any level is shown in Fig. 8.19. During the charging portion
of the cycle, diode D, is forward biased effectively short circuiting Ry
so that

1000 | Ouput
| 555
EED 671 6 Threshald
1
I:mmr
’::c “
GND Control
1 5
_—

001uF
Fig. 8.19 Adjustable duty cycle rectangular wave generator

However, during the discharging portion of the cycle, transistor @,
becomes ON, thereby grounding pin 7 and hence the diode D, is
reverse biased.

So tLow = 0.69 Ry C (8.15)
T = :HIGH + lww = 0.69 ':RA. + RHJ C {Elﬁ}
or, f=-—249 (8.17)

 (Ry +Rg)C
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and duty cycle D=—j-?f—
¥ Cc¥C Br+ R

Resistors R, and Ry could be made variable to allow adjustment of
frequency and pulse width. However, a series resistor of atleast 100 Q
(fixed) should be added to each R, and Rg. This will limit peak current
to the discharge transistor ¢, when the variable resistors are at
minimum value. And, if B, is made equal to Rg, then 50% duty cycle
18 achieved.

Symmetrical square wave generator by adding a clocked JK flip-
flop to the output of the nonsymmetrical square wave generator is
shown in Fig. 8.20. The clocked flip-flop acts as binary divider to the
timer output. The output frequency in this case will be one half that
of the timer. The advantage of this circuit 18 of having output of 50%
duty cycle without any restriction on the choice of R, and Rp.

? 1-11'”:_

%‘HA 8 4

3% -
=~
—

J
EE— ,EJH-FF 0 Output

T T 0.01pF
- -
Fig. 8.20 Symmetrical waveform generator
Example 8.2

Refer Fig. 8.15. For R, = 6.8 k), Ry = 3.3 kQ} and C = 0.1 uF, calculate
(a) tiigy (b) fow (c) free running frequency (d) duty cyele, D.
Solution

{(a) By Eq. {(8.11)
tiign = 0.69 (6.8 ki1 + 3.3 kQ) (0.1 pF) = 0.7 ms

(b) By Eq. (8.12)

_ 1.45 _
© 1= [Esr s @ earmoim - 07 ke

dy p=twow ___Fg
T R, +2Rg
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3.3k
= =0.25 or, 25%
6.8 kO + 2(3.3 k) o

8.4.1 Applications in Astable Mode
FSN Generator

In digital data communication, binary code is transmitted by shifting
a carrier frequency between two preset frequencies. This type of
transmission is called frequency shift keying (FSK) technique. A 555
timer in astable mode can be used to generate FSK signal. The circuit
is as shown in Fig. 8.21. The standard digital data input frequency is
150 Hz. When input is HIGH, transistor € is off and 555 timer works
in the normal astable mode of operation. The frequency of the output
waveform given by Eq. (8.1) can be rewritten as

" = 1.45 {B.].E}
(Ra +2Rp)C
In a tele-typewriter using a modulator-demodulator (MODEM), a
frequency between 1070 Hz to 1270 Hz is used as one of the standard
FSK signals. The components R, and Ry and the capacitor C can be
selected so that f, is 1070 Hz.

85V
H,ﬂmuT
JULe ]
o—w{ﬂ, 8 4
Inputaigtal R,
data at 150 Hz ,
g % Rs 3 p——0
R, 47K00 55 1070-1270Hz
50K
ah
2
1 5
—c
0.01uF G;J
|
|
0.01uF

Fig. 8.21 FSK generator

When the input 18 LOW, @ goes on and connects the resistance K,
across H,. The output frequency is now given by
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8.5 SCHMITT TRIGGER

The use of 555 timer as a Schmitt Trigger is shown in Fig. 8.24. Here
the two internal comparators are tied together and externally biased
at V. /2 through R, and R,. Since the upper comparator will trip at
(2/3) V. and lower comparator at (1/3) V,, the bias provided by R, and
R, is centered within these two thresholds.

U Vee
H‘
100K & % 3l oupu
6
'H'r m
i £
2
5.
e ! _-LumpF

10081} ]—

—
—
=
-

Fig. 8.24 Timer in Schmitt Trigger Operation

Thus, a sine wave of sufficient amplitude (> V_J/6 =23 V_ - V_/2)
to exceed the reference levels causes the internal flip-flop to alternately
set and reset, providing a square wave output as shown in Fig. 8.25,

e A\
VA ViRV aiva

Vg =

1 | I
o I

Fig. 8.25 Input output waveforms of Schmitt Trigger

It may be noted that unlike conventional multivibrator, no frequency
division is taking place and frequency of square wave remains the
same as that of input signal.

Summary

1. 555 IC Timer can produce very accurate and stable time delays,
from microseconds to hours.
2. Timer is available in two packages, circular can and DIP.

3. It can be used with supply voltage varying from 5 to 18V and
thus is compatible with TTL and CMOS circuits.
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Timer can be used in monostable or astable mode of operation.
Its various apphcations include waveform generator, missing
pulse detector, frequency divider, pulse width modulator, burglar
alarm, FSK generator, ramp generator, pulse position modulator
ete,

Review Questions

8.1.
8.2.
8.3.
B.4.
8.5.
8.8.
B.7.
8.8,
8.9,

8.10.

Draw and explain the functional diagram of a 555 Timer.
Explain the function of reset.

What are the modes of operation of a timer?

Derive the expression of time delay of a monostable multivibrator.
Discuss some applications of timer in monostable mode.
Define duty evele D.

Give methods for obtaining symmetrical square wave.

Discuss the operation of a FSK generator using 555 timer.
How is an astable multivibrator connected into a pulse position
modulator?

Draw the circuit of a Schmitt trigger using 555 timer and explain
its operation.

PROBLEMS

8.1.

8.2,

8.3.

8.4.

8.5.

Design a monostable multivibrator using 555 timer to produce
a pulse width of 100 ms. Verify the values of R and C obtained
from the graph of Fig. 8.6.

The monostable multivibrator of Fig. 8.3 is used as a divide-by-
3 network. The frequency of the input trigger is 15 kHz. If the
value of C = 0.01 uF, calculate, the value of resistance R.

In the astable multivibrator of Fig. 8.15, R, = 2.2 kQ, R = 6.8
kQ and C = .01 pF. Caleulate (i} tgqy (11) tow, (iti) free running
frequency, and (iv) duty eycle D.

Design a square waveform generator of frequency 100 Hz and
duty cycle of 75%.

Design a symmetrical square waveform generator of 10 kHz.

Experiment

To construct and observe the waveforms of a 1 kHz square waveform
generator using 555 timer for duty cyele, (a) D = 0.25; (b) D = 0.50.

Design aspects:

(a)

Unsymmetrical sqguare waveform generator
f=1kHz and D = 0.25

In Fig. 8.15, f= —30
nFig 815, = o R0
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Phase-Locked Loops

9.1 INTRODUCTION

The phase-locked loop (PLL) is an important building block of linear
aystems. Electronic phase-locked loop (PLL) came into vogue in the
19308 when 1t was used for radar synchronisation and communication
applications. The high cost of realizing PLL in discrete form limited its
use earlier. Now with the advanced IC technology, PLLs are available
as inexpensive monolithic [Cs. This technique for electronic frequency
control 1s used today in satellite communication systems, air borne
navigational systems, FM communication systems, computers etc. The
basic principle of PLL, different ICs and important applications are
discussed.

9.2 BASIC PRINCIPLES
The basic block schematic of the PLL is shown in Fig. 9.1. This feedback

system consists of:

1. Phase detector/comparator
2. A low pass filter

3. An error amplifier
4. A Voltage Controlled Oscillator (VCO)

The VCO is a free running multivibrator and eperates at a set
frequency [, called free running frequency. This frequency is deter-
mined by an external timing capacitor and an external resistor. It can
also be shifted to either side by applying a dc control voltage v, to an
appropriate terminal of the IC. The frequency deviation is directly
proportional to the dc control voltage and hence it is called a “Voltage
Controlled Oscillator” or, in short, VCO.

If an input signal v, of frequency f, is applied to the PLL, the phase
detector compares the phase and frequency of the incoming signal to
that of the output v, of the VCO, If the two signals differ in frequency
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and/or phase, an error voltage v, is generated. The phase detector is
basically a multiplier and produces the sum (f, + f) and difference
{f, — f,)) components at its output. The high frequency component
{f, + fo) is removed by the low pass filter and the difference frequency

Vs Phase Ve Low-pass
U_f"'f detector [ ™1 fiter
Input 5

f W
] VCO "

s

Fig. 9.1 Block schematic of the PLL

component is amplified and then applied as control voltage v, to VCO.
The signal v, shifts the VCO frequency in a direction to reduce the
frequency difference between f, and f. Once this action starts, we say
that the signal is in the capture range. The VCO continues to change
frequency till its output frequency is exactly the same as the input
signal frequency. The circuit is then said to be locked. Once locked,
the output frequency f, of VCO is identical to f, except for a finite
phase difference 9. This phase difference ¢ generates a corrective
control voltage v, to shift the VCO frequency from f to f, and thereby
maintain the lock. Once locked, PLL tracks the frequency changes of
the input signal. Thus, a PLL goes through three stages (i) free running,
(11) capture and (i) locked or tracking.

Figure 9.2 shows the capture transient. As capture starts, a small
sine wave appears. This is due to the difference frequency between the
VCO and the input signal. The dc component of the beat drives the
VCO towards the lock. Each successive cycle causes the VCO frequency
to move closer to the input signal frequency. The difference in frequency
becomes smaller and a large dc component i1s passed by the filter,
shifting the VCO frequency further. The process continues until the
VCO locks on to the signal and the difference frequency is de.

The low pass filter controls the capture range. If VCO frequency is
far away, the beat frequency will be too high to pass through the filter
and the PLL will not respond. We say that the signal is out of the
capture band. However, once locked, the filter no longer restricts the
PLL. The VCO can track the signal well beyond the capture band. Thus
tracking range 1s always larger than the capture range.

Some of the important definitions in relation to PLL are:

Lock-in Range: OUnce the FLL is locked, it can track frequency
changes in the incoming signals. The range of frequencies over which
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the PLL can maintain lock with the incoming signal is called the lock-
in range or tracking range. The lock range is usually expressed as a
percentage of f,, the VCO frequency.

