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11

Memories

11.1 Introduction

We have seen registers, which are a type of storage devices; in fact, a register devices
used to store large amount of digital data.

Memories are made up of registers. Each register in the memory is one storage
location. Each location is identified by an address. The number of storage locations can
vary from a few in some memories to hundreds of thousand in others. Each location can
accommodate one or more bits. Generally, the total number of bits that a memory can
store is its capacity. Most of the types the capacity is specified interms of bytes (group of
eight-bits).

Each register consists of storage elements (flip-flops or capacitors in semiconductor
memories and magnetic domain in magnetic storage), each of which stores one-bit of data.
A storage element is called a cell.

The data stored in a memory by a process called writing and are retrieved from the
memory by a process called reading. Fig. 11.1 illustrates in a very simplified way the
concept of write, read, address and storage capacity for a generalized memory.

Storage cells
Address ﬁ / Address
0 0
1 1
1000 i
21110 D} 0| = Wiiting data 21 1 [ 0 | == Reading dala
3 3
4 4
5 5
s = 6 = \_'““'ﬁl
n-1 n-1
n n I
(a) Write operation (b) Read operation
Fig. 11.1

(11 - 1)
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As shown in the Fig. 11.1 a memory unit stores binary information in groups of bits
called words. A word in memory is an entity of bits that moves in and out of storage as a
unit. A word having group of 8-bits is called a byte. Most computer memories use words
that are multiples of eight-bits in length. Thus, a 16-bit word contains two bytes, and a
32-bit word is made of 4 bytes.

The communication between a memory and ils environment is achieved through data
lines, address sclection lines, and control lines that specify the direction of transfer. The
Fig. 11.2 shows the block diagram of memory unit The n data lines provide the
information to be stored in memory and the k address lines specify the particular word
chosen among the many available. The two control inputs specify the direction transfer.

n data lines

k address
lines t> Wﬂ"i(l!"lf‘
un
- 2 K word
‘Read n-bit per word
Write ——*

Fig. 11.2 Block diagram of memory unit
11.2 Classification of Memories

Fig 11.3 shows the classification of semiconductor memories.

Memory
|

Read only memary (ROM) Read/Wrile rr!emory (RAM}

I | | |
Masked ROM PROM EPROM EEPROM  Stalic RAM Dynamic RAM

Fig. 11.3 Classification of semiconductor memories
11.3 RAM Organization

Unlike ROM (Read Only Memory), we can read from or write into the RAM, so it is
often called read /write memory. The numerical and character data that are to be processed
by the computer change frequently. These data must be stored in type of memory from
which they can be read by the microprocessor, medified through processing and written
back for storage. For this reason they are stored in RAM instead of ROM. But it is a
volatile memory i.e. it cannot hold data when power is turned off.
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RAM memory cells are organized in the form of an array, in which each cell is capable
of storing one-bit of information. The Fig. 11.4 shows the row and the column organization
of a 8192-bit memory chip.

Memory ceil 8191
Men?orywluoea
(%}
sl Data in
% 62 ..q_
F 61
=
2
-4
~ =
2 Data
§ out
o 1
0

Memory cell 12?:/ } \_ Memory cell 0

127 126 125 124
Tto128 \ Line decoder
[ 1] 1]
As A5 Ay A A A

Fig. 11.4 Row and column organization for 8192-bit static RAM
The chip has 13 address lines. The first seven address lines are connected fo the
column decoder to indicate one of the 128 columns. The remaining 6 address lines are
connected to the row decoder to indicate one of 64 rows. Where the decoded row and
column cross, they select the desired individual memory cell. Simple arithmetic shows that
there are 64%128=8192, crossings. Therefore, this memory has 8192 memory cells.

The Fig. 11.5 shows the organization of 16 x 8 (16 words of 8-bit each) memory. Here,
the organization is shown with detail connections of address lines, data lines and control
lines. The data input and the data output of cach sense/write circuit are connected to a
single bidirectional data line that can be connected to the data bus of a computer. Two
control Llnes, R/W and C5, are provided in addition to address and data lines. The R/W
(Read/Write) input specifies the required operation and the CS input selects a given chip
in a multichip memory system.

Nowadays the memory chips with much larger number of memory oells than the
examples shown in Fig. 11.5 are commercially available. We have used small examples to
avoid the complexity of figure. The larger memory has same organization that we have
discussed. But the only difference is the number of data and address lines used in the
memory organization. For example, a 8 Mbit chip may have a 1 M x 8 organization, in
which 20 address and 8 data input/output lines are used.
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by b by b'y By by
Wy I . ;
[
W, \
A —] . . e
Ay —t . . . - - =
Address Mamory
decoder " - . - . . calis
Ay —= . . . . . .
Wis .
RAW
Sensefwrite | l Sensefwrile
circuit circuit
0
Data inputfoutput ines : by by by

Fig. 11.5 Organization of bit cells in a memory chip
11.3.1 Read and Write Operation

s Steps to perform memory read operation are as follows :
1. Apply the binary address of the desired word to the address lines.
2. Activate the read input i.e. make R/W line high.

* Steps to perform memory write operation are as follows :
1. Apply the binary address of the desired word to the address lines.
2. Apply the data bits that is to be stored in the memory to the data lines.
3. Activate the write input, i.e. make R/W line Low.

There are two types of RAMs.

* Static RAM

* Dynamic RAM
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disabled by controlling R/W line. When R/W line is LOW, input buffer is cnabled and
output buffer is disabled. When R/W line is HIGH, input buffer is disabled and output
buffer is enabled. With this basic information let us see the read, write and refresh
operations.
11.3.3.1 Write Operation

To enable write operation R/W line is made LOW which enables input buffer and
disables output buffers, as shown in the Fig. 11.10 (a). To write a 1 into the cell, the Dy
line 1s HIGH and the transistor is turned ON by a HIGH on the ROW line. This allows
the capacitor to charge to a positive voltage. When 0 is to be stored, a LOW is applicd to
the Dy line. The capacitor remains uncharged, or if it is storing a 1, it discharges as
.indicated in Fig. 11.10 (b). When the ROW line is made LOW, the transistor tumns off and
disconnects the capacitor from the data line, thus storing the charge (cither 1 or 0) on the
capacitor.

Refresh Refrash
buffer Column buffer Calumn
Refresh [ i : Refresh [ i
Low Low
Row Hiah Row
g oN High oN
Qutput Output
D buffer o buffer L
RW___ c RW___ c
Low Low
O Dy
High input - High Input -
buffer buffer
(a) Writing a 1 into the memory cell (b) Writing a 0 Into the mamory cell
Fig. 11.10

11.3.3.2 Read Operation

To read data from the cell, the R/W line is made HIGH; which enables output buffer
and disables input buffer. Then ROW line is made HIGH. It turns transistor ON and
connects the capacitor to the Dgyp line through output buffer. This is illustrated in
Fig. 11.10 (c).
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11.3.4 Comparison between SRAM and DRAM

Sr. Static RAM Dynamic RAM
No

1. | Static RAM contains less memory cells per Dynamic RAM contains more memaory cells as
unit area. compared to static RAM per unit area.

2. | lts access lime is less hence faster memories | Its access time is greater than slatic RAMSs.
3. | Static RAM consists of number of Flip-flops. Dynamic RAM stores the data as a charge on the

Each flip-flop stores one-bit. capacitor. It consists of MOSFET and the
for each cell.

4. | Refreshing circuitry is not required. Refreshing circuitry Is required to in the
t:harge on the capadtnrs after ewsry few
milli is. Extra | quired to control
refreshing. This makes sysmm design
complicated.

5. | Cost is more. Cost is less.

In above discussion we have seen memory organization for ROM and static RAM. In
this organization, data is organized as a single bit data word. However, in most memory
ICs the data is organized as eight-bit data word. In these ICs eight memory cells are
connected in parallel and enabled at a time to read or write eight-bit data word. The eight
memory cells connected in parallel forms a register and memory is nothing but an array of

registers.
11.3.5 Memory Cycles and Timing Waveforms
Let us study read and write memory cycle with their timing parameters.

Read Cycle

Fig. 11.11 shows the read cycle for static RAM. The timing diagram is drawn on the
basis of different timing parameters. These are as follows :

tac -
Address - Vald address )—t(
Tan
—*ilon rTI‘!—slﬂi!
ous i L XXX s >
= e s -
A 7
o £
—| lgg fe— i-d—|nF—b
s .y
(=
Suppily. ; [
current — “P_D

Fig. 11.11 Read cycle timing waveforms
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Address ><

X
7
o fo—
X

3
§

4

tow—""

Data X Datavaiid

Fig. 11.12 Write cycle timing waveforms

Write Cycle

Fig. 11.12 shows the write cycle for static RAM. The timing diagram is drawn on the
basis of different timing parameters. These are as follows :

1. tyc : Write Cycle Time

It is the minimum time for which an address must be held stable on the address bus,
in write cycle.
2. t,w : Address Valid to End of Write

It is the time at which address must be applied on the address bus before WR goes
high.
3. tyg : Write Recovery Time

It is the time for which address will remain on address bus after WR goes high.

4. tyg : Address Setup Time
When address is applied, it is the time after which WR can be made low.

5. tey : Chip Selection to the End of Write
Itisﬂtcﬁmcatw}dchme&mnstbemdelowhoseleclthcdevicebeforeﬁgues
high.
6. typ ! Write Pulse Width
It is the time for which WR goes low.
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7. tow : Data Valid to the End of Write

It is the minimum time for which data must be valid on the data bus before WR goes
high.

8. tyy : Data Hold Time
It is the time for which data must be held valid after WR goes high.

11.4 Memory Decoding

We have seen that in the organization of memory, there is a need for decoding circuit
to select the memory word specified by the input address. In this section we study the
operation of the decoder. As shown in the Fig. 11.13 there are 16 words of 8-bits each. A
memory with 16 words needs four address lines. The four address inputs go through a
4 % 16 decoder to select one of the sixteen words. The decoder is enabled with a memory
enable input. When the memory enable is 0, all outputs of the decoder are 0 and none of
the memory words are selected. With the memory select at 1, one of the sixteen words is
selected, dictated by the value in the four address lines. Once a word has been selected,
the read/write input determines the operation. During write operation, the data available
in the input lines are transferred into the eight memory cells of the selected word. The
memory cells that are not selected are disabled and their previous binary values remain

unchanged.

by oy L By Y

ST

O N

Ay —d
A‘_- - - . . - - mrm
decoder - . . - . R colts
Ag — . . . . . .
Ay —d /
omary had ’ﬂ‘
M 15 |
Enable ] En '

@

Senseswric: Scnschwrile Sennnhris —_—
e ] e [

Dot inputioutpud lines: by oy by
Fig. 11.13 Organization of bit cells in a memory chip
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11.5 Memory Expansion

The memory expansion can be achieved in two ways : By expanding word size and by
expanding memory capacity.

11.5.1 Expanding Word Size

It is possible to expand word size of memory by connecting two or more ICs together.
The word size of memory IC can be increased by connecting two memory ICs in such a
way that their data bus is in series and address bus in parallel. Both memory ICs are
selected simultaneously by common chip select signal to access entire expanded word at a
time. The example 11.1 illustrates method of word expansion.

mmp Example 11.1 1 Design 1 K x 8 RAM using two 1 K x 4 ICs.

Solution :
Dy
o
V0,  1Q, 1104 10,
Ag [ p—N
A,,:: 3 1Kx4 A 3 1K =4
Cs WR RD (3 WR RD
Chip select l
Wrile
Read
Fig. 11.15

11.5.2 Expanding Memory Capacity

The memory capacity can be increased by connecting two or more memory ICs in
parallel. This means that the address, data and control lines are connected in paralle! to all
memory ICs. Each IC is seclected by the separate chip select signal generated by the
address decoder. This is illustrated by the following example.
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B

AR
AAA

R

AR
VW
2
WY
a
VAW
A
VAN
AR
VAN
AAAN
VWY
A
VWY

o | £
&_ 44 )g )g
pecodr 10 _,& )P’
P

X

P

1

EAN A

Oulput enable Dy 6‘

Data outpul
Fig. 11.17 Simple four byte diode ROM

Address in Binary data Data in hox
pinary Dg Dy [ Dy | Dy | By | Dy | Dg | Dy
00 t o1 ]o]ol1]o]1 As
] o |1 o1 |lofofo] 1 51
10 ol 1lofofof1f1]o %
11 11 oo 1o 1] 0] Ds

Table 11.1 Contents of ROM

Nowadays ROMs use MOS technology instead of diode. Fig. 11.18 shows four nibble
(half-byte) ROM using MOS transistors. Here, diodes and pull up resistors are replaced by
MOS transistors. The address on the address lines (A, and A;) is decoded by 2 : 4
decoder. Decoder selects one of the four rows making it logic 0. The inverter connected at
the output of decoder inverts the state of selected row (i.e. logic 1). Thercfore, each ocutput
data line goes to logic 0 if a gate of MOS transistor is connected to row select lines. When
gate of the MOS transistor is connected to the selected row, MOS transistor is turned on.
This pulls the corresponding column data line to logie 0.
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“d

o

A I B o R R :{‘“

Decoder .E

. B W N T S R -
DT A B
VA P4 v B4
Output enable [I’n E[), g! E)S

Fig. 11.18 Simple four half-byte ROM

In integrated circuits, a thin metallized layer connects the gates of some transistors to
the row select lines. The gate connections of MOS transistors depend on the data to be
stored in the ROM. Thercfore, according to the user truth table, manufacturer can deposit
thin layer of metal to connect gates of the transistors. Once the pattern/mask is decided, it
is possible to make thousands of such ROMs. Such ROMs are called Mask programmed
ROMs. Masked ROMs are used in microprocessor based toys, TV games, home computers
and other such high volume consumer products.

11.6.1 PROM (Programmable Read Only Memory)

PROMs are programmed by user. To provide the programming facility, each address
select and data line intersection has its own fused MOSFET or transistor. When the fuse is
intact, the memory cell is configured as a logic 1 and when fuse is blown (open circuit),
the memory cell is logical 0. Logical 0s are programmed by selecting the appropriate select
line and then driving the vertical data line with a pulse of high current. The Fig. 11.19
shows a PROM fused MOSFET memory cell.

Address select line £
MOSFET f
swilch
—=—— Data line
Fuse ’
—Dv— Output bit

Fig. 11.19 Single fused PROM cell
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Fig. 11.20 shows four byte PROM. It has diodes in every bit position; therefore, the
output is initially all 0s. Each diode, however has a fusible link in series with it. By
addressing bit and applying proper current pulse at the corresponding output, we can
blow out the fuse, storing logic 1 at that bit position. The fuse uses material like nichrome
and polycrystalline. For blowing the fuse it is necessary to pass around 20 to 50 mA of
current for period 5 to 20ps. The blowing of fuses according to the truth table is called
programming of ROM. The user can program PROMs with special PROM programmer.
The PROM programmer selectively burns the fuses according to the bit pattern to be
stored. This process is also known as burning of PROM. The PROMs are one time
programmable. Once programmed, the information stored is permanent.
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Fig. 11.20 Four byte PROM

11.6.2 EPROM (Erasable Programmable Read Only Memory)

Erasable programmable ROMs use

Quartz window MQOS circuitry. They store 1s and Os as

Utltraviolet light a packet of charge in a buried layer of

7 the IC chip. EPROMs can be

programmed by the user with a special

EPROM programmer. The important

point  is that we can erase the stored

data in the EPROMs by exposing the

chip to ultraviolet light through its

quartz window for 15 to 20 minutes, as
Fig. 11.21 EPROM shown in the Fig. 11.21.
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It is not possible to erase selective information, when erased the entire information is
lost. The chip can be reprogrammed. This memory is ideally suitable for product
development, experimental projects and college laboratories, since this chip can be reused
many times, over.

EPROM Programming :

When erased each cell in the EPROM contains 1. Data is introduced by selectively
programming 0Os into the desired bit locations. Although only 0s will be programmed, both
1s and 0s can be presented in the data.

During programming address and data are applied to address and data pins of the
EPROM. When the address and data are stable, program pulse is applied to the program
input of the EPROM. The program pulse duration is around 50 ms and its amplitude
depends on EPROM IC. It is typically 11.5 V 1o 25 V. In EPROM, it is possible to program
any location at any time - cither individually, sequentially or at random.

11.6.3 EEPROM (Electrically Erasable Programmable Read Only Memory)
IEAPROM (Electrically Alterable Programmable Read Only Memory)

Electrically erasable programmable ROMSs also use MOS circuitry very similar to that
of EPROM. Data is stored as charge or no charge on an insulated layer or an insulated

floating gate in the device. The insulating layer is made very thin (< 200 A). Therefore, a
voltage as low as 20 to 25 V can be used to move charges across the thin barrier in either
direction for programming or erasing. EEPROM allows selective erasing at the register
level rather than erasing all the information since the information can be changed by using
clectrical signals. The EEPROM memory also has a special chip erase mode by which
entire chip can be erased in 10 ms. This time is quite small as compared to time required
to erase EPROM and it can be erased and reprogrammed with device right in the circuit.
However, EEPROMSs are most expensive and the least dense ROMs.

11.7 Sequential Memory : Magnetic Tape

Magnetic tape is one of the most popular storage medium for large data that are
sequentially accessed and processed. The tape is formed by depositing magnetic film on a
very thin and 1/2 inch or 1/4 inch wide plastic tape. Usually, iron oxide is_used as a
magnelizing material. The tape ribbon itself is stored in reels similar to the tape used on a
tape recorder except that it is of high quality and more durable. Like audio tape, computer
tape can be erased and reused indefinitely. Old data on a tape are automatically erased as
new data are recorded in the same area.

The information is recorded on the tape with the help of read/write head. Tt
magnetizes or nonmagnetizes tiny invisible spots (representing 1's and 0's) on the iron
oxide side of the tape, as shown in the Fig. 11.22.
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Fig. 11.22 Magnetic recording with read/write head

Fig. 11.23 Magnetic recorded tape
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Usually, seven or nine
bits (corresponding to one
character) are recorded in
parallel across the width of
the tape, perpendicular to
the direction of motion. A
separate read/write head is
provided for each bit
position on the tape, so that
all bits of characters can be
read or written in parallel.
One of the character bit is
used as a parity bit. This is
illustrated in Fig. 11.23.

Data on the tape are organized in the form of records separated by gaps, as shown in
the Fig. 11.24. A set of related records constitutes a file. A file mark is used to identify the
beginning of the file. The file mark is a special single or multiple character record, usually
preceded by a gap longer than the interrecord gap. The record following the file mark

File
¥ mark

File

I Flla

§_mark

vansas
=2
I

File gap |

Record

" Record |
gap

Record

M Recora ]
gap

Fig. 11.24 Organization of data on magnetic tape
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1. BCD Decade (8421) Counter :

The B input must be externally connected to the Q, output and A input receives the
incoming count and a BCD count sequence is produced.

2. Symmetrical Bi-quinary Divide-by-Ten Counter :

The Qp output must be externally connected to the A input. The input count is then
applied to the B input and a divide-by-ten square wave is obtained at output Q,.

3. Divide-by-Two and Divide-by-Five Counter :

No external interconnections are required. The first flip-flop is used as_ a “binary
element for the divide-by-two function (A as the input and Q, as the output). Thc B input
is used to obtain binary divide-by-five operation at the Qp output.

Table 8.8 shows function tables and Fig. 8.49 shows logic diagram for IC ?490

0 L L L
1 L L L
2 L L H
3 L L H
4 L H L L
5 L H L H
8 L H H L
7 L H H H
8 H L L L
9 H L L H

Table 8.8 (a) BCD count sequences (Note 1)
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0 L L L L

1 L L L H

2 L L H L

3 L L H H

4 L H L L

5 H L L L

6 H L L H

7 H L H L

8 H L H H

9 H H L L

Table 8.8

P e e Ll s Lel e el e e
g2 T Lo 7 Lo o 17 Loef 11 o
Qp =20 T 1 Lo o o 11 Lo
% T e o o o [ 1 |_
q, L 0 0 0 o |1 1 1 1 1

Fig. 8.56 Waveforms
mmp Example 8.29 : Design a mod-25 counter using IC 7490.
Solution : IC 7490 is a decade counter. When two such ICs are cascaded, it becomes a

divide-by-100 counter. To get a divide-by-25 counter, the counter is reset as soon as it
becomes 0010 0101. The diagram is shown in Fig. 8.57.

= |5m |5{2: E:T‘R(z: = |3m lsm F’*{J::-lnm
—_ A A

IC 7490 (1) IC 7480 (2)
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Special Diodes

1.1 Introduction

A general purpose diode has one p-n junction. But number of other types of diodes
having one or more than one p-n junctions are available. Such diodes have different
characteristics, different methods of construction and special areas of application. These
diodes are called special diodes. Some of such special diodes are photodiode; tunnel
diode, light emitting diode, Schottky diode etc. The details about the construction,
characteristics and applications of such special diodes are discussed in this chapter.

1.2 Light Emitting Diode (LED)

Anode
The LED is an optical diode, which emits

light when forward biased. The Fig. 1.1
shows the symbol of LED which is similar to
p-n junction diode apart from the two arrows
indicating that the device emits the light
Cathode energy.

Fig. 1.1 Symbol of LED

N

1.2.1 Basic Operation

Whenever a p-n junction is forward biased, the electrons cross the p-n junction from
the n-type semiconductor material and recombine with the holes in the p-type
semiconductor material. The free electrons are in the conduction band while the holes are
present in the valence band. Thus the free electrons are at higher energy level with respect
to the holes. When a free electron recombines with hole, it falls from conduction band to a
valence band. Thus the energy level associated with it changes from higher value to lower
value. The energy corresponding to the difference between higher level and lower level is
released by an electron while travelling from the conduction band to the valence band. In
normal diodes, this energy released is in the form of heat. But LED is made up some

(1-1)
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special material which release this energy in the form of photons which emit the light
energy. Hence such diodes are called light emitting diodes.

This process is called electroluminescence.

The Fig. 1.2 shows the basic principle of this process. The energy released in the form
of light depends on the energy corresponding to the forbbiden gap. This determines the
wavelength of the emitted light. The wavelength determines the colour of the light and
also determines whether the light is visible or invisible (infrared). The various impurities
are added during the doping process to control the wavelength and colour of the emitted
light. For normal silicon diode, the forbidden energy gap is 1.1 eV and wavelength of the
emitted light energy corresponds to that of infrared light spectrum hence in normal diodes
the light is not visible. The infrared light is not visible.

Electron recombines with
hole, travelling from conduction
Conduction to valence band

band Electron

Emitted energy
ARz in the form Recombinafion
of light of electron

and hole

(b) LED forward biased

Fig. 1.2 Operation of LED

1.2.2 Materials and Colours
The LEDs use mixtures of Gallium (Ga), Arsenic (As) and Phosphorous (P).
The colour of emitted light is decided by its wavelength which depends on forbidden

energy gap. This gap is different for different mixtures. Hence different mixtures give the
different colours.

No. Mixture used Symbol Colour

1. Gallium arsenide GaAs Infrared, Invisible
2. Gallium phosphide GaP Red or green
3. Gallium arsenide phosphide GaAsP Red or yellow
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1.2.3 Construction of LED

One of the methods used
ey - for the LED construction is to
e . piype deposite three semiconductor
- Activeregion  layers on the substrate as
= ntype shown in the Fig. 1.3. In
- between p type and n type,
there exists an active region.
Fig. 1.3 LED construction This active region emits light,
when an electron and hole
recombine. When the diode is forward biased, holes from p type and electrons from n

type, both get driven into the active region. And when recombine, the light is emitted.

In this particular structure, the LED emit light all the way around the layered
structure. Thus the basic layered struchwe is placed in a tiny reflective cup so that the
light from the active layer will be reflected towards the desired exit direction. This is
shown in the Fig. 1.4 (a) while the symbol of LED indicating identification of anode and
cathode is shown in the Fig. 1.4 (b).

© Hole
* Electron

Substrate

Ancde Cathode

Ancde

Cathode

od_ ..

Anode

Flat side and long
lead indicate cathode

(a) Cup type construction (b) Anode-cathode indication

Fig. 1.4
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1.2.4 Biasing of LED

Consider a source connected to LED

ViVY | and a resistor as shown in the Fig. 1.5.
f l The outward arrows associated with a
v 's . diode indicate that it is LED.
s =—
-T . \iD e The resistor Ry is the current limiting
resistor. Due to this resistor, the current
through the circuit is limited and prevented

from exceeding the maximum current
Fig. 1.5 LED circuit rating of the diode.
Let Vg = Supply voltage
Vp = Drop across LED
Applying KVL to the circuit we can write,
Vs = IsRs+ Vp
V.-V
- "%
IS - RS
When forward biased, the voltage drop across conducting LED is about 2 to 3 V which
is considerably greater than that across a normal silicon or germanium diode. The current

range of commercially available LEDs is 10 to 80 mA. Unless and otherwise specified,
while analyzing the LED circuits, the drop across LED is considered as V=2 V.

The reverse breakdown voltage of LED is much less than the normal diode, which is
about3 Vio 10 V.

1.2.5 Spectral Output Curves for LED

The visibility of the light is decided from its wavelength (). The graph of output light
of LED against the wavelength A gives the various curves called spectral output curves for
LEDs. These are shown in the Fig. 1.6.

It can be seen that length is exp d in nm ( tres). The normalized

output for visible light shows peak at 460 nm for blue, at 540 nm for green, at 590 nm for
yellow and at 660 nm for red. The infrared invisible light output shows a peak at 940 nm.
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Fig. 1.6 Spectral output curves for visible light

1.2.6 Radiation Pattern of LED

Direction
perpendicular
to the
emitting
surface

30°

400
50°

Fig. 1.7 Radiation pattern of a typical LED

LED is a directional light
source. It emits the light in a
particular way which has a typical
radiation  pattern. Maximum
emitted power is perpendicular to

- the emitting surface. The Fig. 1.7

shows a radiation pattern for a
typical LED, which shows that
most of the energy is emitted
within 20° of the direction of
maximum light.

Some LEDs use plastic lenses
to spread the light for a greater
angle to increase the visibility. The
coloured lenses are also used to
enhance the colour.
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1.2.7 Output Characteristics of LED

The amount of power output
translated into light is directly

§'w / proportional to the forward current Iy,
Es y More the forward current I, the
g, 6 Light increases greater is the output light. The graph
3, A es of forward current and output light in
§2 mW is shown in the Fig. 18. This is

called output characteristics for LED.
0 20 40 60 80 —= L(mA) When forward biased, the voltage
Forward current drop across conducting LED is about 2
to 3 V which is considerably greater
than that across a normal silicon or
germanium diode. The current range of commercially available LEDs is 10 to 80 mA.
Unless and otherwise specified, while analyzing the LED cireuits, the drop across LED is
considered as Vp =2 V.
The reverse breakdown voltage of LED is much less than the normal diode, which is
about 3Vt 10 V.

Fig. 1.8 LED output characteristic

1.2.8 Data Sheet Information of LED

The two important parameters related to LED characteristics are,

i) Radiant intensity : The LED output power per steradian is called axial radiant
intensity. The symbol for radiant intensity is I,. The steradian (sr) is the unit of solid angle.
The unit of radiant intensity is W/sr or mW/sr.

ii) Irradiance : The power per unit area at a given distance from the LED source is
called irradiance. It is denoted as H and expressed in W/em? or mW/em?, Mathematically
irradiance can be calculated as,

ll.‘
a?
Where I, = Radiant intensity

H =

d = Distance from LED source in em

The electrical characteristics, maximum ratings and optical characteristics of a typical
MLEDS1 are given in the following tables.