. J

Uniocked

Capture transient
Input f in range

Low-pass fiter ouwlpul

E

Fig. 9.2 The capture transient

Capture Range: ' The range of frequencies over which the PLL can
acquire lock with an input signal is called the capture range. This
parameter is also expressed as percentage of f.

Pull-in time: The total time taken by the PLL to establish lock 1s
called pull-in time. This depends on the initial phase and frequency
difference between the two signals as well as on the overall loop gain
and loop filter characteristics.

9.3 PHASE DETECTOR/COMPARATOR

The phase detection i1s the most important part of the PLL system.
There are two types of phase detectors used, analog and digital.

9.3.1 Analog Phase Detector

The principle of analog phase detection using switch type phase
detector 18 shown in Fig. 9.3(a). An electronic switch S 1s opened and
closed by signal coming from VCO (normally a square wave) as shown
in Fig. 9.3(b). The input signal is, therefore, chopped at a repetition
rate determined by VCO frequency. Figure 9.3(c) shows the input signal
v, assumed to be in phase (§ = 0°) with VCO output v, Since the
switch S is closed only when VCO output is positive, the output
waveform v, will be half sinusoids (shown hatched). Similarly, the
output waveform for ¢ = 90° and ¢ = 180° is shown in Fig. 9.3(d, e).
This type of phase detector iz called a half wave detector, since the
phase information for only one-half of the input waveform is detected
and averaged. The output of the phase comparator when filtered
through a low pass filter gives an error signal which is the average
value of the output waveform shown by dotted line in Fig. 9.3(c, d, e).
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Electronic switch
input 5
v:w o < . Output

T

VpDrive

(from VCO)
(a)

Fig. 9.3 Phase detector for PLL {a) Basic scheme (b} VCO output waveform.
Input and output waveform (hatched) of phase detector for
(€) & = 0 (d} ¢ =90° (e) ¢ = 180°

It may be seen that the error voltage is zero when the phase shift
between the two inputs is 90°, So, for perfect lock, the VCO output
should be 90° out of phase with respect to the input signal.

Analysis

A phase comparator is basically a multiplier which multiplies the
input signal (v, = V, sin 2r [, ) by the VCO signal (v, = V, sin (2r f;¢
+ ¢). Thus the phase comparator output is,

v, = KV,V, sin (2n [ f) sin (2r f ¢ + ¢) (9.1)
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where K is the phase comparator gain (or attenuation constant) and
¢ is the phase shift between the input signal and the VCO output.
Equation (9.1) can be simplified as,

U = H—vﬂli’rﬂ- [cuﬂl[Ercf.t - 2nft - ) - cos(2nft + 2nft + d;-}} (9.2)

when at lock, l*:hat is, fy = fo
Then v, = %5- [cos(~¢) ~ cos(2r X 2fit + ¢)]

This shows that the phase comparator output contains a double
frequency term and a de term (KV, V/2) cos ¢ which varies as a function
of phase ¢, that is, cos ¢ between the two signals. The double frequency
term 18 eliminated by the low pass filter and the dc signal 18 applied
to the modulating input terminal of a VCO. It can be seen that in the
perfect locked state (f; = f,), the phase shift should be 90° (cos 90° =
0), in order to get zero error signal, that is, v, = 0,

There are two problems associated with the switch type phase
detector:

1. The output voltage v, is proportional to the input signal amplitude
V.. This is undesirable since it makes phase detector gain and
the loop gain dependent on the input signal amplitude.

2. The output is proportional to cos ¢ and not proportional to ¢
making it non-linear.

Both these problems can be eliminated by limiting the amphtude
of the input signal, that is, converting the input to a constant amplitude
square wave. A circuit which performs phase comparison with square
wave input is shown in Fig. 9.4(a). This is a balanced modulator used
as full-wave switching phase detector. Here the input signal is applied
to the differential pair @,@,. Transistors @@, and €,—Q; are two
sets of SPDT switches activated by the VCO output. The input signal
v, and the VCO output v, are assumed to be high enough to switch
the transistors in Fig. 9.4 (a) fully en or off. In Fig. 9.4(b) when v, and
v, both are high during the time 0 to (n-¢), transistors @, and @, are
driven on and current Iy flows through @, and @, This gives an
output voltage

v, = —Ig Ry (9.4)

Next for the period (n-8) for =, when v, is high and v, is low,
transistors €, and @, are driven on resulting in an output voltage

v, = IgR;, (9.5)

In this way, the dutput voltage waveform v, in Fig. 9.4(b) is obtained.
The average value of the phase detector cutput v, can be calculated

(U)yy = %[{area A;) + (area Ag)]
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Fig. 9.4 (a) Phase detector for IC PLL
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Fig. 9.4 (b) Timing diagram of input and cutput waveforms for balanced
modulator circuit of Fig. 9.4 (a)
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= ~[IsRu0+(- IsR.) X (x - 0)]

= IERL (H-]]
n
I _
= 4%[;-%) [Since Iy = 2I)
= K (¢ - n/2) (9.6)
"H‘_F
N T -

Fig. 9.4 (c) Output dc voltage versus input phase difference of balanced
modulator full wave switching phase detector
where K, is the phase angle-to-voltage transfer coefficient or, the
conversion ratio of the phase detector. This linear relationship between
v, and ¢ is depicted in Fig. 9.4 (c).

9.3.2 Digital Phase Detector

Figure 9.5(a) shows the digital type XOR (Exclusive—OR) phase
detector. It uses CMOS type 4070 Quad 2-input XOR gate. The output
of the XOR gate is high when only one of the inputs signals [, or f|
18 high. This type of detector is used when both the input signals are
square waves. The input and output waveforms for f, = f, are shown
in Fig. 9.5(b). In this figure, [ is leading f, by ¢ degrees. The variation
of de output voltage with phase difference ¢ 1s shown in Fig. 9.5(c). It
can be seen that the maximum de output voltage occurs when the
phase difference is m because the output of the gate remains high
throughout. The slope of the curve gives the conversion ratio &, of the
phase detector. So, the conversion ration K, for a supply voltage
V. = 5V is,

K, = % = 1.59 Virad (9.7
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—

Phase cifference ¢
(e} between I, and i,

Fig. 9.5 (a) Exclusive-OR phase detector (b) Input and output waveforms
(e) DC output voltage versus phase difference ¢ curve

Another type of digital phase detector is an edge-triggered phase
detector as shown in Fig. 9.6(a). The circuit is an R-8 flip-flop made
by NOR gates, such as CI) 4001. This circuit is useful when f, (incoming
signal) and f, (VCO output) are both pulse waveforms with duty cycle
less than 50 percent. The output of the R-S flip-flop changes its state
on the leading edge of f, and f, as shown in Fig. 9.6(b). The variation
of de output voltage vs phase difference between f, and £, is shown in
Fig. 9.6(c). This type of detector has better capture tracking and locking
characteristics as the dc output voltage is linear upto 360° compared
to 180° in the case of Exclusive-OR detector.

Digital phase detector is also available in independent monolithic IC
form. A typical example is MC4344/4044, This IC gives input/output
transfer characteristics which is linear upto 4x radians or 720°.
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-

.

fe)

Fig. 9.6 (a) Edge-triggered phase detector using CD4001, Quad 2-input NOR
gate (b) Input and output waveforms (c) dc output voltage vs
phase difference &

9.4 VOLTAGE CONTROLLED OSCILLATOR (VCO)

A common type of VCO available in IC form is Signetics NE/SE566.
The pin configuration and basic block diagram of 566 VCO are shown
in Fig. 9.7(a, b). Referring to Fig. 9.7(b), a timing capacitor Cy is
linearly charged or discharged by a constant current source/sink. The
amount of current can be controlled by changing the voltage v, applied
at the modulating input (pin 5) or by changing the timing resistor R,
external to IC chip. The voltage at pin 6 is held at the same voltage
as pin 5. Thus, if the modulating voltage at pin 5 is increased, the
voltage at pin 6 also increases, resulting in less voltage across Ry and
thereby decreasing the charging current.

The voltage across the capacitor Cy is applied to the inverting input
terminal of Schmitt trigger A; via buffer amplifier A4;. The output
voltage swing of the Schmitt trigger is designed to V,, and 0.5 V_. If
R, = R, in the positive feedback loop, the voltage at the non-inverting
input terminal of A, swings from 0.5 V_ to 0.25 V_. In Fig. 9.7(c).
when the voltage on the capacitor C; exceeds 0.5 V, during charging,
the output of the Schmitt trigger goes LOW (0.5 V). The capacitor
now discharges and when it is at 0.25 V_, the output of Schmitt
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Fig. 8.7 Voltage controlied oscillator (a) Pin configuration (b) Block diagram

trigger goes HIGH (V_). Since the source and sink currents are equal,
capacitor charges and discharges for the same amount of time. This
gives a triangular voltage waveform across C; which is also available
at pin 4. The square wave output of the Schmitt trigger is inverted*
by inverter A; and is available at pin 3. The output waveforms are
shown in Fig. 9.7(c).

The output frequency of the VCO can be calculated as follows:

The total voltage on the capacitor changes from 0.25 V to 0.5 V..
Thus Av = 0.25 V.. The capacitor chargers with a constant current
apurce.

Av _ _:._

So E - G]-

025V, _ i

0r, M GP
or, at = 025 VlOr (9.8)

* An inverter is basically a current amplifier to drive the load.
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f, = 2V -(WB) V) _ 1 _0.25 (9.11)
CrBrV, ARGy RCr
Voltage to Frequency Conversion Factor

A parameter of importance for VCO is voltage to frequency conversion
factor K, and is defined as

HI — ifu
LY &_LI"
Here Av, 18 the modulation voltage required to produce the frequency

shift Af, for a VCO. If we assume that the original frequency 1s f, and
the new frequency is f;, then

M¢=f1_fu

= 2V ~ue + Ay)  2(V - )
Cr ByV,, CrBy Vi

- _2Ay (9,1%)
CrRrVe
or, Au, = E'fﬂ%ﬂ'fﬂ (9.13)
Putting the value of CpRiyp from Eqg. (9.11)
Av, = Af, V. 18f, (9.14)
= AL 8k
OF, K, AV {9.15)

9.5 LOW PASS FILTER

The filter used in a PLL may be either passive type as shown in Fig.
9.8(a, b) or active type as in Fig. 8.8(c).