Analog and Digital Electronics 1-7 Special Diodes

Maximum ratings :

Rating Symbol Value Unit
Reverse voltage Vgp 5 volls
Forward current-continuous Ie 100 mA
Forward current-peak pulse Ig 1 A
Total power dissipation at Ty = 25T Pp 100 mw
Derate above 25C 22 mWrC
Ambi perating s e range Ta - 30 to +70 *C
Storage temperature T,g - 30 to + 80 °C
Lead soldering temperature, E 260 °C
5 seconds max, 1116 inch from case

Electrical characteristics (T, = 25°C unless otherwise noted) :

Characteristic Symbol Min Typ Max Unit
Reverse leakage current (Vg = 3 V) g - 10 - nA
Reverse leakage current (Vg = 5 V) g - 1 10 pA
Forward voltage (I = 100 mA) Vg - 1.35 1.7 v
Temperature coefficient of forward voltage AVE - -16 - mVPK
Capacitance (f = 1 MHz) c - 25 - pF

Optical characteristics (T, = 25°C unless otherwise noted)

Characteristic Symbol Min Typ Max Unit
Peak wavelength (Ip = 100 mA) L - 940 - nm
Spectral half-power bandwidth Ak - 50 - nm
Total power output (I = 100 mA) be - 186 - mw
Temperature coefficient of total power Ade - -025 - %K
output
Axial radiant intensity (I = 100 mA) Iy 10 15 - mWisr
Temperature coefficient of axial radiant Alg - - 0.25 - /K
intensity

Powgr half-angle ] - + 30 - ®
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Similarly the data sheet includes some graphical characteristics. The Fig. 1.9 shows
spatial radiation pattern and intensity versus forward current graphs for MLED 81.

30°  20°0 10° 0O  10° 20°  30°

gmo
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[

£

£ 10

&

o

E

3 I

&

Cal 11

= m
1 10 100 1000

I, forward current (mA)
(b) Intensity versus forward current

Fig. 1.9 MLED 81 data sheet graphs
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The Fig. 1.10 shows other two graphs for MLED 81 available in its datasheet.

A
-. I“‘,I.II B
1 1] ——DC

il - - - - Pulse only

V., forward voltage (V)

10

I, LED forward current (mA)

(a) LED forward voltaga versus forward current

Z 12
8 _ 4
2 1
£g
532 og \1
BE {
gg 0.6 {
504 ’,

0.2 v

= o
0 700 800 900 1000 1100

A, wavelength (nm)
(b) Relative spectral emission

Fig. 1.10 MLED 81 data sheet graphs

It can be seen for this device that at 30° on the either side of the maximum orientation,
the output power reduces to about 60% of the maximum.

1.2.9 Advantages of LED
The various advantages of LED are,

1. LEDs are small in size, and hence can be regarded as point source of light. Because
of their small size, several thousand LEDs can be packed in one sq. metre area.
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2. The brightness of light emitted by LED depends on the current flowing through
LED. Hence the brightness of light can be smoothly controlled by varying the
current. This makes possible to operate LED displays under different ambient
lighting conditions.

3. LEDs are fast operating devices. They can be turned on and off in time less than
1 microsecond.

4. The LEDs are light in weight,

5. The LEDs are available in various colours.

6. The LEDs have long life.

7. The LEDs are cheap and readily available.

8. The LEDs are casy to interface with various other electronic circuits.

9. Some LEDs radiate infrared light which is invisible but still useful in some
applications like burglar alarm systems.

10. LEDs are useful for the applications which are subjected to frequent on-off cycling.
The fluorescent lamps burn out more quickly when cycled.

11. LEDs can be easily dimmed using pulse width modulation or by controlling the
forward current.
12. LEDs are shock resistant and difficult to damage due to external shocks.

13. LEDs do not contain toxic material like mercury which is used in fluorescent
lamps.

1.2.10 Disadvantages of LED
The various disadvantages of LED are,

1. It draws considerable current requiring frequent replacement of battery in low
power battery operated devices.

2. Luminous efficiency of LEDs is low which is about 1.5 lumen/watt.
3. The characteristics are affected by temperature.
4. Need large power for the operation compared to normal p-n junction diode.

1.2.11 Comparison of LED and P-N Junction Diode

Sr. No. LED P-N junction diode
1. It emits light, when forward biased. It does not emit light.
2 It uses materals like gallium, ide| It uses materials like silicon and germanium.
phosphide and gallium phosphide.
3 The drop across forward blased LED is| The drop across forward blased diode Is
about 2 V. about 0.7 V, much less than that of LED.
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4. Reverse breakdown voltage is low, about| Reverse breakdown voltage is high, about
IVie10V. 50 V and more.

5. Needs large power for the operation. Needs less power for the operation.

B. Draws considerable current from battery. Draws less current.

7. Symbol is ;(_ Symbol is @

8. The applicati are opt p seven| The applications are rectifiers, clippers,
segment displays, alpha numeric displays. clampers, voltage multipliers and many other

electronic circuits.

1.2.12 Applications of LED

Due to the advantages like low ;roltage, long life, cheap, reliable, fast on-off switching
etc., the LEDs are used in many applications. The various applications of LED are,

1. All kinds of visual displays i.e. seven segment displays and alpha numeric displays.
Such displays are commonly used in the watches and calculators.

2. In the optical devices such as optocouplers.

3. As on-off indicator in various types of electronic circuits.

4. Some LEDs radiate infrared light which is invisible. But such LEDs are useful in
remote controls and applications like burglar alarm.

mmp Example 1.1 : What is the current through LED used in a circuit shoum in the Fig. 1.11.

+ 2.2k
—o———AM
ko 5V
1 %
Fig. 1.11
Solution :  Assume the drop across the LED as 2 V.
Vp = 2V

From Fig. 111, Rg = 22k2 and Vg=15V
Vg-Vp  15-2

= —— - _=591mA
s Rs  2.2x10°
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1.3 Seven Segment Display

A display consisting of seven LEDs arranged in

A seven segments is called seven segment display. It is

' ; shown in the Fig. 1.12. The seven LEDs are arranged in

F B a rectangular fashion and are labeled A through G. Each
LED is called a segment because it forms a part of the

digit being displayed. An additional LED is used for the

E c indication of a decimal point (DP).
By forward biasing different LEDs we can display
D D.P the digits 0 through 9. For example, to display a zero,

the LEDs A, B, C, D, E and F are forward biased. To

Fig. 1.12 Seven segment  Jight up a 5, we need to forward bias segments A, F, G,

indicator C, D. Thus in a seven segment display depending upon

the digit to be displayed, the particular set of LEDs is

forward biased. The various digits from 0 to 9 which can be displayed using seven
segment display are shown in the Fig. 1.13.

A A— e
F B 8 | . BF B
| — — L & &
E Cc cE [+ c
o D ) I
() ) 2 3) “
A A
F F ] BF BF B
cE c cE c c
D D D D
(5) (6) (7) 8) 9)

Fig. 1.13 Various digits displayed with 7 segment display

A seven segment display can also display the capital letters A, C, E and F and also
small letters b and d. Microprocessor kits often use such seven segment displays.

1.3.1 Types of Seven Segment Display
The two types of seven segment display are available called,
1) Common anode type 2) Common cathode type
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Common anode type

In this type, all anodes of LEDs are connected together and commeon point is
connected to + Vg which is positive supply voltage. A current limiting resistor is required
to be connected between each LED and ground. The connection is shown in the
Fig. 1.14.

(Decimal point)

Fig. 1.14 Common anode type

Common cathode type

In this type, all cathodes of LEDs are connected together and common point is
connected to the ground. A current limiting resistor is connected between each LED and
the supply + V. The anodes of the respective segments are to be connected to + V¢ for
the required operation of LEDs. The connection of common cathode type display is shown
in the Fig. 1.15.

opP
(Decimal point)

Current
fimiting A B c
+ resistor

Fig. 1.15 Common cathode type
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1.3.2 LED Driver Circuit

The output of a digital circuit is logical i.e. either ‘0" or '1I'. The '0' means low while '1'
means high. In the high state the output voltage is nearly 5 V while in low state, it is
almost 0 V. If LED is to be driven by such digital circuit, it can be connected as shown in
the Fig. 1.16. When output of digital circuit is high, both ends of LED are at 5 V and it can
not be forward biased hence will not give light. While when output of digital circuit is
low, then high current will flow through LED as it becomes forward biased, and it will
give light.

+5V w5y
Rg ‘ Rg
LED Mo light . ) LED $Ug‘hl
gﬂ? :C’_”-T;“‘ .1_+5 v 2?:?,' :ilm plAd
{a) TTL output high {b) TTL output low
Fig. 1.16

In practice seven segment displays are used at the output of digital integrated circuits,
the output of which is in binary coded decimal form (BCD). Such output has only four
lines and it cannot drive seven segments of the display directly. In such a case a driver

Current fmm———— y pmmm————— y

R 1
BCO {21  decoder AN ——— <A

input lo— driver —— P
AAAA lq/

\ A [ 7 } Common
_L —_— ' ! anode
L 7line M type
1}
Z

iy ]/:
4 Line {o_ BCDI07 o | Y

output ! seven
R |1 segment
l—W—% display
bcmmm = | ST
Decimal point

Fig. 1.17 Typical 7-segment LED display with its driver
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circuit is used which is a BCD to 7 segment decoder. It converts 4 BCD lines into 7 lines.
A typical LED seven segment display with its driver circuit is shown in the Fig. 1.17. The
common anode type display is used.

Notice that, an additional LED corresponding to the decimal point is also provided in
the scven segment display, which again has a current limiting series resistance. Here a
positive voltage is applied to the common anode. Therefore selected LEDs are illuminated
by making their respective cathodes low (0 V).

1.4 Varactor Diode

In a normal diode, the
depletion region exists between
p-region and n-region as shown in
the Fig. 1.18.

The p-region and n-region act
like the plates of capacitor while
the depletion region acts like
dielectric. Thus there exists a
capacitance at the p-n junction
called transition  capacitance,
space charge capacitance, barrier
capacitance or depletion region
capacitance. It is denoted as Cr.

Mathematically it is given by

Cy(Transition capacitance)

the expression,
EA
Cr=w
where € = Permittivity of semiconductor
A = Area of cross section

W = Width of depletion region
As the reverse biased applied to the diode increases, the width of the depletion region
(W) increases. Thus the transition capacitance Cy decreases. In short, the capacitance can
be controlled by the applied voltage. The variation of C; with respect to the applied
reverse bias voltage is shown in the Fig. 1.19.

As reverse voltage is negative, graph is shown in the second quadrant. For a particular
diode shown, Cy varies from 80 pF to less than 5 pF as Vg changes from 2V to 15V.
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CyinpF |
?‘.0._' I

Fig. 1.19

In practice, special type of diodes are manufactured which shows the transition
capacitance property more predominantly as compared to the normal diodes. Such diodes
are called varactor diodes, varicap , VVC ( voltage variable capacitance), or tuning diodes.

1.4.1 Symbol and Equivalent Circuit

The Fig. 1.20 (a) shows the symbol of varactor diode while the Fig. 1.20 (b) shows the
first approximation for its equivalent circuit in the reverse bias region.

Cr= 1(V)
24
—
— Do k, o ’
01420 >1 M 1-5nH
{a) Symbol (b} Equivalent circuit

Fig. 1.20 Varactor diode

The Ry is the reverse resistance which is very large while Rg is the geometric
resistance of diode which is very small. The inductance Lg indicates that there is a high
frequency limit associated with the use of varactor diodes.

1.4.2 Expression for Transition Capacitance

For a varactor diode, the transition capacitance in terms of applied reverse bias voltage
is given by,

_ K
TT ' oy o
(V) + V)

where K = Constant depends on semiconductor
material and construction technique
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VI = Junction potential
Vg = Magnitude of reverse bias voltage
n = % for the alloy junctions

At the zero bias condition the capacitance is C(0). Interms

capacitance is given by,

[V
1+

c(

=

T

¥

1.4.3 Effect of Temperature

The varactor diodes have positive temperature coefficient i.e. Cr value increases by

15 for the diffused junctions

small amount as the temperature increases.

1.4.4 Data Sheet Information of Varactor Diode

The data sheet of a varactor diode consists of the maximum ratings and its electrical
characteristics. The table 1.1 shows the range of nominal diode capacitance C; from 6.8 pF

of C(0), the transition

to 47 pF, for series of 1N5139 - 1N5148 varactor diodes, measured at Vg =4 V d.c.

Cr Q value Tg Tuning ratio
VR =4V, f=1MHz Vg =4 Vdec. C4/Cep
Device type
pF =50 MHz f=1MHz
Min Typ Max Min Min Typ
1N 5139 6.1 6.8 75 350 27 29
1N 5140 9.0 10 11 300 28 3.0
1N 5141 10.8 12 13.2 300 2.8 3.0
1N 5142 13.5 15 16.5 250 2.8 3.0
1N 5143 16.2 18 19.8 250 2.8 3.0
1N 5144 19.8 22 24.2 200 32 34
1N 5145 243 27 297 200 32 34
1N 5146 297 33 36.3 200 3.2 34
1N 5147 : 361 39 428 200 32 34
1N 5148 42.3 47 51.7 200 32 34

Table 1.1
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Capacitance tolerance range : The capacitance values are based on 10% ftolerance
range. For example, varactor diode 1N 5144 shr 's a variation in Cp from 19.8 pF to
242 pF, at Vg = 4 V d.c. So it can show any value vetween 19.8 pF and 242 pF at Vg = 4
Vde

Tuning Ratio : This is also called capacitance ratio as it is a ratio of the varactor diode
capacitance at a minimum reverse voltage to the maximum reverse voltage. This ratio is
not related to the tolerance range. For example, if Cy of 1N5148 diode at Vp = 4V (min) is
divided by Cp of 1IN 5148 diode at Vg = 60 V(max), the ratio gives value as 3.4, called
tuning rat’. This is indicated as C4/Cg in the table 1.1.Thus C; at Vg = 4V is 3.2 times
higher the.1 the Cy at Vi = 60 V.

Now C; = 47 pF at Vg = 4V for IN 5148 varactor diode, and its tuning ratio
(TR) is 3.2.

C 47pF
TR = -4 =332=_"%2

Cao Cao
Cqo = 14.6875 pF

So Cp values from 14.6875 pF to 47 pF for this diode, as Vg is changed from 60V to
4V. This gives flexibility to select the diode in the various tuning circuits. The tuning ratio
depends on abruptness of the p-n junction. Many hyper-abrupt varactor diodes give TR
value, ranging between 10 to 15.

Quality factor (Q) : The quality factor of a reactive element either capacitor or
inductor is the ratio of energy stored and returned by the element to the energy dissipated
in the device resistance. It is also called figure of merit. Thus Q = 300 means capacity of
an element to store and return the energy is 300 times more than the energy lost in its
resistance. Thus higher Q values is desirable. For varactor diodes, the Q value increases
with increase in reverse voltage.

Temperature coefficient (TC) : This indicates dependence of Cy on temperature.
Varactor diodes have positive TC ie. Cp value increases by a small amount as the
temperature increases. While the quality factor has negative temperature coefficient i.e. Q
decreases with increase in temperature.

The table 1.2 gives maximum ratings for 1N 5139 - 1N 5148 varactor diodes.

Rating Symbol Value Unit
Reverse voltage Vp 60 Volts
Forward current Ig 250
RF power input Py 50 walts
Device dissipation at Ty = 25C Pp 400 mwW
Derate above 25C 2,67 mW/T
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Device dissipation at Tp, = 25T Pe 20 watls
Derate above 25C 133 mW/ T
Junction temperature Ty +175 c
Storage temperature range Tstg - 65 fo + 200 <

Table 1.2 Maximum rating (T = 25 °C unless otherwise noted)
* The RF power input rating assumes that an adequate heatsink is provided.
The Table 1.5 gives the electrical characteristics for 1N 5139 - 1N 5148 varactor diodes.

Characteristic Symbol | Min | Typ | Max Unit
Revorse breakdown voltage (Ig = 10 pA de) | Vigr) R 60 70 - Vde
Reverse voltage leakage current IR - - 0.02 MA dc
(Vg = 55 V de Ty = 25C)

(Vg = 55 V dc, Ty, = 150C) - N 20

Series inductance (f = 250 MHz) Lg - 5.0 - nH
Case capacitance (f = 1.0 MHz) Ce - 0.25 - pF
Diode capacitance temperaiure coefficient TCe - 200 300 ppmyiC

(Vg = 4.0 V dc. f = 1.0 MHz)
Table 1.3 Electrical characteristics (T, = 25 °C unless otherwise noted)

1.4.5 Applications

The main application of varactor diodes

. oL ., is LC tuned circuits.
‘T Fig. 1.21 shows how varactor diode can
&

be connected in a LC tuned circuits. The

Fig. 1.21 Use of varactor diode in LC resonance frequency for a parallel LC tuned
tuned circuit circuit is given by,

1
£ =
T 2mIC
As varactor diode is connected in parallel, the resultant capacitance becomes C,; +C,.
Hence the resonance frequency becomes,
1

fo= o /L, +Cy)
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where C, is transistion capacitance of varactor diode. The value of C; can be changed
by controlling the voltage applied to the circuit. Hence circuit can be tuned by changing
voltage applied at a resonance frequency, this is called electrical tuning.
The various other applications of varactor diodes are,
. Tuned circuits
. FM modulators
. Automatic frequency control devices
. Adjustable bandpass filters
. Parametric amplifiers

oW e W N e

. Television receivers

tmp Example 1.2 : Determine the transition capacitance of a diffused junction varactor diode
at a reverse bias voltage of 4.2 V if C(0) = 80 pF and junction potential of 0.7 V. Also
calculate constant K for diode.

Solution :  The transition capacitance is given by,

C()
Cr= — 2
[
v
Now C(0) = 80 pF, n = 13 as diffused junction
Vg = 4.2'V,VI =07V

=12

Or = & = 41.82 pF

[

The transition capacitance is also given by,

K
CT = P
[V +¥11
agx02 = K
[4.240.7]'3

K = 71.03x 1072
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1.5 Photodiode

The photodiode is a semiconductor p-n junction device whose region of operation is
limited to the reverse biased region. The Fig. 1.22 (a) shows the symbol of photodiode
while the Fig. 1.22 (b) shows the working principle of photodiode.

i
- +

Ve

(a) Symbol (b} Principle of operation
Fig. 1.22 Photodiode
The photodiode is connected in reverse biased condition. The depletion region width is

large. Under normal condition, it carries small reverse current due to minority charge
carriers. When light is incident through glass window on the p-n junction, photons in the
light bombard the p-n junction and some energy is imparted to the valence electrons. Due
to this, valence electrons are dislodged from the covalent bonds and become free electrons.
Thus more electron-hole pairs are generated. Thus total number of minority charge carriers
increases and hence the reverse current increases. This is the basic principle of operation of
photodiode.

1.5.1 Photodiode Characteristics
The photodiode is designed such that it is sensitive to the light.

When there is no light, the reverse biased photodiode carries a current which is very
small and called dark current. It is denoted as I,. [t is purely due to thermally generated
minority carriers. When light is allowed to fall on a p-n junction through a small window,
photons transfer energy to valence electrons to make them free. Hence reverse current
increases. It is proportional to the light intensity. The Fig. 1.23 shows the photodiode
characteristics. The Fig. 1.23 (a) shows the relation between reverse current and light
intensity while the Fig. 1.23 (b) shows relation between reverse voltage and reverse current
at different light intensities. It can be seen that reverse current is not dependent on reverse
voltage and totally depends on light intensity.
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Fig. 1.23 Photodiode characteristics
1.5.2 Use of Photodiode as Variable Resistance Device
Consider a typical photodiode with dark current I, = 20 uA  at Vg =-2V

Vi 2
. Dark resistance = K-m-lﬂﬂkﬂ
If now photodiode is illuminated with 25000 Lm/m? (Lumens per square metres) then
current changes to 350 pA at same reverse voltage.
- q _ 2
Tluminated resistance = T500A = 5.714 kK2
This shows that the photodiode can be used as a variable resistance device controlled
by light intensity. It is also called photoconductive device. The response of photodiode is
very fast hence change in resistance from high to low or otherwise is also very fast. Hence
it can be used in variety of applications.

1.5.3 Why to be used in Reverse Biased ?

The reverse current without light in diode is in the range of uA. The change in this
current due to the light is also in the range of pA. Thus such a change can be significantly
observed in the reverse current. If the photodiode is forward biased, the current flowing
through it is in mA. The applied forward biased voltage takes the control of the current
instead of the light. The change in forward current due to light is negligible and can not
be noticed. The resistance of forward biased diode is not affected by the light. Hence to
have significant effect of light on the current and to operate photodiode as a variable
resistance device, it is always connected in reverse biased condition.

1.5.4 Small Signal Model of Photodiode

The Fig. 1.24 shows the small signal model for photodiode. In Fig. 1.24 (a) a
photodiode is represented by an ideal junction diode in parallel with a current source
which is proportional to the light intensity. The model in the Fig. 1.24 (b) assumes that the
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C
)|
D b 11
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o
=KL &
Alg=KAL
(a) (b)

Fig. 1.24 Small signal models for photodiode

diode is heavily reversed biased, and hence that the diode may be replaced by its reverse
resistance R. This model also includes the effect of barrier capacitance C and the ohmic
resistance r. The typical values for barrier capacitance, reverse resistance and chmic
resistance are of the order of

C = 10pF, R =50 MQ, r=10090

In both the figures, the symbol L represents light flux in lumens, and K is a
proportionality constant in the range 10 to 50 mA/lumen.

1.5.5 Sensitivity with Position of lllumination

We know that the
A{TENT current in a reverse biased
semiconductor  photodiode
depends upon the diffusion
of minority carriers to the
junction. If the radiation is
focused into a small spot far
away from the junction, the
injected minority carriers
may  recombine  before
diffusing to the junction.
-3 -2 -1 [] 1 2 3 This results in a much
smaller current. On the other
Distance from junction in nm hand, if the radiation is
Fig. 1.25 Sensitivity of photodiode as a function of focused from near the
position of lllumination junction more cwrent will
result. Therefore, we can say
that the photocurrent is a function of the distance from the junction at which the light spot

is focused. This is illustrated in the graph shown in the Fig. 1.25.

n side
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1.5.6 Photodiode as a Voltage Cell '

When the photodiode is illuminated without any biasing, there is increase in the
number of holes in the p-side and the number of electrons in the n-side. Due to this,
minority carriers are swept across the junction. We know that, the barrier potential is
negative on the p-side and positive on the n-side. This barrier potential tends to reduce
because of the flow of minority carriers. When an external circuit is connected across the
diode terminals, the minority carriers will return to the original side via the external
circuit. The electrons which crossed the junction from p to n will now flow out through
the n terminal and into the p-terminal. This means that the device is behaving as a voltage
cell with the n-side being the negative terminal and the p-side the positive terminal. Thus,
the photodiode is a photovoltaic device as well as a photoconductive device.

1.5.7 Advantages
The advantages of photodiode are,
1. Can be used as variable resistance device.
2. Highly sensitive to the light.

3. The speed of operation is very high. The switching of current and hence the
resistance value from high to low or otherwise is very fast.

1.5.8 Disadvantages
The various disadvantages of photodiode are,
1. The dark current I; is temperature dependent.

2. The overall photodiode characteristics are lemperature dependent hence have poor
temperature stability.

3. The current and change in current is in the range of uA which may not be
sufficient to drive other circuits. Hence amplification is necessary.

1.5.9 Photodiode Applications

The two commonly used systems using photodiode are alarm system and a counting
system.

The Fig. 1.26 shows a photodiode employed in an alarm system.

The reverse current I; continues to flow as long as light beam is incident on the

photodiode. When the light is interrupted, the current I, drops to the dark current level.
This initiates the alarm system sounding the alarm.
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Phetodiode
Light source——-= ey
Alarm
system I
Light beam Sound
\ signal

Doomayj

Fig. 1.26 Photodiode in an alarm system
The Fig. 1.27 shows a photodiode used to count the items on a conveyor belt. As each

item passes, the light beam is broken. Thus reverse current I, drops to the dark current
level. This activates the counting mechanism and the is increased by one.

Counll_ng Diipfl.ay
circuit court

+— Pholodiode

Light beam

—

1o be counisd — Movement of object

_Q__..U._..._..-Q7£
Light Conveyor belt

Fig. 1.27 Photodiode in the counter operation

1.5.10 Photodiode Control Circuit

The Fig. 1.28 shows the typical photodiode control circuit. When there is no light
incident on the photodiode, the current through the photodiode is negligible, dark current.

Part of this current is a current through Rj. Such a small current through R, keeps the
voltage drop across R, low, making transistor and relay "OFF. When light is incident on
the photodiode the current through diode and hence the current through R, is sufficient to
forward bias both the junctions, making transistor and relay 'ON".
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Freewheeling diode

Photodiode {* r 1~—Relay contacls

Relay coil
Q,

Fig. 1.28 Photodiode control circuit

1.6 Schottky Diode

At low frequencies the conventional diode can be easily turn off by changing its bias
from forward to reverse. But at very high frequencies conventional diode shows a
tendency to store the charge and there is noticeable current in reverse half cycle. During
forward biased it is not possible for all the carriers in depletion region to recombine. Some
carriers exist in depletion region which are not recombined. Now if the diode is suddenly
reverse biased, the carriers existing in depletion region can flow in the reverse direction for
some time. But for large life time of these carriers, longer is the flow of current in reverse
half cycle. Hence there is a limitation on the frequency range for which a conventional
diode can be used.

The time taken by a diode to turn off from its forward biased state is called reverse
recovery time. For frequencies upto 10 MHz it is very small but above 10 MHz it is large
and puts a limit on the use of conventional diode in such high frequency applications.

The diodes which are specially manufactured to solve this problem of fast switching
are called Schottky diodes. Its construction is different than the conventional p-n junction
diode. It consists of a metal to semiconductor junction as shown in the Fig. 1.29 (b). These
diodes are also called Schottky barrier diodes, surface barrier diodes or hot carrier
diodes. The symbol for the Schottky diode is shown in the Fig. 1.29 (a).

Usually n-type silicon is used as a semiconductor. Different metals, such as
molybdenum, platinum, chrome or tungsten are used with different construction
techniques to get different set of characteristics such as increased frequency range, lower
forward bias etc.

In both the materials metal as well as n-type semiconductor the electrons are the

majority carriers. In the metal, the minority carriers (holes) are very less in number. When
the contact is made between the two materials, the electrons from the n-type
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(a) Symbol {b) Construction

Fig. 1.29 Schotiky diode

semiconductor material immediately flow into the adjoining metal. This is because the
kinetic energy level of the majority carriers i.c. electrons in the n region is higher than the
electrons in the metal. Hence a heavy flow of majority carriers is established from n region
to the metal. Due to high kinetic energy the injected carriers are called hot carriers.

In conventional diode, the minority carriers get injected into adjoining region while in
Schottky diode, majority carriers get injected into metal.
Key Point Thus in a conventional diode the conduction is due to minority and majority
carriers while in Schottky diode the conduction is totally by majority carriers.

The heavy flow of electrons into the metal creates a region near the junction surface,
depleted of carriers in the silicon material. This is similar to depletion region in a
conventional diode. The additional carriers in the metal establish a negative wall in the
metal at the boundary between the two materials. This results in further current. So there
exists a carrier free region and a negative wall at the surface of the metal.

1.6.1 Characteristics of Schottky Diode

Due to the minority carrier free region, Schottky diode cannot store the charge. Hence
due to lack of charge storage, it can switch off very fast than a conventional diode, It car
be easily switched off for the frequencies above 300 MHz. The barrier at the junction for a
Schottky diode is less than that of normal p-n junction diode, in both forward and reverse
bias region. The barrier potential and breakdown voltage in forward bias and reverse bias
region respectively are also less than p-n junction diode. The barrier potential of Schottky
diode is 0.25 V as compared to 07 V for normal diode. The Fig. 1.30 shows the
comparison of characteristics of Schottky diode and a conventional p-n junction diode.
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Fig. 1.30 Comparison of characteristics

1.6.2 Applications
Due to fast switching characteristics, the Schottky diodes are very useful for high
frequency applications such as digital computers, high speed TTL, radar systems, mixers,

detectors in communication equipments and analog to digital converters.
1.6.3 Comparison between Schottky Diode and Conventional Diode

Parameter p-n junction diode Schottky diode
to Semicond to metal
Carriers i ity and majority Only I
Reverse recovery time | More Lass
Barrier pot Maore about 0.7 V Less about 0.25 V
B voltage Mare Less
S g speed Less High
PIV rating More Less
Fi y range Upto 10 MHz Very high more than 300 MHz
I 1
Characteristics ] j
] 07V {—] 025V v
i
H
L
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Application Mainly rectifisrs and low freq High f digital
devices , radar sy
Schottky TTL logics, mixers etc.

Table 1.4

1.6.4 Specifications of Schottky Diode

The specifications and typical values for the small signal Schottky BAT 49 are given
below. The device is having low turn on voltage and fast switching.

Symbol Parameter Value Unit
Vers IRanetiliue peak reverse voltage 80 v
Ie Forward continuous current” T, =70°C 500 mA
[ Repetitive peak forward current” L=1s 3 A
&< 05
lesm Surge non repelilive forward Hhs 10ms 10 A
current®
Tag Storage and Junction temperature — 6510 150 T
T range - 6510 125 <
Table 1.5 Absolute ratings (limiting values)
Electrical characteristics
a) Static characteristics
Symbecl Test conditions Min. Typ. Max. Unit
I ** T =25°C  \p=B0V 200 nA
Mt 'I] =25°C I = 10 mA 032 )
T] =25°C Iz = 100 mA 0.42
'I] =25°C F=1A 1
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b) Dynamic characteristics

Symbal Test conditions Min, Typ. lax. Unit
C TJ=25"Cf‘-‘1MHz\h=OV 120 pF
V=5V s PF

* On finite heal sink with 4 mm lead length.
"Pmuelunps;wups, &< 2%

1.7 Tunnel Diode

A normal p-n junction has an impurity conceniration of about 1 part in 10% This much
amount of doping has the depletion layer width of about 5 microns ie. 5x10~*cm. The
dmdes in which the concentration ~f impurity atoms is greatly increased upto 1 part in
10, to get completely changed chauacteristics, are called as Tunnel diodes. These diodes
are first introduced by Leo Esaki in 1958,

Duc to the heavy doping the depletion region gets reduced considerably, of the order
of 107 ®cm ie. about 1/100 the width of depletion region in normal p-n junction diode.
Due to the thin depletion region, an electron penetrates through the barrier. This is called
as tunneling and hence such high impurity density p-n junction devices are called as
tunnel diodes. Many carriers in tunnel diodes penctrate the barrier at velocities far more
than the velocities available in the conventional diodes, at low forward bias voltages. Due
to such effect, it shows a negative resistance region in its volt-ampere characteristics. This
negative resistance region is the most important feature of a tunnel diode.

1.7.1 Characteristics of a Tunnel Diode
The Fig. 1.31 shows the volt-ampere characteristics of a tunnel diode.

l{mA}

paint

/ Forward voltage

Fig. 1.31 Characteristics of tunnel diode

Vivolls)
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For small forward voltages (upto 50 mV for germanium) the resistance remains small,
of the order of 5 £ and current increases. The current attains a peak value
corresponding to the voltage V,, which is about 600 mV. The I, can vary from few micro
amperes to several hundred amperes.

At the peak point, the slope dI/dV of the characteristics becomes zero. If now the
forward voltage is increased further, beyond Vp, then the current starts decreasing rather
than increasing. Thus the dynamic conductance dI/dV becomes negative. Hence the
dynamic resistance dV/dl is negative and it shows negative resistance characteristics. This
negative resistance continues till a voltage V,, called as valley voltage.

At the valley voltage V,, the current is I, and slope dI/dV becomes again zero.

After V,, if the voltage is increased, the current again increases. Thus resistance again
becomes positive and remains positive thereafter.

At the socalled peak forward voltage Vj, the current again reaches the value equal to
peak current 1P

The value of current between I, and I, can be obtained with three different voltage
values. For the value of current between I, and 1,, the characteristics is triple values. This
multivalued feature makes the tunnel diode useful in the pulse and digital circuits.

The circuit symbol of a tunnel diode is shown in the Fig. 1.32 (a} while its equivalent
circuit in the negative resistance region is shown in the Fig. 1.32 (b).

C
IL
LL)
R, 5pF L,
n—@—a oA ——g —— T —o
‘I'.U.V.Y
(~152 1)
(a) Symbol ({b) Equivalant circuit in nagatiy raglon

Fig. 1.32 Tunne! diode

The negative resistance - R, has a minimum at the point of inflection between I, and
I,. The series resistance R, is due to chmic contact resistance. The series inductance L,
depends upon the lead length and the geometry of the diode package. The junction
capacitance C depends upon the bias represents the junction diffusion capacitance and is
usually measured at the valley point.
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1.7.2 Construction

As doped Sn ball
Insulator mesh support
~ /le

Final The most - common  commercially
seal available tunnel diodes are made from the
germanium or gallium .arsenide. The basic
construction of an advanced design tunnel
diode is shown in the Fig. 1.33.

!.. .
[ 1—— Ceramic

Fig. 1.33 Construction of tunnel diode

1.7.3 Load Line for Tunnel Diode

Consider a circuit as shown in the Fig. 1.34. The supply voltage is V and R is the load
resistance.

R
ANAA
VW
Tunnel
+, diode
VE‘: J Vr
|-
Fig. 1.34

The drop across the tunnel diode is V. Applying KVL,

V = IR+ Vy
1 \"
I = ~gVi+g (D)

So when Iy = 0, Vip = V while when V3 =0, Iy = —;- Using these two points a load line

can be obtained on V-I characteristics of tunnel diode as shown in the Fig. 1.35.
The load line intersects the characteristics at the three points A, B and C. The load line

position and the slope is completely dependent on the network elements and tunnel diode
characteristics.

The points A and C are stable operating points as located in positive resistance region
of characteristics. While point B is in the negative resistance region and hence unstable
operating point.

An important point regarding stable points A and C is that if there is slight change in
the network conditions there will not be any change in the circuit behaviour and position
of Q point for the circuit. If supply voltage increases then point C will move up on the
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Fig. 1.35 Load line for tunnel diode circuit

curve as voltage across diode Vp will increase. When voltage decreases to original value,
point C will regain its original position back.

But if operating point is defined at point B in the unstable region and if supply
voltage slightly increases then correspondingly Vg increases but Iy decreases due to
negative resistance characteristics. This further reduces Vi and process continues till point
shifts into stable region at point C. If supply voltage slightly decreases, point B moves up
to achieve stable point A.

Thus point B can be defined as an operating point using load line concept but in
practice it will get stabilized at the locations A or C.

This concept is used in a negative resistance oscillator using a tunnel diode.

1.7.4 Negative Resistance Oscillator using Tunnel Diode
The Fig. 1.36 shows a negative resistance oscillator using tunnel diode.

T

Fig. 1.36 Negative resistance oscillator using tunnel diode
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The network elements are so designed to obtain the operating Q point at position ‘O’
as shown in the Fig. 1.37. This is the intersection point of load line with Tunnel diode
characteristics. The design is such that the load line intersects the characleristics only at
one point which is the Q point. A stable operating point is not at all defined.

I

A . B
Wyl — 7T T e Vel
o
, (Q point) /
(o] F S~ ) I

Vo) CVaL}
v -\

Fig. 1.37

Initially when switch is closed, the supply voltage starts increasing and at V=V, the
current attains maximum value ]p‘ Now for V:-VP, according to the characteristics current
must decrease.

But V = R+ (-Rp (2

As tunnel diode is operating with Q point in negative resistance region hence Ry is
taken negative.

= I (R-Ry) e (3)

Hence Iy is decmasmg and R-Rg is also deceasing. But V is increasing beyond Ve
This is contradictory according to equations (3). Hence diode operating point switches
from A to B, in that region where current can increase as voltage increases. But at point B,
V = Vg which is greater than V. To achieve this, the polarity of the transient voltage across
the coil must reverse and current starts decreasing from B to C. Energy stored in the
inductor while current has reached lP’ starts decreasing.

This decrease in current continues till the point of operation shifts to point C where
current is I, while voltage is V,. Now this voltage is still more than V and hereafter
current starts increasing again. But as inductor is discharging, current must decrease as
voltage decreases. Hence it is not possible in practice to increase the current after point C
but the point of operation shifts from point C to D where voltage is Vj; and current is I,..
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This is a stable region where current can further decrease rather than increasing. But from
point I onwards, tunnel current can again increase to L. Thus the process repeals on its
own again and again, never scttling at an operating point defined in an unstable region of
characteristics. The result is the oscillator circuit with the help of a fixed supply and
negative resistance characteristics of a Tunnel diode.

The voltage and current waveforms are shown in the Fig. 1.38 (a) and (b).

Vi

{a) Voltage waveform

i

{b) Current waveform

it |g-——~.-—--.. L~
f- A
@

Fig. 1.38 Waveforms of negative resistance oscillator

Thus the square type waveform can be obtained using tunnel diede. The oscillator
waveforms are not necessarily exactly symmetrical i.e. T; # T,. This is because portions DA
and BC are not identical.

Expression of Time Period T
Let R; = Tunnel diode resistance of the portion passing through origin.
R; = Tunnel diode resistance of the second positive resistance region.
then Ry = R + Ry while R} = R + Ry and R = load or circuit resistance.
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The linear piecewise approximation of tunnel diode is shown in the Fig. 1.39.
Now Vy = V-V=V, -V, R, e (4)
Then the time T, is given by,

Vy +1
T, = k| le Rr -6
Ry | Vy+I, Ry
While the time T, is given by,
L V-1, R}
T, = ——In 7\'? (6)
27 Ry {V—Ip RT]

The total period is given by,
T="T+T,

while f = %—, = frequency of oscillations

1.7.5 Sinusoidal Oscillator using Tunnel Diode

The Fig. 1.40 (a) shows a tank circuit and a switch. The closing of the switch will
result in a sinusoidal voltage that will decrease in amplitude with time. Thus it will
produce damped output as shown in the Fig. 140 (b). The damping of the oscillator
output is due to the dissipative characteristics of the resistive elements in the tank circuit.
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*—0c<
=

Switch

{a) Circuit (b} Qutput

Fig. 1.40 Oscillator

The dissipative characteristics of the resistance must be compensated to produce pure
sinusoidal cutput.

A tunnel diode can be placed in series with the tank circuit as shown in the
Fig. 1.41 (a). It must be operated in its negative resistance region. This will compensate the
resistive characteristics of the tank circuit to produce the undamped purely sinusoidal
response as shown in the Fig. 1.41 (b).

Ve

AWAWATS
VVV

(L]

Fig. 1.41 Sinusoidal oscillator with tunnel diode
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1.7.6 Advantages of Tunnel Diode
The advantages of a tunnel diode are :
1. Environmental immunity ie. the peak point (V, L) is not a sensitive function of
temperature.

2. Low cost.

3. Simplicity i.e. a tunnel diode can be used along with a d.c. supply and few passive
elements to obtain various application circuits.
Low noise.
High speed i.e. the tunneling takes place at the speed of light hence the switching
times of the order of a nanosecond are easily obtained and switching times as low
as 50 psec also can be obtained.

6. Low power consumption.

The only disadvaniage of this diode are its low output voltage swing and it is a two
terminal device. Hence there is no isolation between input and output. Hence transistor is
used alongwith a tunnel diode for frequencies below 1 GHz.

A

1.7.7 Other Applications of Tunnel Diode
The various other applications of tunnel diode are,
1. As a high speed switch,
2. In pulse and digital circuits.
3. In negative resistance and high frequency (microwave) oscillator.
4. In switching networks.
5. In timing and computer logic circuitry.
6. Design of pulse generators and amplifiers.

1.7.8 Comparison of Tunnel Diode and Conventional Diode
The comparison of tunnel diode and conventional p-n junction diode is given below.

Sr. Tunnel diode Conventional p-n j ion diode
No.
1. | Impurity concentration is high about 1 part in Impurity concentration is low about 1 part in
10° atoms. 10® atoms,
2. | Depletion region width is about 5 microns, The width of depletion region is high compared
which is 1/ 100™ the width of typical p-n to the tunnel diode.
junction diode.
3. | The carrier velocities are very high at low The carrier velocities are low at low forward
forward bias, hence can punch through the bias, hence can not penetrate the depletion

pletion region. region.
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The V- characleristics shows the negalive

The V-1 characteristics does not show the
tive resisiance region.

region.

The V- characteristics is,

7 v

The V-I characteristics is,

—

The materials used for construction are

The silicon is most popularly used.

germanium or gallium id

The symbol is,

The symbaol is,

—h—

The switching time is very low of the order of
nanc o pi d

The swilching time is high.

Used for high frequency oscillators, high speed
lications such as F pulse and
digital circuits and switching h

Used in rectifiers and other general purpose
applications.

Table 1.6

1.7.9 Specifications of Tunnel Diode

The important specifications and typical values for a tunnel diode are,

Specifications Typical values
Forward current (I¢) About 5 mA
Reverse current (I5) About 10 mA

Peak current (I} About 1 mA

Peak voltage (V;) About 65 mV

Valley current (1) About 0.1 mA

Valley voltage (V, ) About 350 mV
Capacitor 510 10 pF

Table 1.7 Specifications of tunnel diode
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1.8 Transistor as a Switch

Transistors are widely used in digital logic circuits and switching applications. In these
applications, the voltage levels periodically alternate between a “Low” and a “High”
voltage, such as 0 V and +5 V.

In switching applications, the transistor operates either in cut off region or saturation
region. It is connected in common emitter configuration as shown in the Fig. 1.42.

+5V

Fig. 1.42 Transistor as a switch
In this circuit, when input is HIGH, base current flows and it is greater than IF‘,
transistor is operated in saturation. In saturation condition, voltage between collector and

emitter, Vg, is typically 0.2 V to 0.3 V and hence transistor acts as closed switch. This
is illustrated in Fig. 1.43.

Vee=+5V co=+5V

v,
Re

Il

:
1

Transistor saturated Fig. 1.43 Switch ON (Close)

When input is LOW, base current and collector current is zero and hence transistor is

operated in cut off. In cut off Veg = Ve and transistor acts as open switch. This is
illustrated in Fig. 1.44.
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Transistor cut off Fig. 1.44 Switch OFF (Open)
Transistor Switching Times

When a transistor is used as a switch, it is usually made to operate alternately in the
cutoff condition and in the saturation condition.

The switching speed of the transistor is an important quantity when transistor is used
as a switch. Let us see Fig. 1.45. When the base input current is applied, the transistor
does not switch on immediately. This is because of the junction capacitance and the
transition time of electrons across the junctions. The time between the application of the
input pulse and the commencement of collector current flow is termed as delay time t4,
and the time required for I to reach 90 % of its maximum level from 10 % level is called
the rise time t,. Thus the turn-on time t, is the addition of t, and t, (toy =1, + )

_, Base current L_

Vee

A7

tom E'cn=|='

Fig. 1.45 Transistor tum-ON and tumn-OFF times
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Similarly when input current lg is switched OFF, I, does not go to zero level
immediately. It goes to zero level after turn off time, which is the sum of storage time t,
and fall time t; as shown in the Fig. 1.45. The fall time is specified as the time required
for 1. to go from 90 % to 10 % of its maximum level.

Delay Time

It is the time that elapses the application of the input pulse and current to rise to 10
percent of it maximum (saturation) value I¢ o, = Vcc/Rc. The delay time exists due to
following reasons.

* When the driving signal is applied to the transistor input, a nonzero time is
required to charge up the emitter junction transition capacitance so that the
transistor may be brought from cut off to the active region.

* Even when the transistor has been brought to the point where minority carriers
have begun to cross the emitter junction into the base, a time interval is required
before these carriers can cross the base region to the collector junction and be
recorded as collector current.

¢ Finally some time is required for the collector current to rise to 10 percent of its

maximum.
Rise Time and Fall Time

The time required for I to reach 90% of its maximum level from 10% level is called
the rise time (), and time required for I- to go from 90% to 10% of its maximum level is
called fall time (t). The rise time and the fall time are due to the fact that, if a base
current step is used to saturate the transistor or return it from saturation to cutoff, the
transistor collector current must traverse the active region. The collector current increases
or decreases along an exponential curve whose time constant is 1. It is given by

T = hgg(CeRe+Yor)
where Cc is the collector transition capacitance and @ is the radian frequency at
which the current gain is unity.
Storage Time

When transistor is in saturation, it has excess minority carries stored in the base. The
transistor cannot respond until this saturation excess charge has been removed. Due to this
there is a finite ime elapses between the transition of the input wavefrom and the time
when collector current has dropped to 90 percent of I(sat) and it is referred to as storage
time (t,)
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Review Questions

What is LED ? Which material is used for LED ?

Explain the basic operating principle of LED.

Explain the construction of LED in brief.

State the advantages and disadvantages of LED.

Compare LED and normal p-n junction diode.

Sketch the outpul characteristics of LED and comment on it.

Why LEDs are preferred in displays ?

If a LED is forward biased for a supply of 10 V with a series resistance of 680 Q, calculate the
LED current. (Ans. : 11.8 mA)

Draw an explain the radiation pattern of a LED.

Define the following for LED :

a) Radiant intensit b} Irradi

Explain seven segment configuration of LEDs to display a number code.

. Explain two types of seven segment display.

Draw the display of number 1 using seven segment display and explain the working of seven
segment display.

What is oaractor diode 7 Explain.

How capacitance of diode vary with the reverse voltage 7

Draw the symbol and equivalent circuil of a varactor diode.

State the expression for transition capacitance of a varactor diode. giving the meaning of each
symbol in it.

. Explain the use of varactor diode in tuned circuit. State other applications of varactor diede.
. Explain the characteristics of a pholodicde.
. Explain in brief, any two applications of pholodiode,

. Explain the small signal model of o plotodiod:

Dirawe and explain, photodiode control circuit.
Explain the use of photodivde as a voltuge cell
Why photodiode is used in reverse biased condition ?

State the adoantages and disadvantages of a photodiod

Explain the construction of Schottky diode.
Divawe and explain the characteristics of Schottky diode.
Compare Schottkey diode and conventional p-n junction diode.
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29. Draw and explain the characteristics of tunnel diode.

30. Derive the equation for a load line of tunnel diode and explain its significance.
31. Explain the working of negative resistance oscillator using tunnel diode.

32. State the advantages of tunnel diode.

33. Compare tunnel diode and conventional p-n junction diode.

34. Write a note on transistor as a switch.

35. Define delay time, storage time, rise time and fall time with respect to transistor.

aao



Frequency Response

2.1 Introduction

Let us consider an audio frequency amplifier which operates over audio frequency
range extending from 20 Hz to 20 kHz. The audio frequency amplifiers are used in
everyday life. For example, they are used in radio receivers, to address large public
meeting, annual social gathering of college, for various announcements to be made for
passengers on railway platforms, etc.

Over the range of frequencies at which it is to be used, an amplifier should ideally
provide the same amplification for all frequencies.. The degree to which this is done is
usually indicated by a curve, known as frequency response curve of the amplifier. This
curve is a plot of the voltage gain of an amplifier against the frequency of input signal. A
typical frequency response of an RC coupled amplifier is illustrated in Fig. 2.1.

v,

or Voitagek
gain (A,) Mid frequency

v 9 I \daal

'{ Frequency response
: : of a practical amplifier
0w High
fraquency frequency
regien gain

Fig. 2.1 A typical frequency response of an amplifier

To plot this curve, input voltage to the amplifier is kept constant and frequency of
input signal is continuously varied. The output voltage at each frequency of input signal is
noted; and the gain of the amplifier is calculated. The output voltage or the voltage gain of
the amplifier is then plotted against frequency. For an A.F. amplifier, the frequency range

-1
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of interest is quite large, from 20 Hz to 20 kHz. Hence to show clearly the voltage gain
over such a wide frequency range, the frequency of input signal is plotted on x-axis using
log scale (instead of usual linear scale). However the output voltage or voltage gain of the
amplifier is plotted on y-axis with linear scale.

It is seen from the frequency response curve of an audio frequency amplifier that the
gain of the amplifier remains fairly constant in the mid-frequency range, while the gain
varics with frequency in low and high frequency regions of the curve. The frequency
response is nearly ideal over a wide range of mid-frequency. Only at low and high
frequency ends, the gain deviates from ideal characteristics. The decrease in voltage gain
with frequency is called roll-off.

2.1.1 Definition of Cut-off Frequencies and Bandwidth

To indicate how constant an amplifiers's gain is with frequency variation, we may
specify the range of frequencies over which the gain does not deviate more than 70.7 % of
the maximum gain at some reference mid-frequency. This is shown in Fig. 2.2 where these
two frequencies are indicated by f; and f, are called the lower cut-off and upper cut-off
frequencies, respectively.

Vollage
in

oal —-' Mid frequency region }-—
A, lmid)

0.707 A (mid) / . \

ty 1

Fig. 2.2 Frequency response, half power frequencies and bandwidth of an RC
coupled amplifier

Bandwidth of the amplifier is defined as the difference between f, and f; ie.
Bandwidth of the amplifier = f, — f;. The frequency f, lies in high frequency region, while
the frequency f; lies in low frequency region. These two frequencies are also referred to as
half-power frequencies since gain or output voltage drops to 70.7 % of maximum value
and this represents a power level of one-half the power at the reference frequency in
mid-frequency region. Although this drop from maximum value to 70.7 % may seem to be
large drop, the change is not easily noticeable to the listener, so that an amplifier may be
considered to have a flat response from f; to f,.
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msp Example 2.1 : The voltage amplifier has voltage gain = 200 at cut-off frequencies. Find
the maximum voltage gam.
Solution : We know that maximum voltage gain of voltage amplifier is given as
Maximum voltage gain = Gain at cut-off x/2 = 200 x+/2 = 282.84

2.1.2 The Decibel Unit

The use of decibles to express gain. The basic for the decibel unit crigins from the
logarithmic response of the human ear to the intensity of sound. The decibel is a
logarithmic measurement of the ratio of one power to another or one voltage to another.
Usually, the voltage gain of the amplifier is represented in decibels (dBs). It is given by,

Voltage gainindB = 20log A,
"The power gain in decibels is given by
Power gainindB = 10log A,

When A, is greater than one, the dB gain is positive and when A, is less than one,
the dB gain is negative. The positive and negative signs of dB gain indicate the
amplification and attenuation, respectively.

In amplifiers, a certain value of gain is assigned with 0 dB reference. This does not
mean that the actual voltage gain is 1 (which is 0 dB), it means that the reference gain, no

matter what its actual value, is used as a reference with which to compare other values of
gain.

We have seen that the amplifiers exhibit a maximum gain over mid frequency range
and a reduced gain at frequencies below and above this range. Usually, the maximum gain
called the mid frequency range gain is assigned a 0 dB value. Any value of gain below
mid frequency range can be referred to 0 dB and expressed as a negative dB value. For
example, assume that mid frequency gain of a certain amplifeir is 100, then

Voltage gain in dB = 20 log 100 = 20x 2 = 40 dB
At f and f, A =l'£=?ﬂ.7

)
Voltage gain in dB at f; = voltage gain in dB at f, = 20 log 70.7
= 37 dB
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Now if we assign maximum gain (40 dB) as a 0 dB then gain at f; and f, becomes
-3 dB (40 - 37), as shown in the Fig. 2.3.

A e8) | Mid requency rangs

wbke—————eao

Frequency

Fig. 2.3 Normalized voltage gain versus frequency curve

It shows thal the voltage gain at f, and f, is less than 3 dB of the maximum voltage
gain. Due to this, frequencies f, and f, are also called 3 dB frequencies.

At | and f, power gain drops by 3 dB (power gain dB = 10 log (0.5) = - 3 dB). For all
frequencies within the bandwidth (BW = f, ~f,), amplifier power gain is at least half of the
maximum power gain. Thus this bandwidth is also referred to as 3 dB bandwidth.

2.1.3 Significance of Octaves and Decades

The octaves and decades are the measures of change in frequency. A ten times change
in frequency is called a decade. On the other hand, an octave corresponds to a doubling or
halving of the frequency. For example, an increase in frequency from 100 Hz to 200 Hz is
an octave. Likewise, a decrease in frequency from 100 kHz to 50 kHz is also an octave.

At lower and higher frequencies the decrease in the gain of amplifiers is often
indicated in terms of dB/decades or dB/octaves. If the attenuation in the gain is 20 dB for
each decade, then it is indicated by line having slope of 20 dB/decade. This is illustrated
in Fig. 24. A rate of - 20 dB/decade is approximately equivalent to — 6 dB/octave, a rate
of - 40 dB/decade is approximately equivalent to ~ 12 dB/octave, and so on.

If the frequency is reduced to one hundredth of f. (ie. from f. to 0.01 £}, the drop in
the voltage gain is — 40 dB. In each decade the voltage gain drops by — 20 dB.
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A,(¢B)
0.01f, 0.1f, 1.
0dB p— < : f
I
-3 i
]
1
]
|
!
V) ey
1
H
1 -20 dBldecade
H or 6 dBloctave
—40 :
-A,(dB)

Fig. 2.4 Frequency response showing significance of decade and octave

2.1.4 Midband Gain

We define the midband of an amplifier as the band of frequencies between 10 f; and
0.1 f,. As shown in the Fig. 2.3, in the midband, the voltage gain of the amplifier is
approximately maximum. It is designated as midband gain or A ;4.

Although an amplifier normally operates in the midband, there are times when we
want to know what the voltage gain is outside of the midband. The voltage gain of the
amplifier outside the midband is approximately given as

A = ﬁmid
J1+(6/0% 1+ (H6)?
In the midband, f,/f = 0 and £/f, ~ 0. Therefore,
Midband : A= Ay

Below the midband, f/f, = 0. As a result, the equation becomes

A
Below Midband : A = ——mid

,[1+ (f,/n?