The low pass filter not only removes the high frequency components
and noise, but also controls the dynamic characteristics of the PLL.
These characteristics include capture and lock range, band-width and
transient response. If filter band-width is reduced, the response time
increases. However, reducing the band-width of the filter also reduces
the capture range of the PLL. The filter serves one more important
purpose. The charge on the filter capacitor gives a short time ‘memory’
to the PLL. Thus, even if the signal becomes less than the noise for
a few cycles, the dc voltage on the capacitor continues to shift the
frequency of the VCO till it picks up signal again. This produces a
high noise immunity and locking stability.
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Fig. 9.8 Low pass filter (a, b) Passive filter (c) Active filter

9.6 MONOLITHIC PHASE-LOCKED LOOP

All the different building blocks of PLL are available as independent
IC packages and can be externally interconnected to make a PLL.
However, a number of manufacturers have introduced monolithic PLLs
too, Some of the important monolithic PLLs are SE/NES5S60 series
introduced by Signetics and LM560 series by National Semiconductor.
The SE/NE 560, 561, 562, 564, 565 and 567 mainly differ in operating
frequency range, power supply requirement, frequency and bandwidth
adjustment ranges. Since 565 i1s the most commonly used PLL, we
will discuss some of the important features of this 1C chip.

IC PLL 565

565 is available as a 14-pin DIP package and as 10-pin metal can
package. The pin configuration and the block diagram are shown in
Fig. 9.%a, b). The output frequency of the VCO (both inputs 2, 3
grounded) as given by Eq. (9.11) can be rewritten as,

f, = ﬁ Hz (9.16)

where Ry and C; are the external resistor and capacitor connected to
pin 8 and pin 9. A value between 2 kil and 20 k{l 1s recommended for
Ry, The VOO free running frequency 18 adjusted with R, and ( to be
at the centre of the input frequency range. It may be seen that phase
locked loop 1s internally broken between the VCO output and the
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Fig. 9.9 (a) Pin diagram
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Fig. 9.9 (b) NE/SE565 PLL block diagram

phase comparator input. A ghort circuit between pins 4 and 5 connects
the VCO output to the phase comparator so as to compare f, with
input signal f,. A capacitor C is connected between pin 7 and pin 10
(supply terminal) to make a low pass filter with the internal resistance
of 3.6 kil

In Fig. 9.10, a complete diagram of LM565 (National Semiconductor)
IC PLL 1s presented. The analog phase detector is comprised of the
@, —Qs, @40, and Q@) differential amplifier pairs with @, together
with R; (200 Q) serving as a current sink bias source. Resistors R,
and R; (each 7.2 kQ) serve as the load for the phase detector. The
output voltage of the phase detector 1s limited by the diode-connected
transistors @; and @ to a maximum of £ 0.7 V which minimizes the
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v, = AK (¢ — n/2) (9.19)

where A is the voltage gain of the amplifier. This v, shifts VCO
frequency from its free running frequency [, to a frequency [ given by,

fF=f+Ku, {9.20)

where K, is the voltage to frequency transfer coefficient of the VCO.
When PLL is locked-in to signal frequency f,, then we have

f=f=Ff+Kuy (9.21)
since, v = {fy - MK, = AK, (¢ - n/2) (9.22)
Thus, 0 =w2 + (f. - LUK KA (9.23)

The maximum output voltage magnitude available from the phase
detector occurs for ¢ = n and 0 radian (see in Fig. 9.4(c) and v, (max)
=+ K, ®/2 from Eq. (9.6). The corresponding value of the maximum
control voltage available to drive the VCO will be,

Vpimaxy = T (W2) KA (9.24)

The maximum VCO frequency swing that can be obtained is given
by,

U- - qumun = Kl.r II"Il:l;:|11.l.:|::| = Hu-Kjﬂ {ﬂﬂ} {9-25}

Theretore, the maximum range of signal frequencies over which
the PLL can remain locked will be,

.IFs = -fn + {f-fn}mu

=f,+ KK, (WA =f, £ Af, (9.26)
where 2 Af, will be the lock-in frequency range and is given by,
lock-in range =  24Af, = K, K An (9.27)
or, Af, =+ K, KA (r/2) (9.28)

The lock-in range 18 symmetrically located with respect to VCO free
running frequency [,. For 1C PLL 565,

K, = %{1 (from Eq. (9.15))

where V=4V, - (Vo
Again, K, =12 (from Eq. (9.17)
n
and A=14

Hence the lock-in range from Eq. (9.28) becomes,
Aff =+ T8 IV (9.29)
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Derivation of Capture Range
When PLL is not initially locked to the signal, the frequency of the
VCO will be free running frequency f,. The phase angle difference

between the signal and the VCO output voltage will be,
o = (wd + 8) — (w,t + 8,) = (w0, — w,ht + AB (9.30)

thus the phase angle difference does not remain constant but will
change with time at a rate given by

4 -y o, (9.31)
i
The phase detector output voltage will therefore not have a dc
component but will produce an ac voltage with a triangular waveform
of peak amplitude K (n/2) and a fundamental frequency (f; — f)) = A;
The low pass filter (LPF) is a simple RC network having transfer
function

= 1 9,32
= 550 92

where f, = 1/2 n RC is the 3-dB point of LPF. In the slope portion of
LPF where (fif,)* >> 1, then

T =~ & (9.33)
if
The fundamental frequency term supplied to the LPF by the phase
detector will be the difference frequency Af = f, — f,. If Af > 3f,, the
LPF transfer function will be approximately,

napH = fi/af = fllf, = 1) (9.34)
The voltage v, to drive the VCO is,
v, =u, x T() x A (9.35)
or, Veimax) = Vaimaxy * T = A

=% K.[m’EH (f,/Af. (from Eq. (9.24)) {9.36)
| Then the corresponding value of the maximum VCO frequency shift
is,

(~Fax = Ko Vomen = £ KK, (WA (£ (9.37)

For the acquisition of signal frequency, we should put f = f so that
the maximum signal frequency range that can be acquired by PLL is,

Ua."'ro]mu =t Kv'Kj {ﬂm UIIMJ [93‘8}
Now ﬂ-f.: = ur: - ru]mn:
s, (8 = K,K, (U2)Af, (from Eq. (9.38))



Hidden page



Hidden page



Hidden page



376 Linear Integrated Circuits

The output of VCO which has the same frequency as the carrier, but
unmodulated is fed to the multiplier. Since VCO output is always 90°
out of phase with the incoming AM signal under the locked condition,
the AM input signal is also shifted in phase by 90° before being fed
to the multiplier. This makes both the signals applied to the multiplier
in same phase. The output of the multiplier contains both the sum
and the difference signals, the demodulated output is obtained after
filtering high frequency components by the LPF. Since the PLL
responds only to the carrier frequencies which are very close to the
VCO output, a PLL. AM detector exhibits a high degree of selectivity
and noise immunity which is not possible with conventional peak
detector type AM modulators.

AM Phasa Muttipliar
ghifttu, |—= (Phase [— LFF | Demodulated
e a° detector] Cuiput
PLL .&I
Ouitpun

Fig. 9.14 PLL used as AM demodulator

9.7.4 FM Demodulation

If PLL is locked to a FM signal, the VCO tracks the instantaneous
frequency of the input signal. The filtered error voltage which controls
the VCO and maintains lock with the input signal is the demodulated
FM output. The VCO transfer characteristics determine the linearity
of the demodulated output. Since, VCO used in IC PLL is highly
linear, 1t is possible to realize highly linear FM demodulators.

9.7.5 Frequency Shift Keying (FSK) Demodulator

In digital data communication and computer peripheral, binary data
15 transmitted by means of a carrier frequency which is shifted between
two preset frequencies. This type of data transmission is called
frequency shift keying (FSK) technique. The binary data can be
retrieved using a FSK demodulator at the receiving end. The 565 PLL
15 very useful as a FSK demodulator. Figure 9.15 shows FSK
demodulator using PLL for tele-typewriter signals of 1070 Hz and
1270 Hz. As the signal appears at the input, the loop locks to the
input frequency and tracks it between the two frequencies with a
corresponding de shift at the output. A three stage filter removes the
carrier component and the output signal 13 made logic compatible by
a voltage comparator.



Phase-Locked Loops 377

~~=—=——"7"777 AC tadder filter
]
!
I
i
|

FsK D.01pF
Input o—|
(10701270
Hz}
8000
Summary

1. A phase locked loop consists of a phase detector, low pass filter,
amplifier and a VCO in feedback loop.

2. The important characteristics of a PLL are: lock-in range, capture
range and pull-in-time.

3. The lock range is usually greater than the capture range. The
capture range depends upon the LPF characteristics.

4. The phase detectors are of two types: analog and digital. The
phase detector is basically a multipher.

5. The frequency of VCO can be set by an external capacitor and
resistor. The output frequency f, of VCO is compared with the
incoming signal f,. When f, = f, the PLL is said to be locked.

6. The low pass filter may be passive or active type. The LPF
controls the capture range and lock range of PLL.

7. Signetics SE/NE 560 series — 560, 561, 562, 564, 565 and 567
are monolithic PLLs. All the blocks of a PLL are also available
as independent [Cs and can be interconnected to make a PLL.

8. The PLLs are used as frequency multipher, divider, AM and FM
demodulator, FSK demodulator etc.

Review Questions

9.1, List the basic building blocks of a PLL.

9.2. Define capture range, lock range and pull-in-time.

9.3. Which is greater "Capture range’ or ‘Lock range”

9.4. What 1s the major difference between digital and analog PLLs?
9.5. Give the block diagram of IC 566 VCO and explain its operation.
9.6. What is the range of modulating input voltage applied to a VCO?
9.7. List the applications of PLL.

9.8. Draw the circuit of a PLL AM detector and explain its operation.
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PROBLEMS

9.1.

9.2,

9.3.

9.4,

9.5.

In the VCO of Fig. 9.7 calculate the change in output frequency
if the supply voltage is varied between 9V and 11V. Assume V_
=12V, Ry = 6.8 k2, C; = 75 pF, R, = 15 k2 and R, = 100 k).
Determine the dc control voltage v, at lock if signal frequency
f, = 10 kHz, VCO free running frequency is 10.66 kHz and the
voltage to frequency transfer coefficient of VCO is 6600 Hz/V.
If f, = 100 kHz, the voltage to frequency transfer coefficient of
VCO, K, = 2 MHz/V, f, the VCO frequency is 5 MHz and N =
100 in the frequency multiplier of Fig. 9.12, what is the dc
control voltage at lock?