Above Midband, f;/f = 0. As a result, the equation becomes

A .
Above Midband : A = —mid

,}1+ ()%
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mmp Example 2.2 : For an amplifier, midband gain = 100 and lower cut-off frequency is
1kHz. Find the gain of an amplifier at frequency = 20 Hz.

Solution : We know that,

Amld

1+ 6 /0?

A=—® ___»

1+[@?]2

- "Below midband : A

20

sy Example 2.3 : For an amplifier, 3-dB gain is 200 and higher cut-off frequency is 20 kHz.
Find the gain of an amplifier at frequency = 100 kHz.

Solution :
We know that Apig = 3 dB gain x42 =200x+2 = 282.84
and
. A mia
Above midband : A= m
1(1+ (t/£,)?
A= —----———---—282'84 = 11547

100x103
1+ ———
20x103

2.2 Effect of Various Capacitors on Frequency Response

2.21 Effect of Coupling Capacitors

Recall that the reactance of a capacitor is X. = 1/2nf.. At medium and high
frequencies, the factor f makes X very small, so that all coupling capacitors behave as
short circuils. At low frequencies, X increases. This increase in X drops the signal
voltage across the capacitor and reduces the circuit gain. As signal frequencies decrease,
the capacitor reactances increase and circuit gain continues to fall, reducing the output
voltage.

2.2.2 Effect of Bypass Capacitors

At lower frequencies, the bypass capacitor C;; is not a short. So, the emitter is not at ac
ground. X in parallel with R (R, in case of FET) creates an impedance. The signal
voltage drops across this impedance reducing the circuit gain. This is illustrated in Fig. 2.5.



Analog and Digital Electronics 2-7 . i+ Frequency Response

Z.{P,,I Xe#0 Rg Xe#0

(2) BJT

Fig. 2.5 At low frequencies emitter (source in case of JFET) is not at ac ground

2.2.3 Effect of Internal Transistor Capacitances

At high frequencies, the coupling and bypass capacitors act as short circuit and do not
affect the amplifier frequency response. However, at high frequencies, the internal
capacitances, commonly known as junction capacitances do come into play, reducing the
circuit gain.

Fig. 2.6 shows the junction capacitances for both a BJT and a JFET. In case of the BJT,
Cpe is the base emitter junction capacitance and Cp_ is the base collector junction
capacitance. In case of JFET, Cy; is the internal capacitance between gate and source and
ng is the internal capacitance between gate and drain.

(a) BJT (b) JFET

Fig. 2.6 Internal transistor capacitances

At higher frequencies, the reactances of the junction capacitances are low. As frequency
increases, the reactances of junction capacitances fall. When these reactances become small
enough, they provide shunting effect as they are in parallel with junctions. This reduces
the circuit gain and hence the output voltage.
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2.24 Miller Theorem

For the analysis purpose, in transistor amplifiers, it is necessary to split the capacitance
between input (base or gate) and the output (collector or drain). This can be achieved
using Miller's theorem, as shown in the Fig. 2.7. In the Fig. A, represents absolute voltage
gain of the amplifier at midrange frequencies and C represents either C, . (in case of BJT)
or C;;d (in case of FET).

[+
It
LY
Ino—_ b———oOut In Wout
1
1
1
1) e +1
L +
{a) (b}

Fig. 2.7 Spliting of capacitor using Miller's theorem
2.3 Low Frequency Response of Common Emitter Amplifier
Let us consider a typical common
emitter amplifier as shown in Fig. 2.8.
Ry The amplifier shown in Fig. 2.9 has
c out three RC networks that affect its gain as
Vi ._"'_ G2 the frequency is reduced below
3 midrange. These are:
| 1) RC network formed by the input
R, *'%5? e coupling eapacitor C; and the input
b impedance of the amplifier.
2) RC network formed by the output

coupling capacitor C,, the resistance
Flg- 2.8 Typical ':g;fﬁ“.‘:"" COMMON  looking in at the collector, and the load
resistance.
3) RC network formed by the emitter bypass capacitor Cg and the resistance looking
in at the emitter.

AAAR
VWA

g

AAAR

=
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Input RC Network
Fig. 2.9 shows input RC network formed by
C, and the input impedance of the amplifier.
Vout Ry, = Ry | R || Ry, (base) Note that V., shown in the Fig.210 is the
output voltage of the network.

=2 Applying voltage divider theorem we can
Fig. 2.9

Gy
Vpo—]

R.
V. =|—"m |y

out ¥ n
VB2 * X
We know that a critical point in the amplifier response is generally accepted to occur
when the output voltage is 70.7 percent of the input (V,,; = 0.707 V; ) . Thus we can
write, at critical point

R.
in = 0707 = L

R-nz *sz ﬁ

. At this condition R, =X,.

At this condition the overall gain is reduced due to the attenuation provided by the
input RC network. The reduction in overall gain is given by

N

A, = 201log [ Vﬂ“]: 20 log (0.707 ) = - 3 dB
m
The frequency f, at this condition is called lower critical frequency and is given by
_ 1
< 2mR;, Cl

where R,

Ry 1R, libge
o=
€ 2r(R IR, [Ih ) Cy
If the resistance of input source is taken into account the above equation becomes
1
f = mw, TR

X
The phase angle in an input RC circuit is expressed as a=m-1[.ﬁ?l].
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Output RC Network

Fig. 210 shows output RC network formed by C,, resistance looking in at the
collector and the load resistance,

c; Re [
I —/
b3 3 Vi, 3
() 2R R 2R
{2} Current source (b} Current placed by '+
Fig. 210

The critical frequency for this RC network is given by,

1
fe = 2n(Re+R )G,

X
The phase angle in the output RC circuit is expressed as 8 =tan ! €2 |
Re+Ry
Bypass Network

Fig. 2.11 (b) shows RC network formed by the emitter bypass capacitor Cg and the
resistance looking in at the emitter.

+Vee
Re
RTH R 4%]“%
V1n Viu T=Ce
Rg T Ce
= I....
(a) (b)

Fig. 2.11 Bypass RC network

h..*R
Here, —l‘—B--I?L is the resistance looking in at the emitter. It is derived as follows
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V. h v, h.
R = -t+ _5__9.-, Zie
. B "BL, B

_ Iy Ry by Ry + by,
Bl B B

where Ry =R, ||R, ||R,. It is the thevenin's equivalent resistance looking from the
base of the transistor towards the input as shown in the Fig. 2.11 (a).

The critical frequency for the bypass network is

f o= 1
¢ % Z=RC,

or f !

< = 2,:[[&_"5[{&]“125 :|C£

We have seen that each network has a critical frequency. It is not necessary that all
these frequencies should be equal. The network which has higher critical frequency than
other two networks is called dominant network. The dominant network determines the
frequency at which the overall gain of the amplifier begin to drop at -20 dB/decade. This
is illustrated in the following example.

nmp Example 2.4 : Determine the low frequency response of the amplifier circuit shown in
Fig. 2.12.

T

[+10V

> Rg=22K
=0.1pF
&

C,=01pF

GBOQ
Ry =10K
Vin
~ Cg=

10 uF

4
Fig. 2.12

Solution : It is necessary to analyze each network to determine the critical frequency of
the amplifier

a) Input RC network

. 1
fo () = 23R, 7 (], TK,; TR,
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2n[680 +(68K || 22K || 1.1K)]x01x10"®

= ! = 9298 Hz

2 =[ 680 +10317 [x 0110~ 6

b) Output RC network
f = ! = 1
ctoup) — 2n(Rc+RL)C;  27(22K+10K)x01x10-6

= 13045 Hz
¢) Bypass RC network
fewmen = —F7R +:1
2 [%]ukg]cﬁ
Ry = R, ﬂnz lIR; = 68K || 22K || 680 = 653.28 Q
£ - _ 1
o 2x (W]”ll{}xmxlﬁ"

= ____.1........__._.—_.923.?}{3

271(17.23)x10x 106

We have calculated all the three critical frequencies :
a) f, (inpul) = 9298 Hz  b) £, (output) = 13045 Hz ) {, (bypass) = 923.7 Hz

A, (dB)
A i) e
~—i——20 dBidecade
: m AR, A
] 130451z 8237 Hz 920.8Mz [(Hz)

fe (output} 1; (bypass) 1 (input)

Fig. 2.13 Low frequency response of the amplifier

The above analysis shows that the input network produces the dominant lower critical
frequency. Fig. 2.13 shows low frequency response of the given amplifier.
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24 Low Frequency Response of Common Source Amplifier

+Vgp Let us consider a typical common
source amplifier as shown in Fig. 2.14.
Ro ¢,
The amplifier shown in Fig. 2.14 has
<, two RC networks that affect its gain as the
frequency is reduced below midrange.
R These are :
Vin 1) RC network formed by the input coupling
capacitor C; and the input impedance and

Rg
€L .
= 2) RC network formed by the output coupling
Fig. 2.14 Typical RC coupled capacitor and the output impedance looking
common source amplifier in at the drain,

Input RC Network

T Gale Fig. 215 shows the input RC network
" i formed by C; and the input impedance of the

Vi Re §E §E R, (Gate) amplifier.
The lower critical frequency of this network

XL can be given as

1

Fig. 2.15 Input RC network f. = T7R, Gy
where Ry, = Reli Rill[gill.‘l
The value of R, (gate) SAD be determined from the data sheet as follows :
V,
- GS
Ringate) = ‘1 P

where [ is the gate reverse current.

in

The phase shift in the low frequency input RC circuit is B=tan‘l(%g]_

Output RC Network
R =Rp . Fig. 2.16 shows the output RC network formed by
(. C, and the output impedance looking in at the drain.
The lower critical frequency for this network can be
given as

A S
<= IR(R, +R)C,

Fig. 2.16 Output RC
network
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The FET amplifier circuit shown in Fig. 2.14 has two critical frequencies for two
networks, and network having higher critical frequency is called dominant network.
X
The phase shift in low frequency output RC circuit is 8=tan™ [R-—Q——].
p*+RL

inmp  Example 2.5 : Determine the low frequency response of the amplifier circuit shown in
Fig. 2.17.

0.001 pF

Fig. 2.17
Solution : It is necessary to analyze each network to determine the critical frequency of
the amplifier

a) Input RC Network

1
< = ZuR, C,

Ves
where Rin = RglRpgue = Rg [Ill‘é

100 MQ || —3— = 100 MQ || 100 MQ = 50 MQ
80x10- 7

]

(= 1 =318 Hz

2 w50 108 x 0001 x 10~ &

b) Output RC Network

£ = 1 = 1 = 6577 Hz

¢ " 2n(Rp+R G 2g(22K+2K)1x10-6

We have calculated two critical frequencies
a) f_ (input) = 3.18 Hz
b) £ (output) = 6577 Hz
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The above analysis shows that the output network produces dominant lower critical
frequency. Fig. 2.18 shows the frequency response of the given amplifier.

A, (dB)
Av(may rennas
~—— 20 dB/decade
40 dBIG
)
o 3.18Hz 6.577 Hz

1. (input) 1, (output)
Fig. 2.18 Low frequency response of the FET amplifier
2.5 High Frequency Response of Common Emitter Amplifier
Let us consider a typical common emitter amplifier as shown in Fig. 2.19.

+\|fcc

Re

VWA~

AAMN
VY

vy

6" Vin 2 ..s |
Ry % REEE TCE

Fig. 2.19 Typical RC coupled common emitter amplifier

As mentioned earlier, at high
frequencies, the coupling and bypass
capacitors act as a short circuit and do
not affect the amplifier frequency
L response. However, at  higher
ZRe(IR, frequencies the internal capacitances do
T come into play. Fig.2.20 shows the
high frequency equivalent circuit for
the given amplifier circuit.

Using Miller theorem this high
Fig. 2.20 High frequency equivalent circuit ﬁwf bher i "lqﬁj”:;:“i u‘m’“ can be
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The internal capacitance C,, can be splitted into C; (e @0d Coyy millery 8 Shown
in the Fig. 2.21.

Efl {ceul L
WA ‘miller)
=~ U EReIR
Vil RillR2S Cin = =< Che
< {miller)|

Fig. 2.21 Simplified high frequency equivalent circuit
where C = G (A, +1)

in (miller)

AL+l
and Coul {miller) = cbc[ Rv ]= Clx

Fig. 2.21 shows that there are two RC networks which affect the high frequency
response of the amplifier. These are :

1) Input RC Network and
2) Qutput RC Network

Input RC Network
Fig. 2.22 shows input RC network.

Rg
‘u‘v‘v‘v

L
Vi Ryl RREE TCp TG, =
-< -

Me

v

Fig. 2.22 Input RC network

This network is further reduced as shown in
Ron =Ryl Ry IRl by, the Fig. 2.23. At high frequencies capacitive
A reactance becomes smaller. If we apply voltage
divider theorem, voltage at point A in Fig. 2.23
reduces as capacitive reactance reduces with
increase in frequency above midrange. This
reduces the signal voltage applied to the base,
Fig. 2.23 Reduces input RC reducing the circuit gain and hence the output

network voltage.

Viu 1= Gy * Cin (miller)

The critical frequency can be calculated at condition capacitive reactance is equal to the
resistance, ie. X0 = Ry ||R{ || Ry [ hjp.
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It is given as,
1
f. (i t) =
<nput) = SR, TR, TR, The) Gy

where CT = Cbc + Cin {Miller)

RJ|R,||R, |1 ]

The phase shift in high frequency input RC circuit is B=tan'1[ X
Cr

Output RC Network
Fig. 2.24 shows the output RC network.

Ro=Rg iRy

Vit
Al

= Copimiller) Coimiller)

f o}

) Re

AAAR

R

{a) Output network with current source {b) Qutput network with voltage source
Fig. 2.24
The critical frequency can be given as
1 1
f (output) = 5 TR, C T RO RO

out {miller)

We have seen that both the networks have critical frequencies. It is not necessary that
these frequencies should be equal. The network which has lower critical frequency than
other network is called dominant network.

R

The phase shift in high frequency output RC network is 0=tan™! [X——“———— ]
Cout (Miller}

iy Example 2.6 Determine the high frequency response of the amplifier circuit shown in
Fig. 2.25.

0V

22K c,

¥

10K
-

=3
&
"
(=1
(=}
AMNN
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Solution : Before calculating critical frequencies it is necessary to calculate mid frequency
gain of the given amplifier circuit. This is required to caleulate C;\ (iery a0 Copp (mitien)-

-h, R
A, = Mo
R;
where Ri = hic”R],”RZ
and o = RcllR[_
A = “he(Re lIR ) _-100(22K || 10K)
v h, TR, [R, ~ TI00 [[68K || 22K
_ -100(18K) _
= —1omg - 744

Negative sign indicates 180° phase shift between input and output.
Cinimilley = Che (Ay +1) =4 pF (1744 + 1) = 07016 nF

Cp. (A, +1) _4pF(1744+1)

Cout miller) (A, == as - * PF

We now analyze input and output network for critical frequency.

1
2r(Rg |l Ry | By T Y Cpe + Ci mitler) )

1
~ 2n(680 [ 68K) [[ 22K [| 1100) (20 pF+ 0.7016 nF)

= 1 = 537947 Hz = 537.947 kHz

21(410)(0.7216x 10~ %)

i (input) =

1 . 1
ZR(RC TR Copt ey 28( 22 KI[I0K) % 4pF

f. (output) =

= 221 MHz
We have calculated both the critical frequencies :
Ay (98)
Aoty T - 20 dB/decade

5] 537.947 kHz 22.1 MHz f{Hz)
. (input) Iz (output)

Fig. 2.26 High frequency response of the amplifier
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a) f, (input) = 537.947 kHz
b) f. (output) = 22.1 MHz

The above analysis shows that the input network produces the dominant higher critical
frequency. Fig. 2.26 shows high frequency response of the given amplifier.

2.6 High Frequency Response of Common Source Amplifier

Let us consider a typical common
source amplifier as shown in Fig. 2.27.

Fig. 2.28 shows the high frequency

c, c, equivalent circuit for the given amplifier

h circuit. It shows that at high frequencies
Rs

- Vw
Rp

coupling and bypass capacitors act as
short circuits and do not affect the
Vo] amplifier high frequency response. The
equivalent  circuit shows  internal
capacitances which affect the high
frequency response.

s
E

Fig. 2.27 Typical RC coupled common
source amplifier

o

s
SRo=Roll R,

Fig. 2.28 High frequency equivalent circuit
Using Miller theorem this high frequency equivalent circuit can be further simplified as
follows :

The internal capacitance Coa can be splitted into C, (uiiery and Copy mitiery S shown
in the Fig. 2.29.

= 3Re=RolIR

Vin ReZ G Cin (mitler}
E T T«..m..;
TL

AL

Fig. 2.29 Simplified high frequency equivalent circuit
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where Cin(mi!h'r) = Cg,d (ﬁv +1)
Coutmitie) = Cyga it
out jmiiler) {AV)
FET data sheets do not directly provide values for Cy; and Cpy . The data sheet
normally provides values for input capacitance, C;; and the reverse transfer capacitance
Ci g From Ci; and C,, the values for ng and Cgg can be calculated as follows :

ng = crss
Cgs = Cis = Crs

Fig. 2.29 shows that there are two RC networks which affect the high frequency
response of the amplifier. These are :

1) Input RC network and
2) Output RC network

Input RC Network

Fig. 2.30 shows input RC network.

This network is further reduced as shown
== Cys * Ciq (miller) in the Fig. 2.31, since R, << Rg.

Fig. 2.30 Input RC network The critical frequency for the reduced
input RC network is given as
£ _ 1
R, clinput) = IR, Cr
or f.= 1
Vin == Cgs * Gy (milter) € 2rRy [Cyo + Cip mitlen |

The phase shift in high frequency input

RC network is 8 =tan ™! %L. .
Cr

Fig. 2.31 Reduced input RC network
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Output RC Network
Fig. 2.32 shows output RC network.

RplIR,
RpllIRy == Coylmiller) == Cpalmiller)
(a) Output network with current source (b) Output rk with voitag
Fig. 2.32
The critical frequency for the above circuit is given as
1 1

o = 2%R, C

out {miller) T 2n(Rp [ Ry, )Coutl'mlllr_'r)

We have seen that both the networks have critical frequencies. It is not necessary that
these frequencies should be equal. The network which has lower critical frequency than
other network is called dominant network.

The phase shift in high frequency output RC network is 6 =tan ! R .
xCoul{Milh:r}

mmp Example 2.7 : Determine the high frequency res of the amplifier circuit shown in
Fig. 2.33.

+20V

Fig. 2.33

Solution : Before calculating critical frequencies it is necessary to calculate mid frequency
gain of the given amplifier circuit. This is required to calculate C and C

Ay = -gmRp
Here, R, should be replaced by Ry [| R .

in (miller) out (miller)
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A, = -gm(RD"RL]: -6mS({22K||22K)
= -6mS(2K)= -12
C

in(milley = Cgd Ay 1) = Crg (A, +1)=2pF (12 + 1) = 26 pF
c G (A+1) (A, +1) 2pF(12+1)
out (miller} ~ (A) = (A) = 12
= 2.166 pF
Cgs = Cigs —Cys =4 pF

We now analyze input and output network for critical frequency

1
fewp = 73R Gy

1
2R % [ Cg + Cipy mitten) |
_ 1
T 2mx100x[4pF+26 pF ]

1
2wx100x [ 30 pF]

= 53 MHz

1
2n(Rp || Ry xC

f. (output) = = 1
< 2r(22K || 22K)x 2.166 pF

out {miller)
36.74 MHz

We have calculated both the critical frequencies :

a) f. (input) = 53 MHz b) f. {output) = 36.74 MHz.

The above analysis shows that the output network produces the dominant higher
critical frequency. High frequency response of the given amplifier is shown in Fig. 2.34.

A, (dB)
Ay (L]

[3] ITAMHz 53 MHz t(Hz)
T (output) 1. {input)

Fig. 2.34 High frequency response of the amplifier
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oot N ol W R e

10.

. What do you understand by freq
. What do you mean by bandwidth of the amplifier ?

. Explain the usefulness of decibel unit.

. Explain the significance of octaves and decades.

. Give the expressions for voltage gain of the amplifier below and above midband.

. What is the effect of coupling capacitors on the bandwidth of the amplifier?

. What is the effect of bypass capacitors on the bandwidth of the amplifier?

. What is the effect of internal transistor capacitances on the bandwidth of the amplifier ?
. For the circuit shown in Fig. 2.35 determine the low frequency response.

Review Questions

Y Tesy of the amplifier ? How is it plotted 7

+H2v

S

>Re
22K C,=0.1pF

Cy=02pF
4700
R =10K
.
18K Ce
12 uF
=
Fig. 2.35

Determine the low frequency response of the amplifier circwit shown in Fig. 2.36.

+20V

5
AAAN
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11. Draw the high frequency equivalent cirewit for the typical RC coupled commom emitter amplifier.
12. Determine the high frequency response of the amplifier circuit shown in Fig. 2.37.

+12V

Fig. 2.37
13. Determine the high frequency response of the amplifier circuit shown in Fig. 2.38,

+20V

R =10K

L
Fig. 2.38

14. Why the gain of the amplifier decreases in the low frequency and high fre

quency range ?

Qaa




Feedback Amplifiers

3.1 Introduction

Feedback plays an important role in almost all electronic circuits. It is almost
invariably used in the amplifier to improve its performance and to make it more ideal. In
the process of feedback, a part of output is sampled and fed back to the input of the
amplifier. Therefore, at input we have two signals : Input signal and part of the output
which is fed back to the input. Both these signals may be in phase or out of phase. When
input signal and part of output signal are in phase, the feedback is called positive
feedback. On the other hand, when they are in out of phase, the feedback is called
negative feedback. Use of positive feedback results in oscillations and hence not used in
amplifiers.

In this chapter, we introduce the concept of feedback and show how to modify the
characteristics of an amplifier by combining a portion or part of the output signal with the

input signal.
3.2 Classification of Amplifiers

Before proceeding with the concepts of feedback, it is useful to understand the
classification of amplifiers based on the magnitudes of the input and output impedances of
an amplifier relative to the source and load impedances, respectively. The amplifiers can
be classified into four broad categories : voltage, current, transconductance and
transresistance amplifiers.

3.2.1 Voltage Amplifier
Fig. 3.1 shows a Thevenin’s equivalent circuit of an amplifier.
Ry £ Ry |

Ri>> R, - R>R,
Fig. 3.1 Thevenin's equivalent circuits of a voltage amplifier
(3-1)
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If the amplifier input resistance R; is large compared with the source resistance R,
then V; = V. If the external load resistance R, is large compared with the output resistance
R, of the amplifier, then V, = A, V, = A, V.. Such amplifier circuit provides a voltage
output proportional to the voltage input and the proportionality factor does not depend on
the magnitudes of the source and load resistances. Hence, this amplifier is called voltage
amplifier. An ideal voltage amplifier must have infinite input resistance R; and zero
output resistance R . For practical voltage amplifier we must have R; >>R,and R; >>R,.

3.2.2 Current Amplifier

Fig. 3.2 shows Norton’s equivalent circuit of a current amplifier. If amplifier input
resistance R; — 0, then [; = I,. If amplifier output resistance R,, — =, then I; = A;I;. Such
amplifier provides a current output proportional to the signal current and the
proportionality factor is independent of source and load resistances. This amplifier is called
current amplifier. An ideal current amplifier must have zero input resistance R; and
infinite output resistance R,. For practical current amplifier we must have R; <<R, and
R, >> R,.

Ig ) Rs Ry }u
Ry—=00rR<<R, RL“RQ‘”R@-"““

Fig. 3.2 Norton’s equivalent circuits of a current amplifier

3.2.3 Transconductance Amplifier

Fig. 3.3 shows a transconductance amplifier with a Thevenin’s equivalent in its input
circuit and Norton's equivalent in its output circuit. In this amplifier, an output current is
proportional to the input signal voltage and the proportionality factor is independent of
the magnitudes of the source and load resistances. Ideally, this amplifier must have an
infinite input resistance R; and infinite output resistance R,. For practical
transconductance amplifier we must have R; >> R, and R, >> R, .

Fig. 3.3 Transconductance amplifier
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3.2.4 Transresistance Amplifier

Fig. 3.4 shows a transresistance amplifier with a Norton's equivalent in its input circuit
and a Thevenin's equivalent in its output circuit. In this amplifier an output voltage is
proportional to the input signal current and the proportionality factor is independent on
the source and load resistances. Ideally, this amplifier must have zero input resistance R;
and zero output resistance R,. For practical transresistance amplifier we must have
R; <<R; and R,<<R,.

Fig. 3.4
3.3 Feedback Concept

In the previous section we have seen four basic amplifier types and their ideal
characteristics. In each one of these circuits we can sample the output voltage or current
by means of a suitable sampling network and apply this signal to the input through a
feedback two port network, as shown in the Fig. 3.5. At the input the feedback signal is
combined with the input signal through a mixer network and is fed into the amplifier.

Signal
source

Fig. 3.5 Typical feedback connection around a basic amplifier

As shown in the Fig. 3.5 feedback connection has three networks :
e  Sampling Network

*  Feedback Network

¢ Mixer Network
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3.3.1 Sampling Network

There are two ways to sample the output, according to the sampling parameter, either
voltage or current. The output voltage is sampled by connecting the feedback network in
shunt across the output, as shown in the Fig. 3.6 (a). This type of connection is referred to
as voltage or node sampling. The output current is sampled by connecting the feedback
network in series with the output as shown in the Fig. 3.6 (b). This type of connection is
referred to as current or loop sampling.

Voltage {node) Current (loop)
sampler . sampler .
Basic Basic
ampiifier amplifier
—] A —d A
*—1 Feedback ®| Feedback
network network
o B o B
(a) Voitage or node sampling (b) Current or loop sampling

Fig. 3.6

3.3.2 Feedback Network

It may consists of resistors, capacitors and inductors. Most often it is simply a resistive
configuration. It provides reduced portion of the output as feedback signal to the input
mixer network. It is given as,

Vi = BV, )
where [ is a feedback factor or feedback ratio. The symbol B used in feedback circuits
represents feedback factor which always lies between 0 and 1. It is totally different from p

symbol used to represent current gain in common emitter amplifier, which is greater
than 1.

3.3.3 Mixer Network

Like sampling, there are two ways of mixing feedback signal with the input signal.
These are : series input connection and shunt input connection. The Fig. 3.7 (a) and (b)
show the simple and very common series (loop) input and shunt (rode) input
connections, respectively.
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Source Series mixer Source  Shunt mixer

Basic
amplifier
A

Basic
amplifier
A

network
(a) Series mixing (b) Shunt mixing
Fig. 3.7

3.3.4 Transfer Ratio or Gain

In Fig. 35, the ratio of the output signal to the input signal of the basic amplifier is
represented by the symbol A. The suffix of A given next, represents the different transfer
ratios.

v *

T"; = Ay = Voltage gain . (1)
I z

K = A, = Current gain e @)
1

vl = Gy = Transconductance e (3)
v .

.I—l_- = Ry, = Transresistance e (4)

The four quantities Ay, A;, Gy, and R, are referred to as a transfer gain of the basic
amplifier without feedback and use of only symbol A represent any one of these
quantities.

The transfer gain with feedback is represented by the symbol A;. It is defined as the
ratio of the output signal to the input signal of the amplifier configuration shown in
Fig. 3.5. Hence A; is used to represent any one of the following four ratios :

v

¥ = Av = Voltage gain with feedback e (5)

II—‘: = A, = Current gain with feedback - (6)

L,i = Gy = Transconductance with feedback e (7
5

vl'l

= Ry = Transresistance with feedback ....(8)
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Fig. 3.8 shows the schematic representation of a feedback connection around a basic
amplifier. Recall that, when part of output signal and input signal are in out of phase the
feedback is called negative feedback. The schematic diagram shown in Fig. 3.8 represents
negative feedback because the feedback signal is fed back to the input of the amplifier out
of phase with input signal of the amplifier.

Comparator ) ) i
or mixel Differance )Esrgnal Boacic Outpl.i s‘&r\al
ampiifier —
Xg M A
Inpit
nal
Sig R,
Feedback
circuit =
X1=BX, B

k signal
Fig. 3.8 Schematic representation of negative feedback amplifier
3.4 Ways of Introducing Negative Feedback in Amplifiers

The basic amplifier shown in Fig. 3.8 may be a voltage, current, transconductance, or
transresistance amplifier. These can be connected in a feedback configuration as shown in

the Fig. 3.9.
* +1 1 votta T
g _ r amplif?:r o gﬁ‘_ }E’_

A
- +

Vi B

Fig. 3.9 (a) Volla'gn amplifier with voltage series feedback

=1y
+ Trans - —_—
V,
= 4" | ampifer R
+
Blg = Vy B

Fig. 3.9 (b) Transconductance amplifier with current series feedback
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—al; To=1I
Current
I ) amplifier Ry
= mul
B

Fig. 3.9 (c) Current amplifier with current shunt feedback

RN NES
!.=nv‘,1 L J
B

Fig. 3.9 (d} Transresistance amplifier with voltage shunt feedback
3.5 Effect of Negative Feedback

3.5.1 Transfer Gain

We have seen, the symbol A is used to represent transfer gain of the basic amplifier
without feedback and symbol A, is used to represent transfer gain of the basic amplifier
with feedback. These are given as,

xo xl)
A —f and A X,
where X, = Output voltage or output current

X; = Input voltage or input current

X, = Source voltage or source current
As it is a negative feedback the relation between X; and X, is given as,
X; = X, +(X)
where X; = Feedback voltage or feedback current
X _ X
Xy X, +X;

Ap
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Dividing by X; to numerator and denominator we get,
WL XeIX,
f X; +X WX,
_ A
T+X,7X,

_ A
T TR X, K, 7X;)

X
Ar = 1+‘Ea ; v B=x- - @

where B is a feedback factor.

Looking at equation we can say that gain without feedback (A) is always greater than
gain with feedback (A/(1 + PA) ) and it decreases with increase in B ie. increase in
feedback factor.

For voltage amplifier, gain with negative feedback is given as,

A
— v
Ay = 1A 6 AP e (2)
where Ay = Open loop gain i.e. gain without feedback
p = Feedback factor

3.5.2 Stability of Gain

The transfer gain of the amplifier is not constant as it depends on the factors such as
operating point, temperature etc. This lack of stability in amplifiers can be reduced by
introducing negative feedback.

We know that,

A, = A
f 7 T+fA
Differentiating both sides with respect to A we get,
da, (1+BA)1-PA

da 1+pa)?
- 1
(1+pa)?

da, = — %

(1 +pA)?
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Dividing both sides by A; we get,

dAg A 1
Ag (1+BA¥  A¢
da (1 +pa) A
= — _x since A = ———
G+pAz | A f~T+BA
dag _da 1 3)
A A T+pA)
where
dA
A—f = Fractional change in amplification with feedback
- f
% = Fractional change in amplification without feedback

Looking at equation (3) we can say that change in the gain with feedback is less than
the change in gain without feedback by factor (1+pA) The fractional change in
amplification with feedback divided by the fractional change without feedback is called the
sensitivity of the transfer gain (1/(1+f A). The reciprocal of the sensitivity is called the
desensitivity D (1+pA).

Therefore, stability of the amplifier increases with increase in desensitivity.

If fpA>>1,then

A o A _A
T~ T+pA " PA
1

o o (8)

and the gain is dependant only on the feedback network.
Since A represents either Ay, Gy, A or Ry, and A; represents the corresponding
transfer gains with feedback either Ay, Gy, Ay or Ry the equation signifies that :

*  For voltage series feedback
Ay = % Voltage gain is stabilized. e (5)

+  For current series feedback

Gyr = -é Transconductance gain is stabilized. ... (6)

* . For voltage shunt feedback

Ryr = é Transresistance gain is stabilized. e (D
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s  For current shunt feedback
A = § Current gain is stabilized. )

3.5.3 Frequency Response and Bandwidth

We know that,
A
At = 17BA
Using this equation we can write,
= Amid
Armd = T+PA . (9)
Alow
Aflow = 1"'3310“,- ... (10)
Ah!gll
and Afbigh = T+PA g . (11)

Now we analyze the effect of negative feedback on lower cut-off and upper cut-off
fr y of the amplifi

"1

Lower cut-off frequency
We know that, the relation between gain at low frequency and gain at mid frequency,

is given as,
Ay 1 A

Zhow S . A, = mid .. (12)
A I Tow It
S O ()

Substituting value of A, in equation (10) we get,

Amig A mid

TRy [f] TR .
1-j —t'.— 1-][%]-“\“,;3

Afiow =
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Dividing numerator and denominator by (I1+ A, B) we get,
A mid

T+A P

Aflutw =
f
1-j L
1+Am-di§
L™ F
At mid ) A

- - A{mid:fm
1—i[ .
1

f;
1+AmidE

f

A
A““"" =1 ..(13)
=

f

where

f,
Lower cut-off frequency with feedback = f;; = — L

1+A 4B

From equation (14), we can say that lower cut-off frequency with feedback is less than
lower cut-off frequency without feedback by factor (1+ A ;4 B). Therefore, by introducing
negative feedback low frequency response of the amplifier is improved.

... (14)

Upper Cut-off Frequency

We know that, the relation between gain at high frequency and gain at mid frequency
is given as,

Anigh _ 1
Amid. [ f ]
1-j —
fH
= Amid ... (15)

Apign = ¢
)

Substituting value of Ahish in equation (11) we get,

Agpugn = _ Amia _ Ama
S f [ f
1- 1- A
]?; J[‘f}"[—)‘ mldB
1+B) A mid



Analog and Digital Electronics 3-12 Feedback Amplifiers

.Dividing numerator and denominator by (1+ A, B) we get,
Amid 5
1+A
Afhigh = F mfm :
U\ Gva s, |

A . A
_ fmid . - mid
Afmgh = —F r 7 ¥ Amid =TI R

1’i~(1+AmMﬂ)fH ]

A fmid

)

where upper cut-off frequency with feedback is given as,
fyp = O0+A B fy o (16)

From equation (16), we can say that upper cut-off frequency with feedback'is greater
than upper cut-off frequency without feedback by factor (1+A [ Therefore, by
introducing negative feedback high frequency response of the amplifier is improved.

Bandwidth
The bandwidth of the amplifier is given as,

BW = Upper cut-off frequency - Lower cut-off frequency
- Bandwidth of the amplifier with feedback is given as,

fi
BW, = fir ~fig = (14 A B fy (52— . (17)
It is very clear that (fy; - f;,) > (f;~f_) and hence bandwidth of amplifier with
feedback is greater than bandwidth of amplifier without feedback, as shown in Fig. 3.10.

Gain
A
D707 Ay frrennemafflenennnmmsnnesneaaiiansnl
A
0.707 Af e
: Frequency
(LY
— BW ——— ey

b BW, |

Fig. 3.10 Effect of negative feedback on gain and bandwidth
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3.5.4 Frequency Distortion

From equation (8) we can say that if the feedback network does not contain reactive
elements, the overall gain is not a function of frequency. Under such conditions frequency
and phase distortion is substantially reduced.

If B is made up of reactive components, the reactances of these components will change
with frequency, changing the i As a result, gain will also change with frequency. This fact
is used in tuned amplifiers. In tuned amplifiers, feedback network is designed such that at
tuned frequency § — 0 and at other frequencies § — . As a result, amplifier provides high
gain for signal at tuned frequency and relatively reject all other frequencies.

3.5.5 Noise and Nonlinear Distortion

Signal feedback reduces the amount of noise signal and nonlinear distortion. The factor
(1+BA) reduces both input noise and resulting nonlinear distortion for considerable
improvement. Thus, noise and nonlinear distortion also reduced by same factor as the
gain.

3.5.6 Input and Output Resistances
Input resistance

If the feedback signal is added
| to the input in series with the
" Sampling

Amplifier network %"l applied voltage (regardless  of
B whether the feedback is obtained by
J sampling the output current or
voltage), it increases the input
p resistance. Since the feedback voltage
V; opposes V,, the input current I; is
Fig. 3.11 less than it would be ?f Vp were

absent, as shown in the Fig. 3.11.

s T — Henee, the input resistance with
) Sampli % v,
I () ri Amplifier it RL feedback R;; = ;* is greater than the

network

T —

input resistance without feedback,
[ for the circuit shown in Fig. 3.11.

B On the other hand, if the

feedback signal is added to the

Fig. 3.12 input in shunt with the applied

voltage (regardless of whether the

feedback is obtained by sampling the output voltage or current), it decreases the input

resistance. Since I, =1; +1;, the current I; drawn from the signal source is increased over
what it would be if there were no feedback current, as shown in the Fig. 3.12.
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Vi .
Hence, the input resistance with feedback R;; = I—‘ is decreased for the circuit shown

5
in Fig. 3.12. Now we see the effect of negative feedback on input resistance in different
topologies (ways) of introducing negative feedback and obtain R;; quantitatively.

Voltage series feedback

The voltage series feedback topology shown in Fig. 3.13 with amplifier is replaced by
Thevenin's model. Here, A, represents the open circuit voltage gain taking R into
account. since throughout the discussion of feedback amplifiers we will consider R, to be
part of the amplifier and we will drop the subscript on the transfer gain a.nd input
resistance (A, instead of A, and R;; instead of R|fs )

Fig. 3.13

Look at Fig. 3.13 the input resistance with feedback is given as,
v,

Ry = -{’- ... (18)
Applying KVL to the input side we get,
V,-L R -V =0
V, = LR +V
LR, +BY, . (19)

The output voltage V,, is given as,
A, VR

V. o= v i L

e Ro+R

= Ay LR, = AyV; e (20)

V, ARy
W Av = = R R,

Key Point: A, represents the open circuit voltage gain without fmibaak and Ay is the
voltage gain without feedback taking the load R into account.
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Substituting value of V, from equation (20) in equation (19) we get,

V, = LR +BAy LR,

V.

Ti’- = R, +BAy R;

Ry = R; (1+BAy) .. (21)

Current series feedback

The current series feedback topology is shown in Fig. 3.14 with amplifier input circuit
is represented by Thevenin’s equivalent circuit and output circuit by Norton’s equivalent
circuit.

Fig. 3.14

Looking at Fig. 3.14 the input resistance with feedback is given as,

Applying KVL to the input side we get,
V,-LR -V, =0

V, = LR +V, =L R +BI, - (22)
The output current I is given as,
_ Gp ViR, _
L = R, +R_ -GMVI ... (23)
here =L
w Cum = -

GM = GmRo
R, +R

Key Point: G, represents the open circuit transconductance without feedback and Gy is
the transconductance without feedback taking the load R, into account.
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Substituting value of I, from equation (23) into equation (22) we get,

Vs = [R+B Gy V
= LR+pGy Ry v Vi=kK
V.
T = Ri(1+BGy)
VB
Ry = 1 =R; (1+BGy) - (24)
Current shunt feedback

The current shunt feedback topology is shown in Fig. 3.15 with amplifier input and
output circuit replaced by Norton's equivalent circuit

Re=
s
Rot  Ror
Fig. 3.15
Applying KCL to the input node we get,
L =T+
= L;+BI, .. (25)
The output current I, is given as,
L= ALR
o Ry +R
= AL ... (26)
AR
where A = L2
: R, +R_

Key Point: A, represents the open circuit current gain without feedback and A is the
current gain without feedback taking the load R into account.

Substituting value of I, from equation (26) into equation (25) we get,
I, = L+BA
= I (14BA,)
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The input resistance with feedback is given as,
. Vi
it = T, TTL(1+B A}
R; - R=
(1+BA)) - R I - @)

Voltage shunt feedback

The voltage shunt feedback topology is shown in Fig. 3.16 with amplifier input circuit
is represented by Norton’s equivalent circuit and output circuit represented by Thevenin's

equivalent.

Fig. 3.16
Applying KCL at input node we get,
L =L+
=L +pV, ... (28)
The output voltage V, is given as,
R,, LR,
VvV, = nio
s R, +Rp
= Ry | e (29)
. RIIIRB .
where Ry = R, +R,

Key Point: R, represents the open circuit transresistance without feedback and Ry, is the
transresistance without feedback taking the load R into account.

Substituting value o'.f V,, from equation (29) into equation (28) we get,
L = +B Ry
L, (14 Ry)
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The input resistance with feedback R;; is given as,
oY
Ry = I, L(+PBRy)

R; e rm oM
R = mrpky (R . (30)

Output resistance

The negative feedback which samples the output voltage, regardless of how this
output signal is returned to the input, tends to decrease the output resistance, as shown in

the Fig. 3.17.
Lo,
T T
A N

Ry <Ry

B

Fig. 3.7

On the other hand, the negative feedback which samples the output current, regardless
of how this output signal is returned to the input, tends to increase the output resistance,
as shown in the Fig. 3.18.

|| L
N I N
network _L°_

B

Fig. 3.18

Now, we see the effect of negative feedback on output resistance in different
topologies (ways) of introducing negative feedback and obtain R ; quantitatively.
Voltage series feedback

In this topology, the output resistance can be measured by shorting the input source
V, = 0 and looking into the output terminals with R disconnected, as shown in the
Fig. 3.19.
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R, 1 —
SR, AV, v SR
-~
177
Ry=¥ Ry
Fig. 3.18
Applying KVL to the output side we get,
AV, +IR, -V =0
V_Avv;
I = R ... (31)
The input voltage is given as,
V. = -V,=-BV =~V =0 - (32)
Substituting the V; from equation (32) in equation (31} we get,
I = V+A, BV
= R
_ Va+pay)
RB
v
R =1
= RO 33)
= GFPAD e

Key Point: Here A, is the open loop voltage gain without taking R, in account.
Ror = Ror IRy

R" xRy
Ry xRy T+pA,
Ry +R R,
awpa, TR
R.R, RoR,

= R,+R (1+PA,) = R, +R_+PA R,
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Dividing numerator and denominator by (R, + R ) we get
R:lf T

R_R AR
o, v Ry =L and A, =Lk
v o TRy an R, +Rp

Key Point : Here A, is the open loop voltage gain taking R; into account.
Voltage shunt feedback

In this topology, the output resistance can be measured by shorting the input source
V, = 0 and looking into the output terminals with R, disconnected, as shown in the
Fig. 3.20.

=
R}y I R
Ror Rot
Fig. 3.20
Applying KVL to the output side we get,
R, L, +IR, -V = 0
_ V-Rul
I = —%, ... (35)
The input current is given as,
I, = A, ==V . (36)
Substituting I; from equation (36) in equation (35) we get,
1= V*RyBY_VU+R,P)
o RI’I
v
Roe = 7
= R“
= IFRB - 37)

Key'Point: Here, R, is the open loop transresistance without taking R, in account.
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R, xR
Ry, = R IR, = 2L
of of L Rnf+RL
R, xRy
_ T¥R P R, Ry
T R, TRo+R (I+R, P
TR, PR
Dividing ator and d inator by R, + R we get,
RuRL
R, = R0+RL
of ~ 1+Bgm R,
R, +K,
- _Ro wg = Ro Ry _Ran Ry
= PR, ReTw +r, ™Rw g iw, - (38)

Key Point: Here, R, is the open loop transresistance taking R in account.
Current shunt feedback

In this topology, the output resistance can be measured by open circuiting the input
source I, = 0 and looking into the output terminals, with R, disconnected, as shown in
the Fig. 3.21.

| -l fo .

Ig20 G Bl, Vi R ()‘\'4 R, v gERL
L o
Ru=¥ Ror
Fig. 3.21
Applying the KCL to the output node we get,
v
I = R, A - (39)
The input current is given as,
L = ~l=-Ppl, =~ 1,=0
= BI wi==1, ... (40) -
Substituting value of 1; from equation (40) in equation (39) we get,
I = l-AiBI

R,
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A

TA+A B = ¢
o
R, = ‘T"z R, (1+BA;) ... (41)

of

Key Point: Here, A.

is the open loop current gain without taking R, in account.
R xR

o = of L

Ror = Ry ||RL R +R

_ R, (+BAR, _ R, R (1+BA;))
" R, (I+PA)+R_ R, +R +BA; R,

Dividing numerator and denominator by R, +R; we get,
R, R, (1+BA;)

K. - R, +R =R;,(l+|3ai)
of 1+BAi R, (1+PA;)
R, +R
R, R AR
R, = 2L anda,=—l_-0o (42
° R,+R, TR R, “2)
Key Point: Here, A, is the open loop current gain taking R in account.
Current series feedback
In this topology the output resi e can be ed by shorting the input source

V; = 0 and looking into the output terminals with R; disconnected, as shown in the
Fig. 3.22.

-n—l - vk—r
T <
R ( G, v, 2o I’ SR
Ry=¥  Ror

Fig. 3.22

Applying KCL to the output node we get,
v

I = 7, "G Y - (43)

The input voltage is given as, V. = -V, ==,

= pI vl =-1 oo (44)



Analog and Digital Electronics 3-23 Feedback Amplifiers

Substituting value of V, from equation (44) in equation (43) we get,
\4
I=2-G,BI

RO
A
I(1+G, B) = _ﬁ:
v
Ry = 7 =R, (1+GpP) .. (45)
Key Point: Here, G, is the open loop transconductance without taking R in account.
— _ R xRy
Ror = Ryl er
R, (14BG, )R, R, R, (14+BG,)
" R, 0+BG,)1+R_ R, +R_+BG, R,
Dividing numerator and denominator by R, + R; we get,
R, R, (1+BG,, )
R, +R
R, = o L
of T T BGa R,
R, + R,
_ R'(,(1+BGm)“ . RuRL _ Gn R,
® PGy R TR, er, MO g yr, @
Key Point: Note that here, G\, is the open loop current gain taking R, in account.
Table 3.1 summarizes the effect of negative feedback on amplifier.
Parameter Voltage series Current series Current shunt Voltage shunt
Gain with = Ay = Su - =R
Ad=T3pR, | O =Tipe, | MecTipA; | Rer T PRy
di decreases
Stability Improves Improves
Frequency Improves p P Improves
Frequency Reduces Red Red Reduces
distortion
Noise and Reduces Red R Reduces
Ry = R;(1+BAy) | Ry = R,(1+B Gy) -_ R =R
Input resistance if i v £ = B Gy Ry = WﬂlT, Ry m;
decreases decreases
=_Ro Ry = Ry(I+B G | Ry = R (14 A) -_R
Output resistance RM'WBT; of ° R(1+f of B Ry T:_Bgﬁ:
decreaszes decreases

Table 3.1
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1y Example 3.1 : An amplifier has mid-band voltage gain (A .,) of 1000 with f, = 50 Hz
and fy, =50 kHz, if 5 % feedback is applied then calculate gain £ and fy; with feedback.
-

Solution : Given p= 17 = 005, f, =50, f,, = 50 kiz and A,y = 1000
a) Gain with feedback
A v mid 1000

Avmid = T7PAy. - 1+0.05% 1000

= 19.6
b) fir = fi, =__5D—
T+PAy g 1+0.05% 1000
= 098 Hz
) . fur = fux(+BAy g) =50x10% x (1 +0.05%1000)
= 255 MHz ’

mp Example 3.2 : An amplifier with open loop voltage gain of 1000 delivers 10 W of power
output at 10 % second harmonic distortion when input is 10 mV. If 40 dB negative feedback
is applied and output power is lo remain af 10 W, determine required input signal V, and
second harmonic distortion with feedback.

Solution : Given A, = 1000, Output power = 10 W,

a)f: -40 = Zﬂlog[l—*lﬁ—ﬁ-]
1+BA = 100
BA = 99
99
B = 505 = 0099
Gain of the amplifier with feedback is given as
= Av _1000
Avi = Topay "0 -1

b) To maintain output power 10 W, we should maintain output voltage constant and
to maintain output voltage constant with feedback gain required V, is

Vg = V,x 100 =10mVx100
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<} Second harmonic distortion is reduced by factor 1 +p A.

D. 0.1 0.1
= 2 _ =l o
2 T 1+pA  1+PA 100 0.001

= 01%

D

mmp Example 3.3 : An amplifier with open loop gain of A = 2000 * 150 is available. It is
to have the amplifier whose voltage gain varies by not more than + 0.2 %.

Cﬂfmkteﬁmdﬂr
Solution :  a) We know that

dAy, 01 dA
A, T+pA A
02 1 x 150
100  1+pA 2000

1+BA = 375

BA = 365

36.5

Bo. 5500 = 0.01825
= 1825 %
BooA, - A 2000

= T4PA ~ 1+001825% 2000

= 53.33
3.6 Advantages and Disadvantages of Negative Feedback
»

The introduction of negative feedback in the amplifier circuit reduces gain of the
amplifier. This is the main disadvantage of using negative feedback in the amplifier.
Inspite of this disadvantage the negative feedback is used in almost every amplifier, due to
number of advantages provided by it. Some of the advantages provided by negative
feedback are as listed below.

* Negative feedback stabilizes the gain of the amplifier.

» Negative feedback increases the bandwidth of thé’amplifier so that it provides

nearly constant gain for large frequency range of the input signal.

* Negative feedback reduces the distortion in the amplifier output.

» Series negative feedback increases the input resistance of the amplifier. This
avoids loading of the source of the amplifier.
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e Voltage negative feedback decreases the output resistance of the amplifier. This
avoids loading of amplifier itself when driving an output load.

¢ Negative feedback also stabilizes operating point.

3.7 Methodology of Feedback Amplifier Analysis
To analyze the feedback amplifier it is necessary to go through the following steps.
Step 1 :  Identify topology (Type of feedback).

a) To find the type of sampling network
1. By shorting the output ie. V, = 0, if feedback signal (X;) becomes zero then we
can say that it is “voltage sampling”.
2. By opening the output loop ie. I, = 0, if feedback signal (X;) becomes zero then
we can say that it is “current sampling”.
b} To find the type of mixing network
1. If the feedback signal is subtracted from the externally applied signal as a voltage
in the input loop, we can say that it is “series mixing”.
2. If the feedback signal is subtracted from the externally applied signal as a current
in the input loop, we can say that it is “shunt mixing”.

Thus by determining type of sampling network and mixing network, type of feedback
amplifier can be determine. For example, if amplifier uses a voltage sampling and series
mixing then we can say that it is a voltage series amplifier.

Step 2:  Find the input circuit. -
1. For voltage sampling make V,, = 0 by shorting the output.
2. For current sampling make I, = 0 by opening the output loop.
Step 3:  Find the output circuit.
1. For series mixing make I, = 0 by opening the input loop.
2. For shunt mixing make V; = 0 by shorting the input.

Step 2 and step 3 ensure that the feedback is reduced to zero without altering the
loading on the basic amplifier.

Step 4 : _ Optional. Replace each active device by its h-parameter model at low frequency.
Step 5:  Find the open loop gain (gain without feedback), A of the amplifier,
Step 6 :  Indicate X; and X, on the circuit and evaluate B = X; X,

Step 7:  From A and B, find D, A, Ry, Ryyand R ;.
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-
Characteristics Topology
Voltage series Current series Current shunt Voltage shunt
Feadback signal X; Voltage Voltage Current Current
Sampled signal X, Voltage Current Current Voltage
To find input Vo= 10 I,=0 I,=0 V=0
loop, set
To find output =0 lj=0 V=0 Vi=0
loop, set
Single source Thevenin Thevenin Norton Norton
B=X; /X, VeV, Ve /1o It/ e/ Vo
A=X, /X Av=V /¥, Om =1/ ¥ A=l /5 Ry = Y/,
D=1+pA T+BAy 1+B Gy 1+f A 1+ Ry
Ay AyD Gyy/D AyD Ry /D
Ry R;D R;D R/D R/D
Ry ﬁfﬁ" Ro(1+BGp) | Ry(1+B4;) 1+RR,,
Table 3.2

3.8 Voltage Series Feedback

In this secticn, we will see two examples of the voltage series amplifier. First we will
analyze transistor emitter follower circuit and then source follower using FET.

3.8.1 Transistor Emitter Follower

Fig. 3.23 shows the transistor emitter follower circuit. Here feedback voltage is the
voltage across R, and sampled signal is V, across R,.
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Analysis
Step 1:  Identify topology.

By shorting output voltage (V,=0),
feedback signal becomes zero and hence it
is voltage sampling. Looking at Fig. 3.23 we
can see that feedback signal V; is subtracted
from the externally applied signal V, and
hence it is a series mixing. Combining two
conclusions we can say that it is a voltage
Fig. 3.23 series feedback amplifier.

Step 2 and Step 3 : Find input and output dircuit.

Teo find the input circuit, set V, = 0,
and hence V, in series with R, appears
bctmeandE.Toﬁndﬂwoulputcircuit,
set I, = I, = 0, and hence R, appears only
ml.heoutputloop With these connections
we oblain the circuit as shown in the

Fig. 324,

Fig. 3.24

]
Step 4 :  Replace transistor by its h-parameter equivalent circuit.
R 3

=1y

(2]

&
AMAA
VYWY

o)

AAARN
VYWY

-
A?l A

@ h T
i Py

+

.

R E Ro R
Fig. 3.25 Transistor replaced by its approximate h-parameter equivalent circuit

Step 5:  Find open loop voltage gain.

A = E = hfc[hn'e
A |

Applying KVL to input loop we get,

Vo= Ib(Rs"'hic)
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Substituting value of V, we get,

he R 50x 100
= fe e _ =
Av = Rg+h,  1K+11K 238

Step 6: Indicate V,, and V; and calculate i

vV
We have B = Tf =1 -* Both voltage present across R
o

Step7: Calculate D, Ay , Ry , Ry and R,

D = 1+fA
= 1+1x238
= 338
Ay = %{T
= Av_ 238
D 3.38
= 07
R = R+ h
=1K+11K=21K
Rif = RiD
= 21Kx338
= 70898 K
R, = o
Ry = =
Ry = %’l where R, = R,
Ry ‘%‘ "%%%
=2958Q

3.8.2 FET Source Follower
Fig. 3.26 shows the FET source follower circuit. Here feedback voltage is the voltage
across R, and sampled signal is V,, across R,,.
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Analysis :
Voo
Step 1 : Identify topology.
D
By shorting output voltage V, = 0,
¢ Ei‘fnx feedback signal becomes zero and hence it is
d voltage sampling. Looking at Fig. 3.26 we
+ s can see that feedback signal V, is subtracted
QD from the externally applied signal V, and
Vi RyZ5KY hence it is a series mixing. Combining two
conclusions we can say that it is a voltage
L series feedback amplifier. )
Fig. 3.26
D - Step2and Step3: Find input and
output circuit.
L To find the input circuit, set V; = 0, and
+ RS Vo hence V, appears between G and S. To find
6’9 3 the output circuit, set I; = I = 0, and hence
- R, appears in the output loop. With these
} + connections we obtain the circuit as shown
s in the Fig. 3.27.
Fig. 3.27
Step 4 : Replace FET by its equivalent circuit.
G D
Donves w2 v, RV,
L
1
s R Ry
Fig. 3.28
Step 5: Find open loop voltage gain.
Ao = V_ozgm Vis TaRs
VTN T RN,
_ Em Nk . =
- TR Vo =V, -
R
-1 VH=En T - @

1y + Ry
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Step 6: Indicate V, and V; and calculate i
B==1 '+ Both voltages present across R,

Step 7:  Calculate D, Ay, Ry, R, and R}

D = 1+PA, =1+ 1x444
= 544 (&)
A\l’ _AV
Av = 1+pA, D
4.44
= g7 = 0816
; = <and hence Ry =R, D= e (4)
R, = r, =40k ... (5)
R
R, = ?"=%§-‘=735x . (6)
, R'
Raf = Fﬂ
where Ry, = Rgliry
o _ Ry 5Kx40K _
P R,+rl,“51(+401<”“4K
R = %:mﬁ.zn )]

3.8.3 Voltage Series Feedback Pair

Fig. 3.29 shows two cascaded stages. The output of second stage is connected through
feedback network to the input of first stage in opposition to the input signal V.