Calculate output frequency [, lock range A f; and capture range
Af, of a 565 PLL if By = 10 kQ, C; = 0.01 pF and C = 10 yF.
Repeat Problems 9.4 for Cyp = 470 pF.

Experiment

(a) To study the operation of NE 565 PLL.
(b) To use NE 565 as a multiplier.

Procedure

1+
2.

Make connections of the PLL as shown in Fig. E. 9.1 (a).
Measure the free running frequency of VCO at pin 4, with the
input signal Vi, set equal to zero. Compare it with the calculated
value = 0.25/RCy.

Now apply the input signal of 1 V,; square wave at a 1 kHz to
pin 2. Connect one channel of the scope to pin 2 and display this
signal on the scope.

Q +8Y
Yy le
t S
10 8 0.01pF
2 T g Demodulated oulput
Vin Reference output
NES6S © =

Input
3 4 o VCO output (1.}
f F 1 5
L L
u.mqu!
=G\

Fig. E. 9.1 {a) NES65 PLL connection diagram
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. Gradually increase the input frequency till the PLL 1s locked to

the input frequency. This frequency f, gives the lower end of the
capture range. Go on increasing the input frequency, till PLL
tracks the input signal, say, to a frequency f,. This frequency [,
gives the upper end of the lock range. If input frequency is
increased further, the loop will get unlocked.

Now gradually decrease the input frequency till the PLL is again
locked, This is the frequency f;, the upper end of the capture
range. Keep on decreasing the input frequency until the loop is
unlocked. This frequency f; gives the lower end of the lock range.
The lock range Afy = (f; — f,). Compare it with the calculated
valueof 27850 Also the capture range is Af, = (f; - f,). Compare

12
it with the calculated value of capture range.

1
N 2 [{21} (3.6)(10%) HCI

. To use PLL as a multiplier, make connections as shown in Fig.

E. 9.1(b). The circuit uses a 4-bit binary counter 7490 used as a
divide-by-5 circuit

T*l-ﬂ-"-l'

Ay _[Eé':m Le

2xa goo1uF| OHF

_iIE_
0 & ‘
2 4| VCO Output -
L™ 563 i
3 5 n +EW
1 fl. 1 S R
Cy 7480 (+5)
- = 4 4. 7k}
= DRF 238710 R,
-6V L1 [ 1 | 2wne222

_‘J___ 1I:Id1.

Fig. E. 9.1 (b) NE 565 as a frequency multiplier
Set the input signal at 1 V, square wave at 500 Hz.

Vary the VCO frequency by adjusting the 20 k{2 potentiometer

till the PLL is locked. Measure the output frequency. It should
be 5 times the input frequency.

Repeat steps 8, 9 for input frequency of 1 kHz and 1.5 kHz.
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10.1 INTRODUCTION

Most of the real-world physical quantities such as voltage, current,
temperature, pressure and time etc. are available in analog form.
Even though an analog signal represents a real physical parameter
with accuracy, it is difficult to process, store or transmit the analog
signal without introducing considerable error because of the superim-
position of noise as in the case of amplitude modulation. Therefore,
for processing, transmission and storage purposes, it is often convenient
to express these variable in digital form. It gives better accuracy and
reduces noise. The operation of any digital communication system is
based upon analog to digital (A/D) and digital to analog (D/A)
CONVersion.

Figure 10.1 highlights a typical application within which A/D and
D/A conversion is used. The analog signal obtained from the transducer
is band limited by antialiasing filter. The signal is then sampled at a
frequency rate more than twice the maximum frequency of the band
limited signal. The sampled signal has to be held constant while
conversion is taking place in A/D converter. This requires that ADC
should be preceded by a sample and hold (S/H) circuit. The ADC
output is a sequence in binary digit. The micro-computer or digital
gignal processor performs the numerical caleulations of the desired
control algorithm. The I/A converter is to convert digital signal into
analog and hence the function of DAC is exactly opposite to that of
ADC. The D/A converter is usually operated at the same frequeney as
the ADC. The output of a D/A converter is commonly a staircase. This
staircase-like digital output is passed through a smoothing filter to
reduce the effect of quantization noise.

The scheme given in Fig. 10.1 1s used either in full or in part in
applications such as digital audio recording and playback, computer,
music and video synthesis, pulse code modulation transmission, data
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Fig. 10.1 Circuit showing application of A/D and D/A converter

acquisition, digital multimeter, direct digital control, digital signal
processing, microprocessor based instrumentation.
Both ADC and DAC are also known as data converters and are

available in IC form. It may be mentioned here that for slowly varying
gignal, sometimes sample and hold eircuit may be avoided without
considerable error. The A-D conversion usually makes use of a D-A
converter so we shall first discuss DAC followed by ADC.

10.2 BASIC DAC TECHNIQUES

The schematic of a DAC is shown in Fig. 10.2. The input 15 an n-bit
binary word D and is combined with a reference voltage Vy to give an
analog output signal. The output of a DAC can be either a voltage or
current. For a voltage output DAC, the D/A converter is mathematically
described as

V,=K Vpg (e, 2 + 2%+ .. . +d2™ (10.1)
where, V, = output voltage
Vig = full scale output voltage
K = scaling factor usually adjusted to unity
dydy... d, = n-bit binary fractional word with the decimal point
located at the left
d, = most significant bit (MSB) with a weight of Vjg/2
d, = least significant bit (LSB) with a weight of Vpg/2"

+T v, T_
o, . MSB) v,
[n
Binary v
m D u|'I—1 (s s e o s s DA{: : :
% (LS8)

Fig. 10.2 Schematic of a DAC
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There are various ways to implement Eq. (10.1) Here we shall
discuss the following resistive techniques only:

Weighted resistor DAC

R-2R ladder

Inverted R-2R ladder

10.2.1 Weighted Resistor DAC

One of the simplest circuits shown in Fig. 10.3(a) uses a summing
amplifier with a binary weighted resistor network. It has n-electronic
switches dy, dy, . . ., d,, controlled by binary input word. These switches
are single pole double throw (SPDT) type. If the binary input to a
particular switch is 1, it connects the resistance to the reference voltage
(— V). And if the input bit is 0, the switch connects the resistor to the
ground. From Fig. 10.3(a), the output current I, for an ideal op-amp
can be written as

IEZII+IE+"‘+I]:

Vi Vi Vi
= YR YR _ _YR_
2Rd1+223d2+“'+guﬂd"

= %{d, 270 ey 272 4 4 d,27M)
The output voltage
V, = LR, = m%m 214 dy22 4 ... +dy2) (10.2)

Comparing Eq. (10.1) with Eq. (10.2) it can be seen that if B, = R
then K =1 and Vg = V5.

The circuit shown in Fig. 10.3(a) uses a negative reference voltage.
The analog output voltage is therefore positive staircase as shown in
Fig. 10.3(b) for a 3-bit weighted resistor DAC, It may be noted that

(i) Although the op-amp in Fig. 10.3(a) is connected in inverting
mode, 1t can also be connected 1n non-inverting mode.
{it) The op-amp is simply working as a current to voltage converter.
(iti) The polarity of the reference voltage is chosen in accordance
with the type of the switch used. For example, for TTL compatible
switches, the reference voltage should be + 5V and the output
will be negative.

Tl'i; accuracy and stability of a DAC depends upon the accuracy of
the resistors and the tracking of each other with temperature. There
are however a number of problems associated with this type of DAC.
One of the disadvantages of binary weighted type DAC ‘s the wide
range of resistor values required. It may be observed that for better
resolution, the input binary word length has to be increased. Thus, as
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Fig. 10.3 (a) A simple weighted resistor DAC (b) Transfer characteristics of
a 3-bit DAC

the number of bit increases, the range of resistance value increases,
For 8-bit DAC, the resistors required are 2°R, 2'R, 2R, ..., 2'R. The
largest resistor 18 128 times the smallest one for only 8-bit DAC. For
a 12-bit DAC, the largest resistance required is 5.12 MQ if the smallest
is 2,5 kD2, The fabrication of such a large resistance in IC is not
practical. Also the voltage drop across such a large resistor due to the
bias current would also affect the sccuracy. The choice of smallest
resistor value as 2.5 ki is reasonable; otherwise loading effect will be
there. The difficulty of achieving and maintaining accurate ratios over
such a wide range especially in monolithic form restricts the use of
weighted resistor DACs to below 8-bits.

The switches in Fig. 10.3 (a) are in series with resistors and
therefore, their on resistance must be very low and they should have
zero offset voltage. Bipolar transistors do not perform well as voltage

switches, due to the inherent offset voltage when in saturation.
However, by using MOSFET, this can be achieved.
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10.2.2 R-2R Ladder DAC

Wide range of resistors are required in binary weighted resistor type
DAC. This can be avoided by using R-2R ladder type DAC where only
two values of resistors are required. It is well suited for integrated
circuit realization. The typical value of R ranges from 2.5 k€ to 10 kQ.

For simplicity, consider a 3-bit DAC as shown in Fig. 10.5 (a),
where the switch position d; d; d; corresponds to the binary word 100,
The circuit can be simplified to the equivalent form of Fig. 10.5 (b)
and finally to Fig. 10.5 (c). Then, voltage at node C can be easily
calculated by the set procedure of network analysis as

£
:!“

{c)

Fig. 10.5 {a) R-ZR ladder DAC (b) Egquivalent circuit of (a), (c) Equivalent
circuit of (b)
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The output voltage

The switch position corresponding to the binary word 001 1 3 bit
DAC is shown in Fig. 10.6 (a). The circuit can be simplified to the
equivalent form of Fig. 10.6 (b). The voltages at the nodes (A, B, C)
formed by resistor branches are easily calculated in a similar fashion
and the output voltage becomes

“ R 16 8 B
—— A
2R
R A R
A
&
2R 22R 22  3oR 4 Ve
dy=1 [d=0 1d=0 I
j]y ‘I _g-'!l'n
(a)
21 a
~8a'n ‘Eﬁi""n 78 VL

b =
Fig. 10.6 (a) R-2R ladder DAC for switch positions 001 (b) Equivalent circuit

In a similar fashion, the output voltage for R-2R ladder type DAC
corresponding to other 3-bit binary words can be calculated.