<

) W Vo
R1% joen

Fig. 3.29 Voltage series feedback pair

-
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Analysis :
Step 1:  Identify topology.

By shorting output voltage V, = 0, feedback signal becomes zero and hence it is
voltage sampling. Looking at Fig. 3.29 we can sec that feedback signal V; is subtracted
from the externally applied signal V, and hence it is a series mixing. Combining two
conclusions we can say that it is a voltage series feedback amplifier.

Step 2 and Step 3 : Find input and output circuit.

To find input circuit, set
8 IA“\ Vi [:2\ - V, =0, and hence R, appears
l/’r 2 1 in parallel with R, at first
7 ::Rz emitter. To find the output
® Il T L Vo cicuit set]; =0 and hence
Ri2 2R v, 2Ry l R, appears in serics with R,
[ [ 1 [ ! across output. The resulting
Fig. 3.30 circuit is shown in Fig. 3.30.

Far this circuit, feedback factor P can be calculated as,

v, R
= 1= 1
B Vv, "R *K, @

immp Example 3.4 : Transistors in the feedback amplifier shown in Fig. 3.31 are identical and
their “h" parameters are b, = 1100 Q, he, = 100, hy, = hy.= 0. Neglect capacitances of all
capacitors.
i) State topology with justification.
ii) Calculate B, Ay, Ay, Ry, R and Ry

R =100Q

Ry=10K
Fig. 3.31
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Solution :  Step 1 : Identify topology.

The feedback voltage is applied across the resistance R, and it is in series with input
signal. Hence feedback is voltage series feedback.
Step 2 and Step 3 : Find input and output circuit.

To find input circuit, set V, = 0 (connecting C, to ground), which gives parallel
combination of R, with R, at E,. To find output circuit, set I; = 0 (opening the input
node E; at emitter of Q,), which gives series combination of R; and R, across the output.
The resultant circuit is shown in Fig. 3.32.

-

ua
AMMA
YV~

R‘ié ég“a
3 117
e
Riy Re R, R

Fig. 3.32

Step 4 :  Find open loop voliage gain (A ).
Rz = Ry Il Ry +Ry)
= 47 K| (100 + 10 K)
= 321 K2
Ap = —hg =-100
R, = h,=11000
ApRis _ -100x321K

Av = g, = ii0n
= -291.82

“\él = —hﬁ_, =-100

Ry = Ry IRz IR, IR,

2K 20K || 2K | 1100
995 O



Analog and Digital Electronics 3-34 Feedback Amplifiers

Ry = he+(+he )R, q where Ry 4 = (RylIR)
= 1100 + (1 + 100) (100 Q | 10 K)
= 11099 K2
A - AuRy _ -100x995
Vi - R. - 3
it 11099 10
= - 89

The overall voltage gain without feedback is given as,
Ay = Ay XAy, = (291.82)x(-896)
= 26147
The overall voltage gain taking R, in account is given as,
V, _ ARy 2614.7x11099x10%

A = 2 =
VTV T RyFR; T 1109910% +100

= 2591.35
Step 5: Calculate B.
Looking at Fig. 3.33. v
B = EZ_L °
Vo 100+10x103 10K
= 0.0099
v, 100 2
D = 1+BA =1+0.0099x 2591.35 l’
= 2065 =
Ay _ 259135 _ Fig. 3.33
Avi = = e 7B 9
R, = R D=11099x10%x 2665
= 295788 ki
R, = R IR IR, =295788 K || 220K || 2K
= 1873 kQ
R oo
R'of = F"__..n
. R, .
Ra = o where R, =Ry,
3
R, = 2207 5450
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3.9 Current Series Feedback

In this section, we will see two examples of the current series feedback amplifier. First
we will analyze transistor common emitter circuit with unbypassed emitter resistance and
then common source with unbypassed source resistance.

3.9.1 Common Emitter Configuration with Unbypassed R,

Fig. 334 shows the common emitter
circuit with unbypassed R.. The common
emitter circuit with unbypassed R, is an
example of current series feedback. In this
configuration resistor R, is common to base
to emitter input circuit as well as collector
to emitter output circuit and input current
I, as well as output current I, both flow
through it. The voltage drop across R,
V= + 1) =1, R, = I. R, = - I, R, This
veltage drop shows that the output current
I, is being sampled and it is converted to
voltage by feedback network. At input side
voltage Vi is subtracted from V; to produce
V. Therefore, the feedback applied in series.

Analysis
Step 1:  Identify topology.

By opening the output loop, {output current, 1, = 0), feedback signal becomes zero and
hence it is current sampling. Looking at Fig. 3.34 we can see that feedback signal V; is
subtracted from the externally applied signal V, and hence it is a series mixing. Combining

| two conclusions we can say that it is a current series feedback amplifier.

| Step 2 and Step 3 : Find input and output circuit.

]

i To find input circuit set I, = 0, then R,
appears at the input side. To find output
circuit set I; = 0, then R, appears in the
output circuit. The resulting circuit is
shown in the Fig. 3.35.
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Step 4 :  Replace transistor with its approximate h-parameter equivalent circuit.

Fig. 3.36 shows the approximate h-parameter equivalent circuit.

Step 5 :

_hfclb
IR, +h,, +R,)

_hl'e 50

R,+h, +R, 1K+11K+12K
= -0015
Step 6 : Indicate [, and V; and calculate p.

s=[_f=¢¢

= -12K
Step7:  Calculate D, Gy, A vy, Ry, Ry and R}
D = 14BGy = 1+ (-12K)x (-0.015)
= 1918
Gy _ -0015

Swr = T ~ 1918

= -0.782x 1073

- @

--(2)

.. ()
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The voltage gain A, is given as,

Aye =

]

Looking at Fig. 3.36 R;
R, =

Ry
Looking at Fig. 3.36 R,
R, =

R‘of =

.
Rul’ -

z—: = %i!— =Gy Ry,
-0782x 103 x 22K
-172

can be given as,
R+h +R,
1K+11K+12K=33K
R; D=33Kx19.18
63294 K

is given as,

R, D=

Ror 1R

R,

22K

- (8)

.9

R, =

of

... (10)

3.9.2 Common Source Configuration with R, Unbypassed

Fig. 3.37 shows the common source circuit with unbypassed R.. Here, the feedback
signal is a voltage across R, and the sampled signal is the load current I,

Analysis

Step 1:  Identify topology.

By setting V, = 0, drain current
does not become zero therefore
feedback does not become zero. Hence
this is not voltage sampling. On the
other hand, by setting 1, = 0, we have
Vi =0. Hence this is current sampling.
The feedback voltage V; is mixed in
series with the input source. Hence the
topology wused is a current series
feedback.
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Step 2 and step 3 : Find input and output circuit.

Fig. 3.38

Step 4 :
Fig. 3.39 shows the equivalent circuit.

To find input circuit set [, = 0, then R
appears at the input side. To find output
circuit set I; = 0, then R, appears in the
output circuit. The resulting circuit is
shown in the Fig. 3.38.

Replace FET with its equivalent circuit.

>

)gmvw fa

{ol R v,
R,
I":_Vf_q

Fig. 3.39 FET replaced by its equivalent circuit

Step 5:  Find the open loop transconductance.
G = Mo _ B Vpla
M v, rg+ Ry +R,
v!
- “Emfy -
= R v, =V, e (11)
_ “H U=
T g +R FR, H=8m Ty - (12)
- - 50 - -3
= WKea7RFIR - 10X 10
Step 6:  Calculate p.
v -1, R
B = = 0_5
i, CT
- R =-1K . (13)
Step 7 : Calculate D, Gy, A vy, Ry, R, and R:ﬂn

D =

1+B Gy
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_ Sum

1+ (-1K) (- 1.09x1073)
2.09

_Z109x 107
D - 2.09
-0.5215x1073
Vu - ]oRL
NV
R IO
Gur Ry, w Gye = A

5
(- 0.5215x 107%)x (4.7 K)

-2.45

Looking at Fig. 3.39 R; can be given as,

Looking at Fig. 3.39 R
R

o

R

of
1+pfG, =

R; D=
can be given as,
+R,=40K+1K=41K

R, (1+pG, ) where G, =
ry+ (1+R) Ry
1y +Rg

(g +R ) x ST s t:l::‘) Ry
g+ (L+R) R,
WK+(1+50)x1K=91K
Rp Ry

47K||91 K=447K

3.10 Current Shunt Feedback

Fig. 3.40 shows two transistors in cascade connection with feedback from second
emitter to first base through resistor R’. Here, the feedback network formed by R’ and Ry,
divides the current I, Since I, = - I, the feedback network gives current feedback. At
input side, we see that I; = I, ~ I, i.e. I; is shunt subtracted from I to get I;. Therefore, this
configuration is a current'shunt feedback.

lim G
Ry =0

M

... (14)

.. (15)

.. (16)

.. (17
.. (18)

.. (19)
.. (20)

. (1)

.
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Fig. 3.40
Step 1 : Identify topology.

By shorting output voltage (V, = 0), feedback signal does not become zero and hence it
is not voltage sampling. By opening the output loop (I, = 0), feedback signal becomes zero
and hence it is a current feedback. The feedback signal appears in shunt with input
(I; =1 ~1;), hence the topology is current shunt feedback amplifier.

Step 2 and Step 3 : Find input and output circuit.

The input circuit of the amplifier without feedback is obtained by opening the output
loop at the emitter of Q, (I, = 0). This places R’ in series with R, from base to emitter of
Q. The output circuit is found by shorting the input node (the base of Q,), i.e. making
V; = 0. This places R’ in parallel with R, The resultant equivalent circuit is shown in
Fig. 3.41.

AAAM
VWV
m

T t;'
&
—
—

X(

r
AMMN
VvV
X
A
LA
—_
=
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Step 4 : Find open circuit transfer gain.

A = _...__11‘2 = _II¢2 Irtili-[_bl. (D)
s b2 Tel ]hl ]
We know that,

-1

[—d = Ap=-hg = -50 and @
b2

-1

_I_.c.'_ = Ay =-h,=-50
bl

1
IL‘ = 50 . (3
bl

Looking at Fig. 341 we can write,

[hZ _Rcl
LA o
Iy Ry+Rp @
where R = hy + (1 + he) (R | R)
50x 1.2 K

= 11+ (51}[51)112[(}

= 355K
i -3K
hz - i ———— e s =
T, ~ FKi3ssR- 04

Looking at Fig. 3.41 we can write,

1 R
L
I = Reh, - ()
, 12Kx125K
where R = Rl R+ R = 5 i1m5%
- 0612K
I
bl 0612K = 0.358

1. T 062K+ 1IR”

Substituting the numerical values obtained from equations (2), (3), (4) and (5) in
equation (1) we get,
Ay (=50} (- 0.457)x (50)= (0.358)

406
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Step 5 : Calculate A

Looking at Fig. 3.41 we can write,
___!c RoZ
R,+R’

Il=

-I. R
€ e?
= e I =1
R9+R' €

=
[

oL
I

M

i
o
r

Step 6 : Calculate D, Ry, Ry, Ay, Ayg, Ry, Ry

D = 1+BA;=1+(0.04)x 406
= 172
Ay 406
At = B =172
= 236
v, -I,R
Aur = -0 = €2 a2
Vi TV, T IR,
_ ARy Iy
© TR, T, A
_(23.6) (500) _
= Ty 708
0.612Kx 1.1K
Ri = Rl = gomke 11K
= 03% K
_ Ry _039%4K
Re = =772
= 230
RD = oo hw=0

Ry = RyD=c
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R, = Ryl Ry = e[| 500 = 500

From calculation for A; we note that A is independent of the load Ry, = R 5. Hence
A= lim = A
R =0 ; ﬁA
. . 1+BA,
Rul' = Ro I_EKT =8y = Rr_*z

= 500Q

3.11 Voltage Shunt Feedback

Fig. 3.42 shows a common cmitter amplifier with a resistor R’ connected from the
output to the input.

Step 1:  Identify topology.
The feedback current I; is given as,
V. -V,
o= St Buty, > By

-V,
i

I; =

By shorting output voltage (V, =0), feedback reduces to zero and hence it is a vollage
sampling. As I; =i, —I;, the mixing is shunt type and topology is voltage shunt feedback
amplifier.

Step 2 and Step 3 : Find input and output circuit.

To find input circuit, set V, = 0, this places R between base and ground. To find
output circuit, set ¥, = 0, this places R’ between collector and ground.
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Vee
R
s The resultant circuit is
I shown in Fig. 3.43.
3-—-
< The feedback signal is the
") < ||?E:R' Vo current I; in the resistor R’
Ig= ﬁ: C) E: Ry SR which is in the output circuit as
I" [‘” shown in the Fig. 3.43.
1 I
RO % M
Fig. 3.43

Step 4 :
Ry

where R,

C

and

Find the open

circuit transresistance.
-1 R'c

Is s ' 5

8 -0 ¢ .

R R =22K|[50K
21K

N>V

PRy >>1

- (D

- (2)

where R=Ry || R =10 K || 50 K = 833 K
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I_b‘ _ 833K
I,  B83K+11IK
= 0.883 .. (3
Substituting values of equations (2) and (3) in equation (1) we have,
_ '_lcR'c__lc Ib o R *
B = = 1, R heraw, R

(- 50) x (0.833) x 2.1 K

= —-92715 K
Step 5:  Calculate .
-1 -1
b= v =5k
= —2x 107

Step 6: Calculate D, Rmp A\.rp Ri't Rnf and R:‘f
D = 1+fRy

= 1+ (-2x107%) (-92.715x10%)

= 2.854
_ Ry -92715K

Rwr = 5= g5
= -3248K

Looking at Fig. 3.43 we can write,

_ _ Rhy,
R = Rllhe=gop -

833Kx1.1K
= gmRKIIIR - MK
R, 0971K
R = D =283

= 34022 Q



Analog and Digital Electronics 3-46 Feedback Amplifiers

If the input resistance looking to the right of R, (from base to emitter in Fig. 3.42) is

R};, then

Ry = RiflIR,
Solving this we get,
R, = 3522Q.

if
The impedance seen by the voltage source V, is R, + Rj;= 10 K + 352.2 = 10352 Q.
If R, is considered an external load, the output resistance, neglecting feedback is

R, = R=50K
i R, = lim Ry =-h, —% R
ince m = lim Ry =-hegim,
_ —50x50000x 8330 _ _
= —gmos100 - 22 M@
lim R, = R
Re—e= R
R = L  ——— e
of T T#BR, 14 2x 107 5 x 2200000
= 1 Q
. (1111) (2200)
Ry = Ryl Re = =73820
Alternatively, R} can be calculated as,
. R, ’
Ry = 4y whereR, =R || R'=22K|[50K=21K
21K
= 53 =760

Examples with Solutions
iy Example 3.5 : For the feedback amplifier shown in Fig. 3.4 calculate :

DAy i) Ry i) R

Identify the topology of feedback and justify your answer.
Gven:r, =0, h, =50, hk, =11K h,=h,=0
Assume all coupling and bypass capacitors to be arbitrarily large.
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;4?K

AMAA

E: Cc
1 v,
)~
q
=
31K 1K Rot
< CE Rz
47K
Fig. 3.44

Solution : Step 1 : Identify topology.
The feedback voltage is applied across Ry (100 ©), which is in series with input signal.
Hence feedback is voltage series feedback.

Step 2 and Step 3 : Find input and output circuit

To find input circuit, set V,, = 0, which gives parallel combination of R; with R; at E;
as shown in the the Fig. 345. To find output circuit, set I; = 0 by opening the input node,
E, at emitter of Q,, which gives the series combination of R, and R; across the output. The
resultant circuit is shown in Fig. 3.45.

-
E; 5 47K Vo

AAAR

§ 10K||47K]|33K
<)v

s, s
g0 RZE: 47K

Fig. 3.45
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Step 4 : Find the open loop voltage gain (Ay).
Ri; = 47K || (47K +100Q)

= 237 K
Since hye = hyp = 0 we can use approximate analysis.
Ap = —he=-50
Rp = h=11K
AR 3
e e
Ry = WK|47K|[3B3K| 11K
= 9420
Ap = —hp=-50
Rjy = hi + (1 +hg) R, = L1 K + (1 + 50) (100 || 4.7 K)
= 6093 K
A, R -
Ay = Ay XAy, =(-7.73) x (- 107.73)
= 83275
Step 5 : Calculate p and D.
B = L:LJL
R, +R, ~100+4700 48
D=1+AB=1+ saf;s=18.35.(1

Step 6 : Calculate Ay, R and Ry;.

Ay 83275
Avi = 7 = Tpz5 - 4538

Ry = RyD=6093Kx1835=1118 K

R

of D D 1835

12915 Q
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imep Example 3.6 : For feedback amplifier shown in Fig. 3.46, identify the feedback topology
with proper justification.
+vbc

A
VYV

A
1|

Fig. 3.46
The transistors used are identical with the following parameters :
hg = 200, g = 2 K, by = 1077, by, = 107 ° AV
Calculate
i) Ayy i) Ry i) Ry
Solution : Step 1 : Identify topology.
The feedback voltage is applied across R, = 1.5 K, which is in series with input signal.
Hence feedback is voltage series feedback.

Step 2 and Step 3 : Find input and output circuit

To find input circuit, set V,, = 0, which gives parallel combination of Ry; with R; at E;
as shown in the Fig. 3.47. To find oulput circuit, set I; = 0 by opening the input node, E,
at emitter of Q;, which gives the series combination of R; and R, across the output. The
resultant circuit is shown in Fig. 3.47.

R=56 K
SRg= A
S22K

Rg1=

15K

Ry Riy Rip=hig
Fig. 3.47
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Step 4 : Find the open loop veltage gain (Ay).

Roz Il Re + Rey)
22K (56 K+ 15K)

i

Rz

2119 K
Since hy, Ry, = 107 x 2,119 K = 0.002119 is less than 0.1 we use approximate analysis.

Ap = —h,=-200
Ry = hye =2k
Au. = AaRp _ -200x2.119K
v2 R, 2K
= -2119
Ry = R IR = 120K || 2K
= 1967 K

Since hy, Ry = 107 6 x 1.967 = 0.001967 is less than 0.1 we use approximate analysis.
Ay = - hg,=-200

Ry = i+ (1 +he) R
= 2K+ (1+200) (15K || 56 K}

= 29563 K
Avn = ARl _ -200x1967K
Vi~ TR, T 2%5.63K
= —133

The overall gain without feedback is
Ay = Ay x Ay = (- 133) x (- 2119)

= 281.82
vo
Step 5:  Calculate p
% 6K
b=q

_ 15K

T 56K+15K Vi 15K
= 0.026
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Step 6 :  Calculate D, Ay, Ry, Ry

D = 1+BA,
= 1+ (0.026) x 281.82 = 8.327
= 3384

Ry = Ry |R=29563 K || 150 K
= 995K

Ry = RyxD=995x8327
= 82853 K

=
"

o = RollRa Il Ry +Rey) =Ry || Rpp
= 1M|2119K
= 21145 K
R, = Ro_21145K
of D 8327
= 254 0Q
iy Example 3.7 : The two stage feedback amplifier shown in Fig. 3.49 uses FET. The
parameters are ry = 10 K and . = 40.
i) Identify the topology of feedback.
ii) Calculate D, Ayy R Ropand Rly.
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%;

Solution : Step 1 : Identify topology
By shorting output voltage (V,, = 0), feedback voltage V; becomes zero and hence it is
voltage sampling. The feedback voltage is applied in series with the input voltage hence
- the topology is voltage series feedback.
Step 2 and Step 3 : Find input and output circuit.

To find input circuit, set V, = 0. This places the parallel combination of resistors 10 K
and 200 © at first source. To find output circuit, set I; = 0. This places the resistors 10 K
and 200 Q in series across the output. The resultant circuit is shown in Fig, 3.50.

10K

Fig. 3.49

——oV,
10K
‘h
S47K
47K 1 M0 h
1MQ 2000
2000 310K

Fig. 3.50
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Step 4 : Replace FET with its equivalent circuit.
G; oD LG L D
()gm\"p 10K
@9 ™ 4T 4TKS 1MQ C) fa 47K V,
< WV,
%:mn S10K 9m¥os [ 2000
] B I |
. . i 1
54 52 Ry R,
Fig. 3.51
Step 5:  Find open loop transfer gain.
v,
Ay = 3= Ay Ay
5
- RLZ
Ay, =
V2 T Rp+ry
where R, = (10K +200Q) || 47K
= 838K
_ —40x838x 10>
Avz = S 103
838x 107 + 10x 10
= -18237
Ay = # Ry
VI T T FRpy + O+ R
where Rper = Rp I Rgy =47 K[| 1 M

R =200 10K

A\Fl =

Overall Ay =

Step 6 : Calculate B

44.89 kQ

— 40x 44.98x 10
10x 103 + 44.89% 103 +(1+ 40) (10 K || 200)

- 2859
-2859x-18.237
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Step 7 : Calculate D, Ayy, Ry, RS-

D= 1+fAy
= 1+ 0.0196 x 521.39
= 12
Ay = %:%:4&47
Ry = Rg=1M2
Ry = RjxD
= 1x10%% 1122
= 1122 MQ
Ro =14
= 10K
R, = rylIR, = 10K || 838 K
= 4559 k2
R, - Ko _ 4559x10°
of D 11.22
= 406 Q

lmp Example 3.8 : The circuit shows three stage FET amplifier.
The identical FETs have following parameters.
rq= 8K g, =5mA/V, Ry = 1 MQ,
Ry = Ry + Ry, Ry = 509, Ry = 40 k2
Calculate voltage gain including feedback.

T oo

AAAR
A

AAAA
VWY

AAAA
LAk ks
D

Fig. 3.52
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Solution :

Here, output voltage is sampled and fed in series with the input signal.

Hence the topology is voltage series feedback.

The apen loop voltage gain for one slage is given as,

Ay

Req

where

Ay

Ay = Overall voltage gain

p
D
Ayg
Ay
mep Example 3.9 : In the example 3.8,
calculate AW
Solution :

of Q, and it is,

ASN = -3311

- #m Req
ra | Rg Il (Ryy + Ry)
8K 40K | (1 MQ)
6.62 k2

- 5x 10° x 6.62 x 10°
-331

1Ay mal® = |- 3811
— 36306
Ve _-Ri_ R 50

Vo Ry Ry+Ry;  1x108
—5x107°

148 |Ay] =1+ (= 5x 10™) x (- 36306)
2815

ﬁ\"

o

- 36306
W_-12.$Sx103
—12.895 x 10°

if output is taken between point B and ground,

Here, output terminals are B and ground, thus the forward gain is the gain

However, Q, and Q ; must be considered as a part of feedback loop.

Ve v,
Here ﬂBN—‘—‘

V,

TV Ve Ve Y

Ve

where Vg and V- are voltages at point B and C, respectively.

Feedback Amplifiers
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v
Vo = Ay and

V
f .. C _
Bax =V_OXA"3XA"2 Ve = Ayy

Vg

-R 5
Ben = R—B'x;‘\‘,axhvz =-5x107x (-33.11) x (-33.11)
= —0.0548
i 3 By
Note that the loop gain - By A gy = A\"a =
8
= -1815=-fA
which is the same value as in example 3.8. It should be clear that regardless of where
the output terminals are taken, the loop gain is unchanged.

iy Example 3.10 : The fwo stage FET amplifier shown in the Fig. 3.53 uses identical FETs
with p = 50, rg = 10 K. For this circuit :

(1) Identify the feedback topology.
(2) Draw the circuit diagram of basic amplifier without feedback.

(3) Calculate Ayy Ricand R.e
Assume all capacitors to be large enough so as to act as short circuit at the lowest frequency
of interest.

*+Vpp *+Vop
RpS 22K RpS 22K
l
Cor ¢ | Cea
——o—] Q Q,

o
< ., Vo
QW %5 mSsoal

Ry
3300

Fig. 3.53
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Solution : Step 1 : Identify topology.

By shorting output voltage (V, = 0), feedback voltage V¢ becomes zero and hence it is
voltage sampling. The feedback voltage is applied in series with the input voltage hence
the topology is voltage series feedback.

Step 2 and Step 3 : Find input and oulput circuit.

To find input drcuit, set V, = 0. This places the parallel combination of resistors 10 K
and 300 Q at first source. To find output circuit, set I; = 0. This places the resistors 10 K
and 300 Q in series across the output. The resultant circuit is shown in Fig. 3.54.

——oV,

10K

b

, §22K
22K §1m

@ 1ma 3 3o0q
-
300 02 10K
Fig. 3.54
Step4:  Replace FET with its equivalent circuit.
G D, . G, D

G)vags 10K
® zim W zxded @ 3 [ Smxy,
<

J
Za0a 310K SmVgs 30219 -
-2
é e T )
1 22 R, Ry
Fig. 3.55

Step 5:  Find open loop transfer gain.

v
Ay = == Ay Ay

Vs
- R,
Avy = Ru'“'d
where R, = (10K+300Q) [ 22K
= 7kQ
-50%x 7x 103
AVZ -

7% 103 + 10x 10
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Vi

Overall A

Step 6 :  Calculate fp

B

Step 7:  Calculate D,

D

- 2059

_ MBRpy
Tg + Rpgp + (1+HR 4

RpllRg, = 22K|| 1MQ
21,53 kQ
330[| 10K

—50x 21.53x 10
10x 103 + 21.53% 103 + (1+ 50) (330 || 10K)

- 2251
AypxAy

- 2059 % (- 22.51)
463.5

Ve _ Ry 3%
V, " R,+R, 330+ 10000

0.0319

Ay Ry, Rpe

1+PBAy
1+ 0.0319 x 463.5
15.786

= = = = 2936

R;x D= 1x10%x 15785
15.785 MQ

IR, =10K|| 7K
4118 kQ

R, _ 4118x10°3

= e = e = 26102

D 15.785
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1mmp Example 3.11 : For the circuit shown in the Fig. 3.56, determine closed loop veltage gain,
input resistance with feedback and output resistance with feedback. Assume ideal input voltage
source. TkeB)‘Tsusedmidmﬁm!wﬂhﬂﬂ=Eﬂandkk= 1 K. Assume h,, = h,, = 0.
Assume all capacitors to be arbitrarily large.

+Vee

Eig. 3.56

Solution : Step 1 : Identify topology.
The feedback voltage is applied across the resistance R, and it is in series with input
signal. Hence feedback is voltage series feedback.

Step 2 and Step 3 : Find input and output circuit.

To find input circuit, set V, = 0 (connecting C, to ground), which gives parallel
combination of R, with R; at E,. To find output circuit, set I, = 0 (opening the input
node E, at emitter of Q;), which gives series combination of R and R, across the output.
The resultant circuit is shown in Fig. 3.57.
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Step 4 :

where

Find open loop voltage gain (A ).

Ri»

= Ryll (Ry+R)

47K || (120+33K)
1.98 kK2

—hg =-50

h,, = 10000 = 1K

ApR;,  -50x198K

R, K
- 99

~hg =-50

Ry I Ryl RyII Ry

10K[[100K||22K|[1K

865.46
b + A+ h R g
R, IR

1000 + (1 + 50) (120 | 3.3 K)

6.9 kQ

ARy _ —50x 86546

Ry 6900

-6.27

The overall voltage gain,

Step 5 :

Ay

Calculate f

= AyxAy,

- 6.27 x (- 99)
620.73

vV, R

V, FR,+R

120
120+ 3300

= 0.035
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Step 6 :  Calculate D, Ay, Ry, R, and R}

D = 1+PAy = 1+0.035% 620.73 = 22.725

Ay 620.73
Avi = o ot T3
R, = R,D=69Kx22725
= 156.8 k2
RD _ = =
Rt = D =B~
R = Ry R 198K
of T DD 22
= B7.1202
e Example 3.12 : For the circuit shown in Fig. 3.58.
i) Identify the topology of feedback.
ii) Draw equivalent circuit diag

iii) Determine values of Ay, Pand Ay

v, | hy =50
h=1.5K

WYYY

R'=5ki

Fig. 3.58
Solution : Step 1 : Identify topology.
The feedback is given from emitter of Q, to the base of Q,. If I, = 0 then feedback
current through 5 K register is zero, hence it is current sampling. As feedback signal is
mixed in shunt with input, the amplifier is current shunt feedback amplifier.
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Step 2 and Step 3 : Find input and output circuit.

The input circuit of the amplifier without feedback is obtained by opening the output
loop at the emitter of Q, (I, = 0). This places R’ (5 K) in series with R, from base to emitter
of Q. The output circuit is found by shorting the input node, i.e. making V; =0. This
places R’ (5 K) in parallel with R,. The resultant equivalent circuit is shown in Fig. 3.59.

Step 4 :

A = b _de_Tdo Ly Iy Iy
1

a
We know that —2 = A, =-h_ =-50and
le i2 fe

-1

cl
—= = A, =-h. =50
[ il fe

=l - 50
Toi
Looking at Fig. 3.59 we can write,
T o _Ra
Loy Ry +Ryp
where Rp = hy + (1+he) Ry IIR')

= 15K+ (1 +50) (500 5 K)
= 246818 k2
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_ 3
b2 __L=_o,ougs

Iy 2x10% +24.6818x10°3

L R
_bt o e = d
I, KK, where R = R ||(R +R)

=
1]

(1x10%) || 5%10® +500) = 846.1538 Q

£

hi+(1+h )R, = 16.8 k2
Iy _ 846.1538

= TN = 0.04795
I 846.1538 +16.8x10°

A, = (-50) x (0.07495) x (50) (0.04795) = 8.9848
Step 5: Calculate f
B = I_f R, 500

=2 90 _,
I, Rgu+R 500+45x103
Step 6: Calculate D, A .

D = 1+BA; =1+ (0.0909) (8.9848) = 18168

Ap 89848
An = D = 1ses - 18

sy Example 3.13 : For a given amplifier in Fig. 3.60 write the type of topology and calculate
the oalues of B Ay, Ay, Ry, Rp and R h-parameters of identical two transistors are
by, = 11009, by, = 500,

* Toe (3
I*vcc

=
Tk k3 Ea
3 2 E: |
s 7 1 {—
150K S p)
150K
+ b L < <
Vs 247K _. T 1500 SSKEE 'KEE Co=—
- B3 2
r —= Gy
L
I 3
Ry
AMAA

VWA

Re=15k0

Fig. 3.60
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Solution : Step 1 : Identify topology.

The feedback voltage is applied across Ry (150 £), which is in series with input signal.
Hence feedback is voltage series feedback.

Step 2 and Step 3 : Find input and output circuit.

To find input circuit, set V,, = 0, which gives parallel combination of R, with R, at E;
as shown in the the Fig. 3.61. To find output circuit, set ; = 0 by opening the input node,
E,; at emitter of Q,, which gives the series combination of R, and R, across the output. The
resultant circuit is shown in Fig. 3.61.

s
2 15k
=
L E; Z47K Vo
:
| > 10K]] 47K||33K
v, S150KI4T K S R,
p: S 1500
Ry )
| | |
RYy Ry Ro
Fig. 3.61

Step 4 : Find the open loop voltage gain (Ay).
R, = 47 K| (15K + 150)
= 3.59 K2
Since hoe = h, =0, we can use approximate analysis.
Ay = —hg=-500
R, = h; = 11000

ApRip _ -500x359x10% _

Ay = =R 1= o - 1632

R, = 10K||47K|{33K || R,
= 10K ||47K ||33K || 1100
= 9420
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Ay = ~hg=-500

R; = hj+(1+h )R, = 1100+ (1+500) (150 || 15K)
= 755 k2

Ay = Ay XAy, = (-6238)x (-1632)
= 10180

Step 5 : Calculate fand D.

Ry 150
B = R, +R, 150+ 15000 = 0009

D =1+ AB=1+ 10180 x 0.0099
= 101782
Step 6 : Calculate A virRop and Ry

A\r 10180
D 101782 100

Ry = R;D = 755x10%x 101.782

Ay =

= 7.684 MQ
_ R, Ry;  359x10°
R = 5 =D = toigmz - B¥e

immp Example 3.14 : An RC coupled amplifier has a mid frequency gain 500 and lower and
upper 3 dB frequencies of 100 Hz and 20 kHz. A negative feedback with B = 0.01 is
incorporated into amplifier circuit.
Calculate :
i) Gain with feedback.
ii) New bandwidth.

Solution : Given: A, ., =500, f, =100 Hz, f,; =20 kHz and P = 0.01

Ay mid 500 :
Awe = T+ A v =T+ 001x500 - 5333
fi 100
fir = T+BA g =T+ 001x500 - 1067 Hz
fyp = fgx (14BA y )
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n

20x 103 (1+0.01x 500)

120 kHz

fige — fr¢ = 120 kHz - 16.67 Hz
119.9833 kHz

BW,

mmp Example 3.15 : For the circuit shown in Fig. 3.62.

Ve
R, gt
—win—

¢ I

Ry
- 9 R°

L
Fig. 3.62

i) Identify topology used in feedback amplifier
i) Show that voltage gain with feedback

Tis ke

+k +t’“l+

where Ry = R, || Ry || R,
Solution :  Step 1 : Identify topology.

By shorting output (V,, = 0), feedback voltage does not become zero. By opening the
output loop feedback becomes zero and hence it is current sampling. The feedback is
applied in series with the input signal, hence topelogy used is current series feedback.

Step 2 and Step 3 : Find input and output circuit.

To find input circuit, set I, = 0. This places R, in series with input. To find output
circuit I; = 0. This places R, in the output side. The resultant circuit is shown in Fig. 3.63.
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Fig. 3.63
Step 4:  Replace transistor with its h-parameter equivalent.
Wt
. 1
LR« 1% 3 @we 2%V
Fig. 3.64

Step 5:  Find open loop transfer gain.
From equation (5) of section 3.9.1 we have

IR,
Ays = OV: =Gy Ry
- “heRy
Ry +h;, +(1+h )R,
Here R = RIIR IR
= R IRy “Ry =Ry I Ry
Vo _ Yo, ¥
vV, T V,"V,
V; R,
where e T
v R +R;,
Vo _ “heRy % Bb
v, Ry +h, +(1+h )R, R +R,

Dividing both numerator and denominator by R, + Ry, we get,

Ry
TR X g R,

R, +h +(1+h )R, R =R

V,
Ayp = v:-'.=
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1
-h R, —
1+5

T R, +h, +(1+h )R,
mmp Example 3.16 : For the BIT amplifier shown in the Fig. 3.65, calculate its CW R{f Rnf-

For the BJT, assume hy, = 1K, hﬁ=50’ hy = h, = 0.

*VCC

':‘; 47K 18K
g
Ry=1K |
I
. v
+ (-]
Ve t

- 4TK Vi 1K

Fig. 3.65

Solution : Refer example 3.15.
1
-hfcRc Rs
R,
b .
Ayy= ——— P/ where R, =R,||R,|IR
R, +h; +(1+h )R, s~ Tellll M
=1K||47K[[47 K = 810 @
—50x18x103] 1
l+m

- 4272 ) _ 72928679
B10+1000+(1+50)x1000 52810
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4

a

X

=]
L
'

Ay _ 138

T TH(F1000)G ),

—- 32735 x 1073

148Gy, = 1+(-1000)(-32735x103)

4.2735

R, +(hie +R.) | Rp = 1K+(1K+1K)||(47 K[| 47 K)
1K+136K =236K

R;D=236K x 42735 =10 K

I‘Dl) = eo

= RylIRy =R

1.8 k2

mmp Example 3.17 : I[dentify the topology and find the transfer gains (both with and without
considering R,), feedback fuctor, Ry and Ry of the circuit given below. Assume hy= 1K,

%E=:15q,h~ = hn =0.

Vec

ARAA
VY

8

=
AAMA
VWV

E-9

l_

VYV

10K Re 3 1k0

AMAA

Fig. 3.66
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Solution : Refer example 3.15.

1
fele| — R
1+2
Ry .
Avi = amramgr, e R = RIRIR,

=1K|[90K | 10K = 900 ©

_ 3
50=4x10 - 1000
_ 9000
900+ 1000+(1+150) x 1000
= - 1177
A -1.177 _
Gy = =2 = =-2943 x 107 *
Mt R, ax103
V, IR, -I,R
= = =2 =R =-1K
B 10 IO ID ¢
Gy
Cmr = 1+BGy,
G
_ -4 _ M
2.943>10 = TH(-1000)G,,
Gy = -417x107*

D = 1+fGy =1+ (-1000) (- 417 x 10”4
= 1417

R; = Ro+(h; +R)[IR; =1K + (1000 + 1000) || 9 K
= 2.636 ki

Ry = R;D=2636K x 1417 = 3.735 kQ

RO = ea

Ry = RyD=w

Ry = RyllR, =Ry

= 4kQ
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imp Example 3.18 : An RC coupled amplifier has mid frequency gain 400 and lower and
upper 3 dB frequencies 100 Hz and 15 kHz respectively. A negative feedback with = 0.01
is incorporated into amplifier circuit. Calculate gain with feedback and new bandwidth.
Solution : Given : Ay ;4 =400, fi =100 Hz, fy =15 kHz and = 0.01
' Ay mid 400

T+PAy g ~ T+00Tx300 -

Ayp =

- f 100

b = 73pay ;= Trooixan - 20

fig X(1+BA youg) = 15 % 10° x (1 + 0.01 x 400)
= 75kHz
BW; = fiy —f =75 x 10° - 20

T
=
i

= 7498 kHz

iy Example 3.19 : A single stage amplifier has a voltage gain of 10 and bandwidth 1 MHz.
Three such stages are cascaded and negative feedback of 10 % is applied to cascade stage.
Find overall voltage gain and bandwidth of cascade stage.
Solution : Given: Ay =10, BW=1x10%, n=3
i) Overall voltage gain
The gain of cascaded amplifier without feedback
= 10 x 10 x 10 = 1000

A v _ 1000 _
T+PAy  T+0.1%1000

1

Ay 99

ii) Bandwidth of cascaded stage

Bandwidth of cascaded amplifier without feedback
BW(cascade) = BW v 2177 1

1 x 10° V2777 1 = 509.82 kHz

BW; = BWx (1+BAy )

509.82 x 10° x (1 + 0.1 x 1000)

5149 MHz -
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Wmod W o=
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14.
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Review Questions

. What is positive feedback ?
. What is negative feedback ?

What do you mean by voltage amplifier and current amplifier ? Give their equivalent circuit.

. With the help of general block diagram explain the term feedback.

Define the following terms in connection with feedback.
(i} Return difference feedback (i} Closed loop volfage gain (i) Open loop voltage gain

. What are the different types of feed back amplifiers. Give their equivalent circuits.
. Give topology for various types of feedback amplifiers.
. Explain the sampling and mixing networks.
. Classify various feedback amplifiers.
Define the feedback factor .
Show various ways of introducing negative feedback in amplifiers.

Show that for current series feedback amplifier input and oulput resistances are increased by a
factor (1 + AP) with feedback.

Show that for voltage shunt feedback amplifier transresistance gain, Ry and Ry are decreased by a
factor (1 + AP) with feedback.

Draw the block schematic of amplifier with negative feedback.

Explain the consequences of introducing negative feedback in small signal amplifier.

Classify the amplifier based on feedback topology and give their block diagrams. How the input and
output impedances are effected in each case.

Draw the circuit diagram of a current series feedback circuit and derive expressions for voltage
guain and output resi and input resi

State the transfer gain of each configuration and define feedback factor.

output resistance.

Draw the circuit diagram of a voltage shunt feedback using BJT and derive expression for voltage
gain with feedback.

How the negative feedback effect on input and output resistances. Justify your statement with
How do you classify feed back amplifier and what are they. Can you say that the feedback effects
on bandwidih of an amplifier-justify your answer.

Briefly discuss about the effect of feedback on amplifier band width.

Define desensitivity D 7 For large values of D what is Ay 7 What is the significance of this
result?

What is the effect of employing negative feedback on voltage and current guins of practical voltage
amplifier ? Derive the relevant relationships.
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25.
.Exphﬁrﬂummdwmmwmdedmkmnﬂﬁnm What are the advantages
. Compare various feedback amplifiers with dlfemnt h:pofngm

. What are the advantages and disadvantages of neg J

. Draw the frequency response of an amplifier without and with feedback and show the band width

. For the circuit shown in Fig. 3.67, A = Ay = - 1000, B = Vg/V, = 1100, R, = R_= R =1k,

Draw the circuit for current shunt amplifier and justify the type of feedback. Derive the expression
for Ay, B. Ry and R, for the circuit.

and disadvantages of positive and neg

for each case and how these two curves are related to gain bandwidth product.

hj. = 1 K, hy, = 100 and h,, , h,, are negligible.
Find i} V; as a function of V, and V; (Assume that the inverting amplifier input resistance is
infinite), i) Ayp = VoV, = A V[V,

Veo

| Inverting
amplifier

1

L]

aaqa



(3-74)



Oscillators

4.1 Introduction

Feedback plays an important role in almost all clectronic circuits. It is almost
invariably used in the amplifier to improve ils performance and to make it more ideal. In
the process of feedback, a part of output is sampled and fed back to the input of the
amplifier. Therefore, at input we have two signals : Input signal, and part of the output
which is fed back to the input. Both these signals may be in phase or out of phase. When
input signal and part of output signal are in phase, the feedback is called positive
feedback. On the other hand, when they are out of phase, the feedback is called negative
feedback.

The positive feedback results into oscillations and hence used in electronic circuils to
generate the oscillations of desired frequency. Such circuits are called oscillators.

4.2 Concept of Positive Feedback

The feedback is a property which allows to feedback the part of the output, to the
same circuit as its input. Such a feedback is said to be positive whenever the part of the
output that is fed back to the amplifier as its input, is in phase with the original input
signal applied to the amplifier. Consider a non-inverling amplifier with the voltage gain A
as shown in the Fig. 4.1.

) 0° phase shift
Input signal Mixer Output signal
i, Vo Vo _AD
N
~+—— Fegdback
signal
Feedback

Input and feedback ¥ signal
are in phase with
each other

Fig. 4.1 Concept of positive feedback
@-1
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Assume that a sinusoidal input signal (voltage) V, is applied to the circuit. As
amplifier is non-inverting, the output voltage V, is in phase with the input signal V,. The
part of the output is fed back to the input with the help of a feedback network. How
much part of the output is to be fed back, gets decided by the feedback network gain B.
No phase change is introduced by the feedback network. Hence the feedback voltage Vy is
in phase with the input signal V

Key Point: As the phase of the feedback signal is same as that of the input applied, the
feedback is called positive feedback.

4.2.1 Expression for Gain with Feedback
The amplifier gain is A i.e. it amplifies its input V;, A times to produce output V.

A=

=<

This is called open loop gain of the amplifier.

For the overall circuit, the input is supply voltage V, and net output is V. The ratio of
output V, to input V, considering effect of feedback is called closed loop gain of the
circuit or gain with feedback denoted as A

Ap=

BB

The feedback is positive and voltage V; is added to V, to generate input of amplifier
V. So referring Fig. 4.1 we can write,

Vi= Ve + Vg (1)
The feedback voltage V; depends on the feedback element gain . So we can write,

Substituting (2) in (1),
Vi

Vs + BV,
V, = Vi-BV, - (3
Substituting in expression for A,

v,

- o
RS A

Dividing both numerator and denominator by V;,
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AN
R VAR

A Vo

Af:m . ...EsA:Ti

Now consider the various values of [3 and the corresponding values of A; for constant
amplifier gain of A = 20.

A B Ap

20 0.005 2222

20 0.04 100

20 0.045 200

20 0.05 -
Table 4.1

Conclusions :

The above result shows that the gain with feedback increases as the amount of positive
feedback increases. In the limiting case, the gain becomes infinite. This indicates that circuit
can produce output without external input (V, = 0), just by feeding the part of the output
as its own input. Similarly, output cannot be infinite but gets driven into the oscillations.
In other words, the circuit stops amplifying and starts oscillating.

Key Point: Thus without an input, the output will continue to oscillate whose frequency
depends upon the feedback network or the amplifier or both. Such a circuit is called as an |
oscillator.

It must be noted that P the feedback network gain is always a fraction and hence fj < 1.
So the feedback network is an attenuation network. To start with the oscillations A > 1
but the circuit adjusts itself to get AP = 1, when it produces sinusoidal oscillations while
working as an oscillator.

An oscillator is an amplifier, which uses a positive feedback and without any external

input signal, generates an output form, at a desired freq y-

An oscillator is a circuit which basically acts as a generator, generating the output
signal which oscillates with constant amplitude and constant desired frequency. An
oscillator does not require any input signal. An electrical device, alternator generates a
sinusoidal voltage at a desired frequency of 50 Hz in our nation but electronic oscillator
can generate a voltage of any desired waveform at any frequency. An oscillator can
generate the output waveform of high frequency upto gigahertz.




Analog and Digital Electronics 4-4 Oscillators

4.3 Barkhausen Criterion

180° . Consider a  basic inverting
Phase shift amplifier with an open loop gain A.
/ The feedback network attenuation
Vi A Amplifier 2 factor i is less than unity. As basic
A . V,=av, amplifier is inverting, it produces a
phase shift of 180° between input and

Fig. 4.2 Inverting amplifier output as shown in the Fig. 42.

Now the input V; applied to the
amplifier is to be derived from its output V, using feedback network.

But the feedback must be positive i.e. the voltage derived from output using feedback
network must be in phase with V. Thus the feedback network must introduce a' phase
shift of 180° while feeding back the voltage from output to input. This ensures positive
feedback. ‘

The arrangement is shown in the Fig. 4.3.

180° Phase shift

Feadback
acts as input

Vi= |3v,1

A

Fig. 4.3 Basic block diagram of oscillator circuit
Consider a fictitious voltage V; applied at the input of the amplifier. Hence we get,

Iv°= AV, | (1)

The feedback factor f} decides the feedback to be given to input,
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Substituting (1) into (2) we get,

For the oscillator, we want that feedback should drive the amplifier and hence V; must
act as [V;. From equation (3) we can write that, V; is sufficient to act as V; when,

And the phase of V; is same as V; i.e. feedback network should introduce 180° phase
shift in addition to 180° phase shift introduced by inverting amplifier. This ensures positive
feedback. So total phase shift around a loop is 360°.

In this condition, V; drives the circuit and without external input c1rr:u£t works as an
oscillator.

The two conditions discussed above, required to work the circuit as an oscillator are
called Barkhausen Criterion for oscillation.

The Barkhausen Criterion states that :

1. The total phase shift around a loop, as the signal proceeds from input
through amplifier, feedback network back to input again, completing a
loop, is precisely 0° or 360°.

2. The magnitude of the product of the open loop gain of the amplifier (A)
and the magnitude of the feedback factor B is unity ie. | AP | =1

Satisfying these conditions, the circuit works as an oscillator producing sustained
oscillations of constant frequency and amplitude.

In reality, no input signal is needed to start the oscillations. In practice, AB is made
greater than 1 to start the oscillations and then circuit adjusts itself to get AR =l, finally
resulting into self sustained oscillations. Let us see the effect of the magnitude of the
product AP on the nature of the oscillations.

431 |AB|>1
When the total phase shift around a loop is 0° or 360" and |AJi] > 1, then the output

oscillates but the oscillations are of growing type. The amplitude of oscillations goes on
increasing as shown in the Fig. 4.4.

}\ - [\ e

Fig. 4.4 Growing type oscillations
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432 |AB|=1
As stated by Barkhausen
criterion, when total phase shift

[/\ [N\ [ ... ouing poitoe toctuck and

\/ \/ \/ TMe 1A Bl = 1 then the oscillations
........ . are with constant frequency and
amplitude  called  sustained

oscillations.
Fig. 4.5 Sustained oscillations Such oscillations are shown
in the Fig. 4.5.
433 |AB| =<1
When total phase shift around a
Qutput

loop is 0° or 360° but |AP| < 1 then

the oscillations are of decaying type

ie. such oscillation amplitude

decreases exponentially and the

Time oscillations finally cease. Thus circuit

works as an amplifier without

oscillations. The decaying oscillations

are shown in the Fig. 4.6. '

So to start the oscillations

Fig. 4.6 Exponentially decaying oscillations .. -+ input, |AB| is kept higher
than unity and then circuit adjusts itself to get |AB| = 1 to result sustained oscillations.

4.3.4 Starting Voltage

It is mentioned that no external input is required in case of oscillators. In the earlier
analysis also, the input V; is assumed as fictitious input and practically no such input is
required. The oscillator output supplies its own input under proper conditions. The
obvious question is if no input is required, how oscillator starts ? And where does the
starting voltage come from ?

Every resistance has some free electrons. Under the influence of normal room
temperature, these free electrons move randomly in various directions. Such a movement
of the free electrons generate a voltage called noise voltage, across the resistance. Such
noise voltages present across the resistances are amplified. Hence to amplify such small
noise voltages and to start the oscillations, | Af| is kept greater than unity at start. Such
amplified voltage appears at the output terminals. The part of this output is sufficient to
drive the input of amplifier circuit. Then circuit adjusts itself to get [AB| = 1 and with
phase shift of 360° we get sustained oscillations.
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4.4 Classification of Oscillators

The oscillators are classified based on the nature of the output waveform, the
parameters used, the range of frequency etc. The various ways in which oscillators are
classified as :

4.4.1 Based on the Output Waveform

Under this, the oscillators are classified as sinusoidal and nonsinuscidal oscillators. The
sinusoidal oscillators generate purely sinusoidal waveform at the output. While
nonsinusoidal oscillators generate an output waveform as triangular, square, sawtooth etc.
In this chapter, we are going to discuss only sinusoidal oscillators.

4.4.2 Based on the Circuit Components

The oscillators using the components resistance (R) and capacitor (C), are called RC
oscillators. While the oscillators using the components inductance (L) and capacitor (C), are
called LC oscillators. In some oscillators, crystal is used, which are called crystal oscillators.

4.4.3 Based on the Range of Operating Frequency

If the oscillators are used to generate the oscillations at audio frequency range which is
20 Hz to 100 - 200 kHz, then the oscillators are classified as low frequency (L.E.) or audio
frequency (A.F.) oscillators. While the oscillators used at the frequency range more than
200 - 300 kHz upto gigahertz (GHz) are classified as high frequency (H.F.) or radio
frequency (R.F.) oscillators. The RC oscillators are used at low frequency range while the
LC oscillators are used at high frequency range.

4.4.4 Based on : Whether Feedback is Used or Not ?

The oscillators in which the feedback is used, which satisfies the required conditions,
are classified as feedback type of oscillators. The oscillators in which the feedback is not
used to generate the oscillations, are classified as nonfeedback oscillators. The nonfeedback
oscillators use the negative resistance region of the characteristics of the device used. The
example of the nonfeedback type of oscillator is the UJT relaxation oscillator.

4.5 R-C Phase Shift Oscillator

RC phase shift oscillator basically consists of an amplifier and a feedback network
consisting of resistors and capacitors arranged in ladder fashion. Hence such an oscillator
is also called ladder type RC phase shift oscillator.

To understand the operation of this oscillator let us study RC circuit first, which is
used in the feedback network of this oscillator. The Fig. 4.7 shows the basic RC circuit.
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c'e

it Va=V,
J L e '
Il 6 RéE !R o VR=Vy v, Ve = [Xg

{a) Circuit Fig. 4.7 (b) Phasor diagram

The capacitor C and resistance R are in serics. Now X¢ is the capacitive reactance in
ohms given by, :

The total impedance of the circuit is,
. ; 1 a
Z=R-jX = R-][m] Q= |Z| £-6°Q

The r.m.s. value of the input voltage applied is say V; volts. Hence the current is given
by.

where 1Z] = ‘,R2+(XC)2

—GC
and ¢"“’“[T

From expression of current it can be seen that current I leads input voltage V; by
angle ¢.
The output voltage V,, is the drop across resistance R given by,

The voltage across the capacitor is,
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The drop Vi is in phase with current 1 while the drop V¢ lags current [ by 90° ie.
Ileads V- by 90°. The phasor diagram is shown in the Fig. 4.7 (b).

By using proper values of R and C, the angle ¢ is adjusted in practice
equal to 60°, as required for RC phase shift oscillator.

4.5.1 RC Feedback Network

As stated earlier, RC network is used in feedback path. In oscillator, feedback network
must introduce a phase shift of 180° to obtain total phase shift around a loop as 360°. Thus
if one RC network produces phase shift of ¢ = 60° then to produce phase shift of 180° such
three RC networks must be connected in cascade. Hence in RC phase shift oscillator, the
feedback network consists of three RC sections each producing a phase shift of 60° thus
total phase shift due to feedback is 180° (3x60°). Such a feedback network is shown in the
Fig. 48.

Thioe RC crcuils Qutput of feedback network
Inpt to feedback = ThreaRL draulls =
c . C
it =1

Fig. 4.8 Feedback network in RC phase shift oscillator

The network is also called the ladder network. All the resistance values and all the
capacitance values are same, so that for a particular frequency, each section of R and C
produces a phase shift of 60°

4.5.2 Phase Shift Oscillator using Transistor

In a practical RC phase shift oscillator, a common emitter (CE) single stage amplifier is
used as a basic amplifier. This produces 180° phase shift. The feedback network consists of
3 RC sections each producing 60° phase shift. Such a RC phase shift oscillator using BJT
amplifier is shown in the Fig. 4.9.