10.2.3 Inverted R-2R Ladder

In weighted resistor type DAC and R-2ZR ladder type DAC, current
flowing in the resistors changes as the input data changes. More
power dissipation causes heating, which in turn, creates non-linearity
in DAC. This is a serious problem and can be avoided completely in
‘Inverted R-2R ladder type DAC'. A 3-bit Inverted R-2ZR ladder type
DAC 1s shown in Fig. 10.7 (a) where the position of M5B and LSB is
interchanged. Here each input binary word connects the corresponding
switch either to ground or to the inverting input terminal of the op-
amp which is also at virtual ground. Since both the terminals of
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switches d, are at ground potential, current flowing in the resistances
15 constant and independent of switch position, i.e. independent of
input binary word. In Fig. 10.7 (a), when switch d, is at logical ‘0" i.e.,
to the left, the current through 2R resistor flows to the ground and
when the switch d, is at logical ‘1’ i.e., to the right, the current through
2R sinks to the virtual ground. The circuit has the important property
that the currents divides equally at each of the nodes. This is because
the equivalent resistance to the right or to the left of any node is
exactly 2 R. The division of the current is shown in Fig. 10.7 (b).
Consider a reference current of 2 mA. Just to the right of node A, the
equivalent resistor is 2 R. Thus 2 mA of reference input current divides
equally to value 1 mA at node A. Similarly to the right of node B, the
equivalent resistor is 2 R. Thus 1 mA of current further divides to
value 0.5 mA at node B. Similarly, current divides equally at node C
to 0.25 mA. The equal division of current in successive nodes remains
the same in the ‘inverted R-2R ladder’ irrespective of the input binary
word, Thus the currents remain constant in each branch of the ladder.
Since constant current implies constant voltage, the ladder node
voltages remain constant at Vg/2°, V5/2', Vi/2% The circuit works on
the principle of summing currents and 1s also said to operate in the
current mode. The most important advantage of the current mode or
inverted ladder is that since the ladder node voltages remain constant
even with changing input binary words {codes), the stray capacitances
are not able to produce slow-down effects on the performance of the
circuit.

It may be noted that the switches used in Fig. 10.7(a) are the SPDT
switches discussed earlier. According to bit d;, the corresponding switch
gets connected either to ground for d; = 0 or to -Vy for d; = 1. The
current flows from inverting input terminal to -V, for d; = 1 and from
ground to -Vy for d, = 0. Regardless of the binary input word, the
current in the resistive branches of the inverted ladder circuit remains
always constant as explained in Fig. 10.7(b). However, the current
through the feedback resistor R i1s the summing current depending
upon the input binary word. It may further be mentioned that, Fig.
10.7 (b) shows only the current division for making the analysis simple,
though it is a voltage driven DAC.

10.2.4 Multiplying DACs

A digital to analog converter which uses a varying reference voltage
Vi is called a multiplying D/A converter (MDAC). Thus if in the Eq.
(10.1), the reference voltage vy is a sine wave given by

vglt) = V., cos 2ajt
Then, volt) = V,,,, cos (2rf ¢ + 180°)
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Fig. 10.7 (a) Inverted R-ZR ladder DAC (b) Inverted R-2R ladder DAC showing
division of current for digital input word 001

where V, will vary from OV to (1-27) V|, depending upon the input
code. When used like this, MDAC behaves as a digitally controlled
audio attenuator because the output V, is a fraction of the voltage
representing the input digital code and the attenuator setting can be
controlled by digital logic. If followed by an op-amp integrator, the
MDAC provides digitally programmable integration which can be used
in the design of digitally programmable oscillators, filters.

10.2.5 Monolithic DAC

Monolithic DACs consisting of R-2R ladder, switches and the feedback
registor are available for 8, 10, 12, 14 and 16 bit resolution from
various manufacturers. The MC 1408L is a 8-bit DAC with a current
output. The SE/NE 5018 is also a 8-bit DAC but with a voltage output,
There are hybrid D/A converters available in DATEL DAC-HZ series
for current as well as voltage output.

A typical 8-bit DAC 1408 compatible with TTL and CMOS logic with
settling time around 300 ns is shown in Fig. 10.8 (a). It has eight input
data lines d; (MSB) through dy (LSB). It requires 2 mA reference
current for full scale input and two power supplies V. =+ 5V and Viz
~ 5 V (Vgg can range from — 5V to —15 V). The total reference current
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source is determined by resistor R,, and wvoltage reference V and is
equal to Vp/R,, = 5V/2.5 k2 = 2 mA. The resistor R, = R,, match the
input impedance of the reference source. The output current I, is
calculated as

I, oy [En&z-]u} Dorl

Pl

For full scale input (i.e. d; through d, = 1)

_ 5V |« 4l _
= E_ﬁm[zuz ]—2::1&{25«5!256]—1.992:11&

i=1
The output is 1 LSB less than the full scale reference current of
2 mA. So, the output voltage V, for the full scale input is
V, = 2 mA (255/256) x 5 k) = 9.961 V
In general the output voltage V, 18 given by

V, = Eﬂ‘—.ﬁf[é‘wﬁ +B. +§E{|

The 1408 DAC can be calibrated for bipolar range from -5V to
+5V by adding resistor Ry (5 k{2) between V and output pin 4
as shown in Fig. 10.8 (b). The resistor Ry supplies 1 mA (= Vi/Rg)
current to the output in the opposite direction of the current gener-
ated by the input signal. Therefore the output current for the bipolar

operation [ is

[}
I, = I, - (Vg/Rp) = (VR/R,) [Ztﬂ“] - (Va/Rp)

i=1
For binarv input word = 00000000, i.e. zero input, the output
becomes,
V,=I'Ry= (I, - Ve/Rp)R; = (0-5VI5 kQ) x 5kQ = - 5V
For binary input word = 10000000 output V|, becomes
Vo = (I, - Vi/Bp)R; = [Vy/R,) (dy/2) — (Vy/Ry)) By
= [(5 V/2.5 k) (1/2) = (5 V/5 k)] 5 kQ2
=(lmA - 1mA) x 5 k1 = 0V
For binary input word = 11111111 output V, becomes
V, = [(Va/R,,) (255/256) — (Va/Rp))R; = (1.992 mA — 1 mA) x 5 k2
=0.992 mA x5 kKl =+4960V
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Example 10.2

Calculate the values of the LSB, MSB and full scale output for an
8-bit DAC for the 0 to 10V range.

Solution
1 1
ISB= — = —-
28 956
10V
F v . ; = —— =39 mV
or 10 V range L3B 956
and MSB = [%J full scale =5V

Full scale output = (Full scale voltage — 1 LSB)
= 10V-0038V=0861V

Example 10.3

What output voltage would be produced by a D/A converter whose
output range i1s 0 to 10 V and whose input binary number is

{1} 10 (for a 2-bit IVA converter)
(1) 0110 (for a 4-blat DAC)
{(111) 10111100 (for a 8-bit DAC)

Solution
Q) v, = 1uv[1xl+uxlj=5?
24

(i) V,

1 1 1 1
lﬂv[ﬂx§+1xi_2+lxﬁ+n>=¥)

1n[l+1]=3.?5 v
18

i) V,=10V{1 x V2 +0x1/2%°+1x1/2%+1x 12"+ 1x 1/2°
+1 % 1/2% + 0% /27 + 0 x 1/2%
=10V(/2 + 1/8 + /16 + 1/32 + 1/64) = 7.34 V

10.2 A-D CONVERTERS

The block schematic of ADC shown in Fig. 10.9 provides the function
just opposite to that of a DAC. It accepts an analog input voltage V,
and produces an output binary word d,d,...d, of functional value D,
s0 that

D=d, 2" +d,2%+...+d2™" (10.3)
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DIRECT TYPE ADCs

10.3.1 The Parallel Comparator (Fiash) A/D converter

This is the simplest possible A/D} converter. It 15 at the same time, the
fastest and most expensive technique. Figure, 10.10 (a) shows a 3-bit
A/D converter. The circuit consists of a resistive divider network, 8
op-amp comparators and a 8-line to 3-line encoder (3-bit priority
encoder). The comparator and its truth table is shown in Fig. 10.10 (b).
A small amount of hysteresis is built into the comparator to resolve

Analog
nputV,

o— O +V,(Reference voRage)

'i"-..._\ X,

e
3y >“-—
i

X
S5y '}— _“':]
B R
1 h‘-:“ - T —-—-----:II:“EEi
5 Vn - m -‘f:,n-ﬂﬂll
_a_'v hﬁhxg ancodar
CR ?,-"'

%

x1

7

Fig. 10.10 (a) Basic circuit of a flash type A/D converter

any problems that might occur if both inputs were of equal voltage as
shown in the truth table. Coming back to Fig. 10.10 (a), at each node
of the resistive divider, a comparison voltage is available. Since all the
resistors are of equal value, the voltage levels available at the nodes
are equally divided between the reference voltage Vi and the ground.
The purpose of the circuit is to compare the analog input voltage V,
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with each of the node voltages. The truth table for the flash type AD
converter is shown in Fig. 10.10 (c). The circuit has the advantage of
high speed as the conversion take place simultaneously rather than
sequentially. Typical conversion time is 100 ns or less. Conversion
time is limited only by the speed of the comparator and of the priority
encoder. By using an Advanced Micro Devices AMD 688A comparator
and a T1147 priority encoder, conversion delays of the order of 20 ns
can be obtained.

Voitage input Logic output X
.'.Ilh-——
| A A =1 t X
LA X=10 v
¥, = ¥ Previous value a® —

Fig. 10.10 (b) Comparator and its truth table

Input voltage V, Xp X X Xy X X X X |V K N
0to K8 0 0 0o 0 O 0 0O 1|0 O O
/8 to K4 6o 0o 0o 0 0 0 1 1f0 0 1
I/4 to 3 K8 0 0 0 0 0 1t 1 1}0 1 O
3 K8 to K2 o0 0 0 1 1 1 1]0 1 1
/2 to 5 KB 0 0 0 t 1t 1 1 1|1 0 o0
5 KB to 3 K4 0 0 1 1 1 1 1 1|1 0 1
3 K4 to7 KB o 1 1 1 1 1 1 1]t 1 @O
7 KB to ¥ 1 1 1 1 1 1 1 1}t 1 1

Fig. 10.10 (c) Truth table for a flash type A/D converter

This type of ADC has the disadvantage that the number of
comparators required almost doubles for each added bit. A 2-bit
ADC requires 3 comparators, 3-bit ADC needs 7, whereas 4-bit requires
15 comparators. In general, the number of comparators required are
2" — 1 where n is the desired number of bits. Hence the number of
comparators approximately doubles for each added bit. Also the larger
the value of n, the more complex is the priority encoder.

10.3.2 The Counter Type A/D Converter

The D to A converter can easily be turned around to provide the
inverse function A to D conversion. The principle is to adjust the
DAC's input code until the DAC's output comes within + (1/2) LSB to
the analog input V, which is to be converted to binary digital form.
Thus in addition to the DAC, we need suitable logic circuitry to perform
the code search and a comparator of adequate guality to announce
when the DAC output has come within + (1/2) LSB to V.

A 3-bit counting ADC based upon the above principle is shown in
Fig. 10.11 (a). The counter is reset to zero count by the reset pulse,
Upon the release of RESET, the clock pulses are counted by the binary
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Anaiog input (a)

Tracking emor

Analog signal
(dark line)
with D/A output
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Fig. 10.12{a) A tracking converter (b) Waveforms associated with
a tracking A/D converter
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Fig. 10.13 Functional diagram of the successive approximation ADC
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state and this can be taken as the end of conversion (EOC) command.
Figure 10.14 (a) shows a typical conversion sequence and Fig. 10.14 (b)
shows the associated wave forms. It can be seen that the D/A output
voltage becomes successively closer to the actual analog input voltage.
It requires eight pulses to establish the accurate output regardless of
the value of the analog input. However, one additional clock pulse is
used to load the output register and reinitialize the circuit.

Comect digifa’ Surresse aoovadimalion register oulpol Comoaraior oulou
reapresentation ¥y &t diferent stages in the comersion

11010100 10000000 1 (initial output)
11000000
11100000
11010000
11011000
11010100
11010110
11010101
11010100

L= = = R S ==

Fig. 10.14 (a) Successive approximation conversion sequence for a typical
analog input

One conversion cycle

3 -

e e S S 1

ul.l.ll.l'].ljllll.lllllll -
1234567889 Time

Fig. 10.14 (b) The D/A putput voltage is seen to become successively closer
to the actual analog input voltage

A comparison of the speed of an eight bit tracking ADC and an
eight bit successive approximation ADC is made in Fig. 10.15. Given
the same clock frequency, we see that the tracking circuit is faster
only for small changes in the input. In general, the successive
approximation technique is more versatile and superior to all other
circuits discussed so far.

Successive approximation ADCs are available as self contained ICs.
The AD7592 (Analog Devices Co.) a 28-pin dual-in-line CMOS package

15 a 12-bit A/D converter using successive approximation technique.
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Conversion time for a tracking
A/D Is directly proportional to
g 4 the relative change in input valus .
E_w from one conversion cycle 1o 1he nex
14
12
Conversion time for a successive approximation
E‘: A/D is always the same, regardiess of input value
e
-
2
g L R -
E Input changa
Successive approximation—s= (Number of increments)

device faster
fastar

Fig. 10.15 Comparison of conversion times for tracking and successive
approximation A/D devices

Integrating Type of ADCs

The integrating type of ADCs do not require a S/H circuit at the
input. If the input changes during conversion, the ADC output code
will be proportional to the value of the input averaged over the
integration period.

10.3.5 Charge Balancing ADC

The principle of charge balancing ADC 1s to first convert the input
gignal to a frequency using a voltage to frequency (V/F) converter.
This frequency i1s then measured by a counter and converted to an
output code proportional to the analog input. The main advantage of
these converters is that it is possible to transmit frequency even in
noisy environment or in isolated form. However, the limitation of the
circuit is that the output of VIF converter depends upon an RC product
whose value cannot be easily maintained with temperature and time.
The drawback of the charge balancing ADC is eliminated by the dual
slope conversion.

10.3.6 Dual-Slope ADC

Figure 10.16 (a) shows the functional diagram of the dual-slope or
dual-ramp converter. The analog part of the circuit consists of a high
input impedance buffer A,, precision integrator A, and a voltage
comparator. The converter first integrates the analog input signal V,
for a fixed duration of 2% clock periods as shown in Fig. 10.16 (b).
Then it integrates an internal reference voltage Vi of opposite polarity
until the integrator output is zero. The number N of clock cycles
required to return the integrator to zero is proportional to the value
of V, averaged over the integration period. Hence N represents the
desired output code, The circuit operates as follows:
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Fig. 10.16 (a) Functional diagram of the dual slope ADC (b) Integrated output
waveform for the dual slop ADC

Before the START command arrives, the switch SW, is connected
to ground and SW, is closed. Any offset voltage present in the A,, A,,
comparator loop after integration, appears across the capacitor Cyq
till the threshold of the comparator is achieved. The capacitor C,y
thus provides automatic compensation for the input-offset voltages of
all the three amplifiers. Later, when SW; opens, C,; acts as a memory
to hold the voltage required to keep the offset nulled. At the arrival
of the START command at { = {;, the control logic opens SW, and
connects SW, to V, and enables the counter starting from zero. The
circuit uses an n-stage ripple counter and therefore the counter resets
to zero after counting 2" pulses. The analog voltage V), is integrated
for a fixed number 2" counts of clock pulses after which the counter
resets to zero. If the clock period is T, the integration takes place for
a time T, = 2" x T and the output is a ramp going downwards as
shown in Fig. 10.16 (b).

The counter resets itself to zerc at the end of the interval T, and
the switch SW, is connected to the reference voltage (— V). The output
voltage v, will now have a positive slope. As long as v, is negative, the
output of the comparator is positive and the control logic allows the
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clock pulse to be counted. However, when v, becomes just zero at time
t = iy, the control logic issues an end of conversion (EQC) command
and no further clock pulses enter the counter. It can be shown that
the reading of the counter at t; is proportional to the analog input

voltage V.
In Fig. 10.16(b)
4 = 2n counts
hi=h-t clock rate (104)
digital count N
and i -ty = 10.5
P clock rate (10.5)

For an integrator,
Av, = (-1/RC) V(Af) (10.6)

The voltage v, will be equal to v, at the instant ¢, and can be written
as

vy = (<1/RC) Vi(ty — 1)

The voltage v, is also given by

v, = (~URC) (- Vi) (ty — ty)
So, Viity — ) = Vilty — ts)
Putting the values of (¢, - ¢,) = 2" and (f; — &) = N, we get
Vi(2%) = (VRN

or, V. = (Vg (NIZ%) {10.7)
The following important observations can be made:

1. Since Vi and n are constant, the analog voltage V, is proportional
to the count reading N and is independent of R, C and T.

2. The dual-slope ADC integrates the input signal for a fixed time,
hence it provides excellent noise rejection of ac signals whose
periods are integral multiples of the integration time T. Thus ac
noise superimposed on the input signal such as 50 Hz power line
pick-up will be averaged during the input integration time. So
choose clock period T, so that 2°T 1s an exact integral multiple
of the line period (1/50) second = 20 ms.

3, The main disadvantage of the dual-slope ADC is the long
conversion time. For instance, if 2"— T = 1/50 is used to reject
line pick-up, the conversion time will be 20 ms.

Dual-slope converters are particularly suitable for accurate
measurement of slowly varying signals, such as thermocouples and
welghing scales. Dual-slope ADCs also form the basis of digital panel
meters and multimeters.

Dual-slope converters are available in monolithic form and are
available both in microprocessor compatible and in digplay oriented
versions, The former provide the digital code in binary form whereas
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the display oriented versions present the output code in a format
suitable for the direct drive of LED displays. The Datel Intersil ICL7109
is a monolithic 12-bit dual-slope ADC with microprocessor compatibility.
Example 10.4

A dual slope ADC uses a 16-bit counter and a 4 MHz clock rate. The
maximum input voltage is + 10 V. The maximum integrator output
voltage should be — 8 V when the counter has cyeled through 2" counts.

The capacitor used in the integrator 1s 0.1 pF. Find the value of the
resistor R of the integrator,

Solution

Time period (i, — ;) iIn Fig. 10.16 (b) =
For the integrator
ﬁun = {- ].IRC} V‘ ui - I"-']}
So, RC =-={(10V/-8V) 16.3 ms = 20.47 ms
_ 20.47 ms
R==2-""""7
0.1puF
Example 10.5
If the analog signl V, is +4.129 V in the example 10.4, find the

equivalent digital number.
Solution

Since, V, = VR(N/2%)
So the digital count N = 2" (V/Vy) = 65536 (4.129 VI8 V) = 33825
for which the binary equivalent 1z 1000010000100001.

10.4 DAC/ADC SPECIFICATIONS

216 §5536

= =16.38
s MHz 4 MHz me

=204.7 kQ = 205 kQ

Both DA and A/D converters are available with wide range of
specifications. The various important specifications of converters
generally specified by the manufacturers are analyzed.
Resolution:The resolution of a converter is the smallest change in
voltage which may be produced at the output (or input) of the converter.
For example, an 8-bit IVA converter has 2°~1 = 255 equal intervals.
Hence the smallest change in output voltage is (1/255) of the full scale
output range. In short, the resclution 1s the value of the LSB.

Resolution {1n volts) = E_FET= 1LSB increment {10.8)

However, resclution is stated in a number of different ways. An
8-bit DAC iz said to have : 8 bit resolution
: a resolution of 0.392 of full-scale
: a resolution of 1 part in 255
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Similarly, the resolution of an A/D converter is defined as the
smallest change in analog input for a one bit change at the output. As
an example, the input range of an 8-bit A/D converter is divided into
255 intervals. So the resolution for a 10V input range is 39.22 mV
(= 10 V/255). Table 10.1 gives the resolution for 6-16 bit DACs.

Table 10.1 Resolution for 6—16 bit DACs

Bis Intenvals 158 sre LS8 size
(% of Al Scake) (10 V Al Scale)
& 63 1.588% 158.8 mV
8 256 0.392% 39.2 mV
10 1023 0.0978% 9.78 mV
12 4095 0.0244% 2.44 mv
14 16383 0.0061% 0.61 mV
16 65535 0.0015% 0.15 mv

Linearity: The linearity of an A/D or /A converter is an important
measure of its accuracy and tells us how close the converter output is
to its ideal transfer characteristics. In an ideal DAC, equal increment
in the digital input should produce equal increment in the analog
output and the transfer curve should be linear. However, in an actual
DAC, output voltages do not fall on a straight line because of gain and
offset errors as shown by the solid line curve 1n Fig. 10.17. The static
performance of a DAC 1s determined by fitting a straight line through
the measured output points, The linearity error measures the deviation
of the actual output from the fitted line and is given by e/A as shown
in Fig. 10.17. The error is usually expressed as a fraction of L5B
increment or percentage of full-scale voltage. A good converter exhibits
a linearity error of less than + (1/2) LSB.
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poo 001 010 011 100 101 q10 1M
Digital word ~———

Fig. 10.17 Linearity error for 3-bit DAC

Accuracy: Absolute accuracy is the maximum deviation between
the actual converter output and the ideal converter output. Relative
accuracy is the maximum deviation after gain and offset errors have
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been removed. Data sheets normally specify relative accuracy rather
than absolute accuracy. The accuracy of a converter is also specified
in terms of LSB increments or percentage of full scale voltage.

Monotonicity: A monotonic DAC is the one whose analog cutput
increases for an increase in digital input. Figure 10.18 represents the
transfer curve for a non-monotonic DAC, since the output decreases
when input code changes from 001 to 010. A monotonic characteristic
15 essential in control applications, otherwise oscillations can result.
In successive approximation ADCs, a non-monotomic characteristic
may lead to missing codes.

If a DAC has to be monotonic, the error should be less than + (1/2)
LSB at each output level. All the commercially available DACs are
monotonic because the linearity error never exceeds + (1/2) LSB at
each output level.
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Fig. 10.18 A non-monotonic 3-bit DAC

Settling time: The most important dynamic parameter is the set-
thing time. It represents the time it takes for the output to settle
within a specified band + (1/2) LSB of its final value following a code
change at the input (usually a full scale change). It depends upon the
switching time of the logic circuitry due to internal parasitic capaci-
tances and inductances. Settling time ranges from 100 ns to 10 ps
depending on word length and type of circuit used.

Stability: - The performance of converter changes with temperature,
age and power supply variations. So all the relevant parameters such
as offset, gain, linearity error and monotonicity must be specified over
the full temperature and power supply ranges.

A brief overview of ADC and DAC selection guide is given below:

A/D converters:

AD 7520/AD 7530 10-bit binary multiplying type
AD T521/AD 7531 12-bit binary multiplying type
ADC 0800/0801/0802 8-bit ADC
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D/A converters:

DAC 0800/0801/0802 8-bit DAC

DAC 0830/0831/0832 microprocessor compatible 8-bit DAC
DAC 1200/1201 12-bit DAC

DAC 1208/1209/1210 12-bit microprocessor compatible DAC

Example 10.6
We are familiar with 3% digit digital voltmeter (DVM) and 4% digit
DVM which are being used regularly in the laboratory. Obviously 3%
digit DVM is less costly as its resolution is poor compared to 4% digit
DVM which is relatively costlier and have bettgr resolution. Let us
calculate the resolution of these DVMs.

Solution

In 3% digit DVM, the MSB can be either 0 or 1 whereas the 3 digit
LSBs can be 000 to 999. Hence in 3% digit DVM, the reading variation
can be from 0000 to 1999, that is 2000. The reference voltage is 2V,
Hence the resolution is (2/2000) V = 1 mV; that is voltage variation
below 1 mV is not detectable. Similarly, in 4% digit DVM the total
variation is from 0 0000 to 1 9999 and reference voltage is 2V. Hence
the resolution is (2/20000) V = 0.1 mV. Thus, the resolution of a 4%
digit DVM is ten times better than that of 3% digit DVM.

Summary

1. The output of a DAC can be either a voltage or current.

2. A multiplying DAC is the one in which the analog signal is
allowed to vary.

3. Three resistive technigues for D/A conversion are: weighted
resistor DAC, R-2R ladder and inverter R-2R ladder.

4. DAC essentially requires: resistors, electronics switches and an
op-amp.

5. Two types of digitally controlled SPDT electronic switches are in
use: a totem-pole MOSFET driver, a CMOS inverter.

6. A weighted resistor DAC requires a wide range of resistor values
for better resolution whereas a R-2R ladder type DAC requires
only two values of resistors.

7. In an inverted R-2R ladder, the current through the resistors
remains constant, irrespective of the input data. The constant
node voltages therefore eliminate stray capacitance Eﬂ.Ft and
improve circuit performance.

8. Monolithic DACs for 8, 10, 12, 14 and 16 bit resclution are
available.

9. A/D converters are either direct type or indirect type. Most direct
type ADCs require a D/A converter.

10. The important direct ADC techniques are: Parallel comparator
(Flash), Counting type, Tracking type and Successive approxi-
mation technigue.
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11.

12,

13.

14.

135.

Integrating type ADCs perform conversion in an indirect manner.
The two important converters are: Charge balancing ADC, Dual
slope ADC.,

The parallel comparator ADC is the fastest technique. But it
has the disadvantage of using maximum hardware. A counting
type A/D converter has low speed with conversion time as long
as (2"-1) clock periods for n-bit ADC, A tracking ADC 1s simple
but gives error when analog signal changes rapidly.
Successive approximation type ADC is the most versatile. It
completes n-bit conversion in just n-clock periods. Most mono-
lithic ADCs #re successive approximation type.

Dual slope converters are suitable for precise measurement of
slowly varying signals. All digital voltmeters use dual-slope ADC.
The disadvantage 1s of long conversion time.

Monolithic dual slope ADCs are available in microprocessor
compatible and display-oriented versions.

16. The important converter characteristics are: Resolution,
Linearity, Accuracy, Monotonicity, Settling time, Stability etc.
Review Questions
10.1. Classify DACs on the basis of their output.

10.2. Name the essential parts of a DAC.

10.3. Describe the various types of electronic switches used in /A
converter.

10.4. How many resistors are required in a 12-bit weighted resistor
DAC?

10.5. Why is an inverted R-2R ladder network DAC better than
R-2R ladder DAC?

10.6. List the various A/D conversion techniques.

10.7. Whach 1s the fastest ADC and why?

10.8. Give the conversion time for (i) counting ADC (ii) successive
approximation ADC (iii} dual-slope ADC.

10.9. Explain the operation of Dual-slope ADC.

10.10. Explain how Dual-slope ADC provides noise rejection.

10.11. Explain the important specifications of D/A and A/D converters.

PROBLEMS

10.1. How many levels are possible in a two-bit DAC? What is its
resolution if the output range is 0 to 3 V.

10.2. A 5.bit D/A converter ig available. Assume that ‘00000

corresponds to an output of + 10V and that the D/A converter

is connected for — 0.1 V per increment, what output voltage
will be produced for 111117
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10.3. If a 10-bit /A converter spans a range of 0 to 10 V and is
always within 1 mV of its ideal output. What is its linearity as

a percent of full-scale range?
10.4. Find the voltage at all nodes 0, 1, 2, ... and at the output of a
5-bit R-ZR ladder DAC. The least significant bit ig 1 and all
other bits are equal to 0. Assume Vg = ~-10 V and R = 10 k.
10.5. The Fig. P. 10.5 shows a binary weighted resistor DfA converter.
(1) Show that the output resistance is independent of the digital

word and that

_ EN—I R
Ro=ov
(1) Show that the analog output voltage for the MSB is
aN-1
= Vi
Vn aN _1 R

(i1) Show that the analog output voltage for the LSB is

1

O e
10.6. (a) Draw the circuit diagram of a 6-bit inverted R-2R ladder

DAC.
(b) For V(1) = 5V, what is the maximum output voltage?

(¢) What is the minimum voltage that can be resolved?

R R
-V, 0—o0 _i_
=— \i’n .T
Foe—wi—y 4
Ry
Lo 'R
] ) Fl?. P. 10.5 ) . )
10.7. The analog input signal ranges for -5 to +8V in a nine bit
A/D converter.
(i) How many quantization levels are available with this A/D
converter!

(i) What is the resolution in volt per increment?
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(iii) What binary number will be produced when the analog
input is zero volt?

10.8. A counting A/D converter uses a 7-bit DAC. The MSB of DAC
output voltage is + 5V,
(1) If the analog input voltage is + 6.85 V, what will be the
R-2R ladder output voltage when the clock stops?
(ii) What is the number of clock pulses that occur between the
release of reset and stopping of the clock?

10.8. The ADC in problem 10.8 uses a 100 kHz clock. How long did
it take to digitize 6.85V7

10.10. What is the conversion time of a 10-bit successive approximation
A/D converter if its input clock is 5 MHz.

10.11. A dual slope ADC uses a 18-bit counter with a 5 MHz clock.
The maximum input voltage is +12V and the maximum
integrator output voltage at 2" count is — 10 V. If R = 100 k2,
find the size of the capacitor to be used for integrator.

10.12. The dual slope ADC of problem 10.11 has an input voltage of
+ 5.237V. Determine the digital number in binary which
represents the count in the register.

Experiment 10.1

To construct a 4-bit R-2R ladder type D/A converter, Plot the transfer
characteristics, that is, binary input vs output voltage. Calculate the
resolution and linearity of the converter from the graph.

(i) Choose R = 10 kQ, 2R = 20 kQ of tolerance + 1% or less.

(ii) For logic ‘0’ short to ground and logic ‘1’ connect to a + 5V supply.

Procedure

1. Set up the circuit shown in Fig. E. 10.1.

2. With all inputs (d, to d;) shorted to ground, adjust the 20 kQ-pot
until the output is OV. This will nullify any offset voltage at the
input of the op-amp.

2R
AN
20k0)
15V
2R R A R R 1 ;
10K02 2| a8
5V 3 +T4 —
2R 4
20k =15
%o % d, 100k02
(LSB) (MSB)  -15V

Digital input
Fig. E. 10.1 A 4-bit R-2R ladder D/A converter
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3, Measure the output voltage for all binary inputs (0000 to 1111)
states and plot a graph of binary inputs vs output voltage.
4. Measure the size of each step and hence calculate resolution.
5. Calculate linearity using the definition given in Sec. 10.4.

Experiment 10.2
To set up a 4-bit successive approximation type A/D converter and
study its performance.

Procedure
(i) Set up the circuit as shown in Fig. E. 10.2(a). Use the circuit of
Fig. E. 10.2(b) for 4-bit weighted resistor D/A converter.

(1) Connect the Cr terminal to ground momentarily to clear all the
flip-flops and the shift resistor 1C 7496,

(1) Connect the Pr terminal momentarily to logic ‘1’ to set the shaft
register (being used as ring counter) output as Qg = 1, @, = @y
= Q¢ = @p = 0, this will also enable the AND gate for the clock
to be transmitted.

(iv) Apply an analog voltage of — 10V. Apply clock pulses, and observe
the stable digital output available at the outputs Qp, @¢, Qg @,
of the J-K flip-flops.

(v} Vary the input voltage for 0 to —10V and repeat steps (i1), (1i1)
and {1v).
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PSPICE TUTORIAL

SPICE is a general-purpose circuit program that simulates electronic
circuits. SPICE contains models for various circuit elements, active as
well as passive and i1s capable of simulating most of the electronic
circuits. SPICE is acronym for Simulation Program with Integrated
Circuit Emphasis and is used as a popular electrical circuit analysis
program. SPICE was originally developed at the University of
California, Berkley in the mid-1970s. SPICE has undergone a number
of modifications over the years. PSPICE is a very popular version
developed by MicroSim Corporation to run on DOS and MacIntosh
personal computers.

This appendix includes a summary of the most common default
representations for PSPICE circuit models.

PSPICE can be used to simulate and analyze circuits containing
resistors, capacitors, inductors, independent and dependent voltage
and current sources, and basic semiconductor devices. Separate SPICE
models are used for diodes, BJT, JFET, MOSFET, MESFET and
Op-Amps.

As a first step, the user must identify each node in the circuit. The
location of an element in the circuit i1s specified by listing the two
nodes to which it is connected. Each node is identified by an integer,
however, the 0 is reserved for the ground or reference node. The
orders in which the two nodes at the terminals of an element are
listed are important. The first node is that one at which the +reference
for the voltage across the circuit element is located. Thus an element
connected between nodes 1 (first named) and 2 (last named) has the
voltage V; with the +reference at node 1. The element current I,
flows from node 1 (first named) through the element to node 2 (last
named).

A resistor is identified by a capital letter R followed by no more
than seven additional letters or integers such as RI, ROUTPUT,
RINPUT are okay but R1-2, R1/0 are not okay, The value of the

resistor can be given in ochms or by use of scale factors as given in
Table A-1.
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TT——— - PPy
P pico 1074
M nano 1077
U micro 10
M milli 103
K kilo 10?
MEG mega 10%
G giga 10%
T tera 104

A statement given by
R1 1 2 10K

states that a resistance R1 is connected between nodes 1 and 2 with

a value of 10 k(.

The independent voltage source is identified by a name beginning
with V and followed by any combination of not more than seven
additional letters or integers. Independent current sources have names
beginning with [. Thus all the following statements represent dc voltage
SOUrces:

VIN 6 0 DC 1.5 - a voltage source VIN is connected
between nodes 6 and ground of dc
value 1.5 volt.

V2 1 2 DC 10M - a voltage source V2 is connected
between nodes 1 and 2 of de value
10 millivolt.

VOO 4 3 DC 9 — a voltage source VCC 1s connected
between nodes 4 and 3 of dc value
9 volts,

A general sinuscidal input source shown in Fig. 1 has the syntax:

Sin (offset amp freq. delay)

eg. VI 1 0 sin{0 1V 5 KHz)

means that a sinusoidal input source, V1 of peak amplitude of 1V and
frequency 5 KHz is connected between nodes 1 and 0.

1 = |

Fig. 1. A general sinusoldal input source
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A pulse input source shown in the Fig. 2. has the syntax:
Pulse (V, V, DELAY Tysg Tra DUR PERIOD)

:

Fig. 2. A puise input source

If a squ-re wave input has to be applied to the nodes 1 and 0, then
the statement will be given as

Vi 1 0 pulse-1V 1V OMS OMS OMS .IMS .2MS)
So the input will be as shown in Fig. 3.

V1
W ﬁ
b= 0.1mM3
L
-t 0.2y — !
-lv ——

Fig. 3. Square wave input
A step input is given by
Vi 1 0 pulse(0V 1V 0MS OMS OMS 1MS 1MS)
and is shown in Fig. 4.

*W

1w

Fig. 4. Step input
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Control Commands for Analysis

Note that the SPICE program always interprets the first line of
program as title of the analysis. Hence always put the title of the
circuit for which the analysis is being done. Each program begins with
a TITLE statement and ends with an .END statement. For comments,
any line beginning with (*) will be printed or displayed but not counted
for analysis purpose by the computer.

The control statement

.OP

instructs the computer to calculate the de voltage between each node
and the reference node. The voltages at specific nodes can be obtained
from the PRINT statement. Note that the PRINT command does not

print anything on the paper. The control statement
PRINT DC V(3 V(1,3 1(VX)

instructs the computer to calculate DC value of the node voltage V(3),
node-to-node voltage named V (1, 3) between nodes 1 and 3, and the
current named I(VX).

Every SPICE program must be ended with the last line as the control

statement .END.
of PSPICF

Using PSPICE, one can perform the following analysis:

1. DC analysis (large-signal transfer characteristics),
2. AC (small signal) analysis
3. Transient analysis

PSPICE simulation can be performed at different operating
temperatures and thermal component noise can also be added. Output
can be provided in the tabular form, two dimensional plots, graphs
and Bode plots. A special feature of PSPICE is that it includes a
graphical output interface called PROBE and a library of devices with
pre determined characteristics called parts.

Each analysis is invoked by giving a command statement. The
command statements for each of the above analysis are discussed as
follows:

DC Analysis

The de analysis is performed by the statement .DC
The syntax is as follows;
DC SOURCE START STOP INCR
.DC Vin -5 5 0.1
This means that Vin in the circuit is varied from -5 to +5V in equal

steps of 0.1 Volt. All the capacitors in the circuit are treated as open
circuit and inductors as short circuit during this analysis.
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Chapter 7
2.5 3. 1 kHz, 1.74
4. 9 6. 1.6 kL, for B; = R; = 10 k;
C =0.1puF
1 -8
7. 2050 Hz, 1950 H 10. ’ —_—
‘ ‘ @) RCs +1 ®) 8 +25+1
Chapter 8
2. 6.06 kQ 3. 62.1 ps, 46.92 s,
9.18 kHz, 43%
4. 0.1 pF, 108.75 k2, 725k 5. 0.1 uF, R, = Ry = 7250
Chapter 9
1. 653.6 kH= 2. 0.1V
3 25V
4. 2500 Hz, + 812.5 Hz, + 59.95 Hz
5 + 275.6 Hz.
Chapter 10
1. 4, 33.33% of full scale 2. 68V
3. 0.102
4, - 333V, =166V, =082V, =039V, -0.156V
7. 512, 0.0254 V 10. 2 ps

11. 0.629 pF 12. 101000100001100001
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10.
11,
12.
13.
14.
15.
16.
17.

18.
19,

21.
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23.
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Metal semconductor diode 25

Metallization 14

Missing heart beat detector 340

Missing pulse detector 340

Monolithie 1C technology 4

Monolithic diodes 25

Monclithie power amplifier 208

Monolithic regulators 263

Monohthie transistors 20

Monohthic voltage comparators 233

Monolithic phase-locked loop 3668
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Multi-emitter transistor 23

Multiplier 183
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Op—amp 131
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Monelithic phase-locked loop 367
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363
Voltage to frequency conversion
factor 366
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Plasma etching 10

PLL AM detector 376
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pn junction isolation 12
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Practical differentiator 188
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Output impedance 55

Practical inverting comparator 232

Precision diode 168

Precision drafting machine 9

Programmable resistor 215

Programmable transconductance
amplifier 210

Pull in time 357
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Pulse width modulation 344

Quasi stable state 244

R~2ZR ladder DAC 385
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citor 318
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Regenerative comparator 238

Regulated power supply 263
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Sallen-Key filter 283
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Scale changer 154

Schmitt trigger 238, 352
Schottky barrier diode 25
Schottky transistor 24

Screen printing 37, 39

Second order active filter 203
Servo tracking AD converter 396
Sheet resistance 28

Silicon wafer preparation 5
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Sine wave generator 250
Phase shift oscillators 250
Wein Bridge oscillator 252
Slew rate 140
Small scale integration 3
Square wave generator 241
Squaring a signal 186
Stability 130
State variable formulation of filter
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Subtractor 157
Successive approximation converter
396
Summing amplifier 155
Supply voltage rejection ratio 147
Surface mount technology 40
Switch type phase detector 357
Switched capacitor filter 315
Switched capacitor integrator 324
Switched mode power supply 280
Symmetrical square wave generator

449

Technology trends 40
The counter type A/D convérter 394
The non-inverting amplifier 56
The parallel comparator (flash) A/D
convertor 383
Thermal over load protection 267
Thermal oxidation 8
Thick film technology 43
Ceramic firing 389
Screen printing 39
Thin and thick film technology 36
Thin film resistor 30
Thin film technology 36
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ators 264
Linefinput regulation 266
Load regulation 266
Over current protection 267
Ripple rejection Z66
Thermal over load protection 267
Thereshold voltage 238
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Regenerative transition 238
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Timer-555 335
Astable operation 345
Duty cycle 347
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Frequency divider 343
Linear ramp generator 341
Missing heart beat detector 340
Missing pulse detector 140
Monostable mode 337
Motor speed control and measure-
ment 341
Pulse position modulator 351
Pulse width modulation 344
Symmetrical square wave gener-
ator 348
Transconductance amplifier 88, 166
Transformation 311
Low pass to high pass 312
Low pass to band reject 313
Low pass to band pass 312
Transient response 148
Transition capacitance 13
Transresistance amplifier 168
Triangular wave generator 247
Triple diffused pnp transistor 23
Twin T notch filter 308

Uncertainity region 232

Vacuum evaporation 37

Vertical pnp transistor 22

VLSI 3

Voltage controlled oscillator (VCO)
363

Voltage follower 57

Voltage to current converter 166

Voltage to frequency conversion
factor 366

Wafer preparation 16
Weighted resistor DAC 382
Wein Bridge oscillator 252
Wet etching process 10
Wide band reject filter 310
Widlar current source 75,
Wilson current source 81
Window detector 235

Toro crossing detector 235
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