The output of amplifier is given to feedback network. The output of feedback network
drives the amplifier. The total phase shift around a loop is 180° of amplifier and 180° due
to 3 RC section, thus 360°. This satisfies the required condition for positive feedback and
circuit works as an oscillator.
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Wee

= 180° Phase
gg 37 c.  T====Cshift due to amplifier
) Ik .
&
Amplfier gain
L A=VyIV,

I.
‘i'— 2R R Tc!

Lilds
a
ARAA
YWV
a
Wy
a

180° Phase
<TET ohif due to feedback

— i === RC Phase shift
= : network

ARA

Fig. 4.9 Transistorised RC phase shift oscillator

The frequency of sustained oscillations gencrated depends on the values of R and C
and is given by,

_ 1
2n6RC

The frequency is measured in Hz.
Actually to satisfy the Barkhausen condition, the expression for the frequency of
oscillations is given by,

Re
where K=—R

As practically Rc/R is small, K is neglected,
The condition of hg, for the transistor to obtain the oscillations is given by,

hy > 4K+23+%
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And value of K for minimum hy, is 2.7 hence minimum hg, = 44.5. So transistor with
hg, less than 44.5 cannot be used in phase shift oscillator.

But for most of practical circuits, the expression for the frequency is considered as,

1
T 2nJeRC

4.5.3 Derivation for the Frequency of Oscillations
Replacing the transistor by its approximate h-parameter model, we get the equivalent
oscillator circuit as shown in the Fig. 4.10.

| © o o ¢
_LJ 11 i 1]
hig ()hfeln Vo 2R R ’ R
Ry
® 1 1

Fig. 4.10 Equivalent circuit using h-parameter model
Practically Ry is used such that h;, of transistor alongwith R; completers the need of R.

I R = h +R; |

Note : If the resistances R; and R, are not neglected then the input impedance of the
amplifier stage becomes as,

i = Ryl Ry || e e ()

Irlsuchacase,mevaluechgmusibesosdectedtl\al

Similarly we can replace, the current source hg, I, by its equivalent voltage source.
And assume the ratio of the resistance R to R be K.
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The modified equivalent circuit is shown in the Fig. 4.11.

Rg = KR c c c
AW I I 1
— hyl R ’ R R
Voltage ehfe ) 3 )
source 1y I, Iy

Fig. 4.11 Modified equivalent circuit

Applying KVL for the various loops in the modified equivalent circuit we get,
For Loop 1,

1
“h Re=rge =l R+l Roh T, Re = 0
Replacing R by KR and joby s we get,
+1 [(I(+1)R+%]—-!2 R = -hfel, KR e (3)
or Loop 2,
—-I.—“-:—CIZ—IZR-IZR+11R+[3R =0
-1;R+1, [ R+-—] IR =0 e (@)
For Loop 3,
1
“lyige aR-1;R+IR = 0
1
_12[{+I3[2R+_§::| =0 .. (5)
Using Cramer’s Rule to solve for I
| L -
i{](-e-‘l)R-rsC R 0
| -R 2R+‘-_C =R

0 ~R 2R+-;—:J

[{l\+1}l'{+ ]{2R+—C] R2|:2R+-;C-,] RZ[(K+1)R+;H
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_ [sRC (K+ 1)+ 1] [2sCR+1]2 R? (2sCR+1) RZ[(K+1)sRC+1]
B 53 3 sC sC

First term can be written as,

[sKRC + sRC + 1] 452C2R2+45RC+1]{53C3

4P KR P+ 4 RBP4 462 C R? + 457 KR? C? 4 45 R? €% 4 4sRC+ sKRC+ sRC+ 1
" s° C

Second and the Third term can be combined to get,

~RZ?[KsRC +sRC+ 1]~R2[1+2sRC]
sC

~[2R? +3sR3 C+ KsR3 C]
sC

Combining the two terms and taking LCM as s°C° we get,
_ 5% O3 R [4K+ 4]+ % C? R? [4K+ 8]+ sRC[5+K]+1-{2R*+3s R C+Ks R? C]s* C?

D

s
_s3C3 R? [3K+1]+s? C? R? [4K+ 6]+ sRC[5+ Kj+1 .
= G0 - (6)
Now
(K+1)R+% -R ~hg, I, KR
1
D; = -R W+ 0
0 -R 0
’ 2
= =R (hy I, KR)
= -KRh I e (7
D
b=
_wp3d 33
_ KR?hg 1, 8% C . ®
53 C3 R3 [3K+ 1]+ sZ C2 R? [4K+ 6]+ sRC [5K+ 1]+ 1
Now I; = Output current of the feedback circuit

I, = Input current of the amplifier
I, = hg Iy = Input current of the feedback circuit

_ Output of feedback circuit _ 15
B = Input to feedback circuit ~ h, T
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And = Input to amplificr circuit

I 1
AB = —S—Xh =2
he Iy 0,

Using equation (9) we get,

~KR3 h s?C3

QOutput of amplifier circuit
= =2 =hg

Ty
Ib

G

Af =
53 €3 R [3K+ 1]+ s2 C? R? [4K+ 6]+ sRC [5K+ 1]+ 1

..-(10)

Substituting s = jo, §* = 2@’ = - @?, & = f©® = —ja? in the equation (10) we get,

o3 el 3
-jo” KR® C h

/\p = e
—j@? C* R? [3K+ 1]-w* C* R? [4K+ 6]+ juRC [5+ K]+1

Separating the real and imaginary parts in the denominator we get,

Ap

-jo’® KR C3hy,

Dividing numerator and denominator by jm3 R3 C3,

Kh

fe

T [-4Ke? €2 R2 —60? C? RY]-jol3K o? R? €3 +w? R? C3 - 5RC -KRC]

(1-4Kw? C? R? ~aw? C? R?)
—jw3 R3 C3

Replacing -1/j = j,
Kh

= fe

{jmlal( @ R? C?+aw? R? C? -5RC -KRC]

—jw’ R3 C3 }

o 1 1K 6
’{ma R3C? ORC mRC}+{3K+1
Replacing -mé—c = a for simiplicity
Kh,,

K
o? R? C? mszCz}

.

" [3K+1-502 —Ka?)+jla’ ~4Ka—60]

As per the Barkhausen Criterion, £ A = 0°. Now the angle of numerator term Khy, of
the equation (11) is 0° hence to have angle of the Ap term as 07, the imaginary part of the

denominator term must be 0.

o’ -4Ka-6a = 0
ala?-4K-6) = 0
a? =

4K + 6 neglecting zero value
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g

=3 =

N =1
i 1}
e
= =
+ +
ol o

1
f= e e
2TRCJ1K+6 -(12)

This is the frequency at which £ AB = 0° At the same frequency, |AB| = 1.
Substituting o = fAK+6 in the equation (11) we get,

Kh,
A = TR H BT K

Kh fe
3K+ 1-20K-30-4K? 6K

Kh fe
—4K? -23K-29

Now | AB| 1

Kh,
—4K? -23K-29

Khg, = 4K?+23K+29

hye =4K+23+% ...(13)

This must be the value of hy, for the oscillations.

.5.4 Minimum Value of hy, for the Oscillations
To get minimum value of hg,,

dhg
=K -0

d 29

3{4K+23+?} =0

-]
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2 _ 29
K=7

K = 2.6925 for minimum hy, . (14)

Substituting in the equation (13),
Midmin = 4(2.6925)+23+m

Key Paint: Thus for the circuit to oscillate, we must select the transistor whose (hﬁl min
should be greater than 44.54. '

By changing the values of R and C, the frequency of the oscillator can be changed. But
the values of R and C of all three sections must be changed simultancously to satisfy the
oscillating conditions. But this is practically impossible. Hence the phase shift oscillator is
considered as a fixed frequency oscillator, for all practical purposes.

sy Example 4.1: Find the capacitor C and by, for the transistor to provide a resonating
frequncy of 10 kHz of a transistorised phase shift oscillator. Assume R; = 25 K,
Ry =570 Rp =200, R = 7.1 k2 and Iy, = 1.8 k2

Solution : Referring to equation (1),
R| = Ry[|R;lihy, =25k 57 k2 || 1.8 k2
1

1.1 .1
R - B'w1s
- R; = 1631k
Now Ri+R; = R
Ry = R-R| =71-1631
547 KQ
Rc 20
K= =71t 2816
Now f —_—
27RCJ6+4 K
10%103 1
2mx7.1x10% xCx [6+4%2.816
C = 539.45 pF
h, = 4K+ 23+ 2 refer equation (13)
fe % equation
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2

h, = 43<2.81E|+2.'3+2.B—I?3

hy 2 44562

4.5.5 Advantages
The advantages of R - C phase shift oscillator are,
1. The circuit is simple to design.
2. Can produce output over audio frequency range.
3. Produces sinusoidal output waveform.

4. Itis a fixed frequency oscillator.

4.5.6 Disadvantages

By changing the values of R and C, the frequency of the oscillator can be changed. But
the values of R and C of all three sections musl be changed simultancously to satisfy the
oscillating conditions. But this is practically impossible. Hence the phase shift oscillator is
considered as a fixed frequency oscillator, for all practical purposes.

And the frequency stability is poor due to the changes in the values of various
components, due to effect of temperature, aging etc.

nmp Example 4.2 : In a RC phase shift oscillator, the phase shift network uses the resistances
each of 4.7 k2 and the capacitors each of 0.47 F. Find the frequency of oscillations.
Solution : The given values are, R=47kQ and C =047 pF
1 1

- - =29.413 Hz
2nJ6RC  2mEx47%10% x047%107®

iy Example 4.3 : Estimate the values of R and C for an output frequency of 1 kHz in a RC
phase shift oscillator.
Solution : f=1KkHz
1

Now f= —
2n6RC
Choose C = 01yF
1
1x10% = ————e
216 Rx01x1076
R = 649.747 Q

Choose R = 6800 standard value
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4.5.7 FET Phase Shift Oscillator
The practical circuit of FET phase shift oscillator is shown in the Fig. 412.

Voo

Fig. 4.12 FET phase shift oscillator

" For the amplifier stage FET is used. It is sclf biased with a capacitor bypassed source
resistance Rg and a drain bias resistance Ry, The important parameters of FET are g, and
rg- From FET amplifier theory we can write,

Al = gmRy . (@7)

Where Ry is the parallel equivalent of Ry, and rg4.

Rp 1y
Ry = Rp+rg e (28)

Key Point : The input impedance of the FET amplifier stage can be conveniently assumed
as infinite, as long as the operating frequency is low enough to neglect the capacitive
impedances.
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The feedback network is again three stage Re network having gain,

Bl = 5%

Al = 29 - o (29)

Hence the condition on gain of the amplifier is same as in case of op-amp, the
frequency of the oscillator is given by,

1
2aRCY6 - (30)

mmp Example 4.4 : A phase shift oscillator is to be designed with FET having g,= 5000 pS,
ry = 4kQ while the resistance in the feedback circuit is 9.7 KXY Select the proper value of C
and Rpy to have the frequency of oscillations as 5 kHz.

Solution : Using the expression for the frequency

—

2nRCY6
1
5%10% = ———
21x9.7x10% x Cx /6
C = 134nF
Now using the equation (27),
. IAI = ngI.
|A] = 29
EmPL 2 29
‘ 29 29
2 —2 — 258kQ
R Bm  5000x107°
With value of R = 6.8 k2,
Rp1y
R = Rp+14
Rp % 40x 102
6.8x10% = —DX=X

Rp +40 x10°
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While for minimum value of R = 5.8 k2
Rp

Rp +40 %103

4.8823 Rp

4.6 Wien Bridge Oscillator

Generally in an oscillator, amplifier stage introduces 180° phase shift and feedback
network introduces additional 180° phase shift, to obtain a phase shift of 360° (2n radians)
around a loop. This is required condition for any oscillator. But Wien bridge oscillator
uses a noninverting amplifier and hence does not provide any phase shift during
amplifier stage. As total phase shift required is 0° or 2nx radians, in Wien bridge type no
phase shift is necessary through feedback.

Key Point : Thus the total phase shift around a loop is 0°.

Rp

Fig. 4.13 Basic circuit of Wien bridge
oscillator

Vin

\ Wien bridge

I+
R,
=

4.4I
zq{rq+

Fig. 4.14 Feedback network of Wien bridge

oscillator

5.8823 Rpy
40x10°

812 kQ

6.78 kQ

Let us study the basic version
of the Wien bridge oscillator and
its analysis.

A basic Wien bridge used in
this oscillator and an amplifier

stage is shown in the Fig. 4.13.

The output of the amplifier is
applied between the terminals 1
and 3, which is the input to the
feedback network. While the
amplifier input is supplied from
the diagonal terminals 2 and 4,
which is the output from the
feedback network. Thus amplifier
supplied its own input through the
Wien bridge as a feedback
network.

The two arms of the bridge,
namely Ry, C; in series and Ry, C,
in parallel are called frequency
sensitive arms. This is because the
components of these two arms
decide the frequency of the
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oscillator. Let us find out the gain of the feedback network. As seen earlier input V, to
the feedback network is between 1 and 3 while output V; of the feedback network is
between 2 and 4. This is shown in the Fig. 4.14. Such a feedback network is called lead-lag
network. This is because at.very low frequencies it acts like a lead while at very high
frequencies it acts like lag network.

Now from the Fig. 4.14, as shown,

1+joR,C
1 JOky ey
4 = MYge T TTec
1
1 eq
2, = Ryl = —2 %
joC, Ro + 1
27 joC,
RZ
% = 13, G, @
Replacing jo=s,
N L
T
R,
and 2 = R, G

Fig. 4.15 Simplified circuit
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Substituting the values of Z, and Z,,

R,
1+sR,C,

P = G R,
[ sCy :|+[“‘chz

= sC Ry
T (1+sR, C)(1+5R; G, )+sC, K,
sC R,
148(R, €, +R, C,)+s? R R, C, C, 4sC, R,
sC R,
14s(R, C, +R; C, +C\R, )+5* R R, C/C,

Replacing s by jo, s=-of
B = 190G, Ry e (3)
(1-o Ry R, C, C, )+jo(R, C; +R, C, +C|R,)

Rationalising the expression,
jIC1R, [(1-0PR R,C,C,) ~j(R, Cy +R,C, +CiRy)]

(1-07R,R,C,C, ) +62(R,C; +R,C, +C,R, )

@ C, Ry (R,C, +R,C; +CR, )+ jaC,R, (1-67 R R, C,C, )
2
(1-0? R;R,C,C, )" +0? (R,C, +R,C, +CR, )

- (4)
To have zero phase shift of the feedback network, its imaginary part must be zero.
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o{1-0?RRCCy) = 0
2

1 .
©° = ————— neglecting zero value.
RR,C Gy &

1
0n = —

YRR GG

2n/RR,C,C, ...{5)

Key Point : This is the frequency of the oscillator and it shows that the components of the
frequency sensitive arms are the deciding factors, for the frequency.

In practice, R, = R, = R and C; = C; = C are selected.
1

2:;,] RIC?

1
2RRC ...(6)

f =

f =

At R, = R; = Rand C; = C; = C, the gain of the feedback network becomes,
5 mZRC(3RC1+ijc(1—m2R2c’)
- (1-o’R? ?)+a? (3RO)’

e I

Substituting f = RC & 9= Re

we get the magnitude of the feedback network at the resonating frequency of the
oscillator as,

3 3 -
B=——g——7 =3

2
04— % (3RO

=
[

=

S
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The positive sign of j indicates that the phase shift by the feedback network is 0°. Now
to satisfy the Barkhausen criterion for the sustained oscillations, we can write,

Ap| =1
1

|A 2—2—-—
TR
3

This is the required gain of the amplifier stage, without any phase shift.
If Ry # R, and C; # C, then

1

2nfR,R,C,C,

Substituting in the equation (4) we get,

B = CiR,
®,C, 7R,C, TC,R;)

W
-

[AB]

R,C; +R,C, +C;R,

A 2
CiRy ... (8)

Another important advantage of the Wien bridge oscillator is that by varying the two
capacitor values simultaneously, by mounting them on the common shaft, different
frequency ranges can be provided.

Let us see the various versions of the Wien bridge oscillator by m:demg various
circuits for the amplifier stage.

4.6.1 Transistorised Wien Bridge Oscillator

In this circuit, two stage common emitter transistor amplifier is used. Each stage
contributes 180° phase shift hence the total phase shift due to the amplifier stage becomes
360° i.e. 0° which is necessary as per the oscillator conditions.

The practical, transistorised Wien bridge oscillator circuit is shown in the Fig. 4.16.

The bridge consists of R and C in series, R and C in parallel, R; and R;. The feedback
is applied from the collector of Q, through the coupling capacitor, to the bridge circuit.
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i
T

t
R L H
< < '
4.519 = '
3 E: |
c H
Foad T )
back O !
network :
]
]
R c < i
Re23 i
9 [l
O L]
T
i
1
1

§
= f

b
J__ Stage 1

Fig. 4.16 Transistorised Wien bridge oscillator

The resistance R, serves the dual purpose of emitter resistance of the transistor Q; and
also the element of the Wien bridge.

The two stage amplifier provides a gain much more than 3 and it is necessary to
reduce it. To reduce the gain, the negative feedback is used without bypassing the
resistance Ry The negative feedback can accomplish the gain stability and can control the
output magnitude. The negative feedback also reduces the distortion and therefore output
obtained is a pure sinusoidal in nature. The amplitude stability can be improved using a
nonlincar resistor for Ry Due to this, the loop gain depends on the amplitude of the
osmllahom Increase in the amplitude of the oscillations, increases the current through
resi , which Its into an increase in the value of nonlinear resistance Ry
When this value increases, a greater amount of negative feedback is applied. This reduces
the loop gain. And hence signal amplitude gets reduced and controlled.

4.6.2 Wien Bridge Oscillator using FET

As a single stage FET amplifier gives a phase shift of 180° and it is required to have
360° phase shift from amplifier stage, the two stages of FET amplifier is the feature of the
Wien bridge oscillator using FET.

The basic feedback network of Wien bridge remains same. Hence the condition of the
oscillations, remains same.

The practical circuit of Wien bridge oscillator using two stage FET amplifier is shown
in the Fig. 4.17.

The RC series and parallel combination forms the frequency sensitive arms of the Wien
bridge. The resistances R; and R, form the part of the feedback path. The unbypassed
source resistance R, provides the negative feedback required for gain stabilization. The



Analog and Digital Electronics 4-26 Oscillators

amplifier gain is the product of the gains of the two stages. The operation of the circuit is
similar to the Wien bridge oscillator circuit with op-amp.

Forward path [Includes two slages]
% . a+Vpp
Rp Ry
R Ry |
. c
Feedbach T FET 1 FET 2
network
R ce 2 Ry Ry C,
RS 3Ry
2
11

Fig. 4.17 FET Wien bridge oscillator
Key Point : All the conditions derived earlier for the oscillating conditions are equally
applicable to this circuit.
mmp Example 4.5 : The frequency semsitive arms of the Wien bridge oscillator uses
Cy=Cy=0.001 uF and R; = 10 k2 while R, is kept variable. The frequency is to be varied
from 10 kHz to 50 kHz, by varying R,. Find the minimum and maximum values of R;.

Solution : The frequency of the oscillator is given by,

1
f - ee—_—_———
2n.,“R1R2C‘C2
For f = 10 kHz,
10x10% = !

2r J(wme xR, ><(JJ.001><'1€|"5)2

R, = 2533 kO
For f = 50 kHz
50x103 = 1

ZH.J(lﬂxlﬂ"'szx(U.Dlelﬂ“’)z

R, = 1013 ko
So minimum value of R, is 1.013 i while the maximum value of R, is 25.33 ki
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4.7 Comparison of RC Phase Shift and Wien Bridge Oscillators

The similaritics and the differences between the two oscillators are given in the

Table 4.2.

Sr.
No.

RC Phase Shift Oscillator

Wien Bridge Oscillator

]

It is a phase shift oscillator used for
low frequency range.

It is also a phase shift oscillator
used for low frequency range,

2)

The feedk k is RC
with three RC sections.

The f is lead-lag
network which is called Wien bridge
circuit.

3)

The feedt 180°

phase shift.

The feedback network does not
introduce any phase shift

4) Op-amp is used in an inverting mode. | Op-amp is used in non-inverting
mode.

Op-amp circuil does not introduce
any phase shift.

The frequency of oscillations is,

5) Op-amp circuit introduces 180° phase
shift.

6) | The frequency of oscillations is,
1 1

f= | -
2nRCY6 ZnRC
] The amplifier gain condition is, The amplifier gain condition Is,
A} 229 LYEE]
8) The frequency variation is difficult. Aounting the two on

common shaft and varying their
values, frequency can be varied.

Table 4.2

4.8 Tuned Oscillator Circuits

The oscillators which use the clements L and C to produce the oscillations are called
LC oscillator or tuned oscillators. The circuit using elements L and C is called tank circuit
or oscillatory circuit, which is an important part of LC oscillators. This circuit is also
referred as resonating circuit, or tuned circuit. These oscillators are used for high frequency
range from 200 kHz upto few GHz. Due to high frequency range, these oscillators are
often used for sources of RF (radio frequency) energy. Let us study the basic action of LC
tank circuit first.
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4.8.1 Operation of LC Tank Circuit
The LC tank cireuit

Charging consists of elements L and

} current
+* ] C connected in ‘parallel as
D.C. ++ 4l + c

c t Souve, T shown in the Fig, 4.18.
_*o [ Let capacitor is

initially charged from a
Fig. 4.18 LC tank circuit Fig. 4.19 Initial charging 3 .  ‘source with the

polarities as shown in the Fig. 4.19.

When the capacitor gets charged, the energy gets stored in a capacitor called
electrostatic energy. When such a charged capacitor is connected across inductor L in a
tank circuit, the capacitor starts discharging through L, as shown in the Fig. 4.20. The
arrow indicates direction of flow of conventional current. Due to such current flow, the
magnetic field gets set up around the inductor L. Thus inductor starts storing the energy.
When capacitor is fully discharged, maximum current flows through the circuit. At this
instant all the electrostatic energy get stored as a magnetic energy in the inductor L. This
is shown in the Fig. 4.21.

Capa::lislor /___ Mag field
sta built
discharging e d _L around L
+fpu— c L
Fig. 4.20 Fig. 421

Now the magnetic field around L starts collapsing. As per Lenz's law, this starts
charging the capacitor with opposite polarity making lower plate positive and upper plate
negative, as shown in the Fig. 4.22.

After some time, capacitor gets fully charged with opposite polarities, as compared to
its initial polarities. This is shown in the Fig. 4.23. The entire magnetic energy gets
converted back to electrostatic energy in capacitor.

Magnetic Cgets
field starts ppositely
collapsing charged

2]
|

+
+

Fig. 4.22 Fig. 4.23



Analog and Digital Electronics 4-29 Oscillators

Capacitor Now capacitor again starts discharging through
slarts inductor L. But the direction of current through
discharging

circuit is now opposite to the direction of current
opu— earlier in the circuit. This is shown in the Fig. 4.24.
Again electrostatic energy is converted to magnetic
energy. When capacitor is fully discharged, the
magnetic field starts collapsing, charging the
capacitor again in opposite direction.

Key Point: Thus capacitor charges with alternate polarities and discharges producing
alternating current in the tank circuit.

Fig. 4.24

This is nothing but oscillatory current. But every time when energy is transferred from
CtoL and L to C, the losses occur due to which amplitude of oscillating current keeps on
decreasing everytime when energy transfer takes place. Hence actually we get
exponentially decaying oscillations called damped oscillations. These are shown in the
Fig. 4.25. Such oscillations stop after sometime.

/\/\ llll /\ Time
______ \/ M.

Fig. 4.25 Damped oscillations
Key Point : In LC oscillator, the transistor amplifier supplics this loss of energy at the
proper times.

The care of proper polarity is taken by the feedback network. Thus LC tank circuit
alongwith transistor amplifier can be used to obtain oscillators called LC oscillators. Due to
supply of energy which is lost, the oscillations get maintained hence called sustained
oscillations or undamped oscillations.

The frequency of oscillations generated by LC tank circuit depends on the values L
and C and is given by,

1
2 nJLC

where L is in henries and C is in farads.
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4.8.2 Basic Form of LC Oscillator Circuit

As stated earlier, LC tuned circuit forms the feedback network while an op-amp, FET
or bipolar junction transistor can be active device in the amplifier stage. The Fig. 4.26 (a)
shows the basic form of LC oscillator circuit with gain of the amplifier as A,. The
amplifier output feeds the network consisting of impedances Z,, Z; and Z;. Assume an
active device with infinite input impedance such as FET or op-amp. Then the basic circuit
can be replaced by its linear equivalent circuit as shown in the Fig. 4.26 (b).

Amplifier stage

+ o

-——————

=0 -
Feedback V; |
voltage :

(a) Basic form of LC oscillators

{b) Equivalent circuit
Fig. 4.26

Amplifier provides a phase shift of 180°, while the feedback network provides an
additional phase shift of 180°, to satisfy the required condition.
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i} Analysis of the amplifier stage

As input impedance of the amplifier is
infinite, there is no current flowing towards the
input terminals. Let R, be the output impedance
of the amplifier stage.

As [ = 0, Z), Z; appears in series and the
combination in parallel with Z,. The equivalent
be Z; ie. load impedance. So circuit can be
reduced, as shown in the Fig. 4.27.

A
= R, +Z -
While vV, =17 e (2
~A V. Z
V. = ViiTL
° R, +Z,
Vo _ a4 _"AVZ
V_i“A“ Ry +Z, o (3)
where A is the gain of the amplifier stage.
ii) Analysis of the feedback stage
] + For the feedback factor () calculation,
consider only the feedback circuit as shown in
% the Fig. 4.28.
- L Ve From the voltage division in parallel circuit,
z we can write,
Wy 1 z
- 1
oo V=V, [21 +Zs] @
Fig. 4.28 B/ Zy .5

v, “Pe 77,

o

But as the phase shift of the feedback network is 180

Zl
ﬁ=—m (]

Obtain an expression for — AP as basic Barkhausen condition is — AP = 1. Refer
Equation (4) of the section 4.3.
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- —AvZZ,
AB = (Ro+Z )x(Z,+2Z5) - @
This is the required loop gain. Now Z;, can be written as (Z,+2;) ] 2, ie.
o Z2(2442Zy)
A = Z w207, ~ (8
Z,(Z,+Z )]
—ALZ =2 3t
_ap - v l[z,+zz+zJ
R Za (Z)+24) 7 47
otz 3z, vz, |Gt )
o . (Z,+Z,)
Dividing numerator and der ator by 7,2, 42y
= “AvZ 7,
T (R (£ +Z,+2Z4)
[sz}-—-ﬂz (Z,+2,)
- ~AvZ 2 ©
R, 2, +2,+ 23 )+ 2, (Z,+Z;) -
As Z; Z; and Z; are the pure reactive elements,
Z) = Xy Zp=iX andZy=ijX,
where X = @l for an inductive reactance
-1
and X = e for a capacitive reactance.
_AB = 'Av(jxﬁ(jxg)
Ry (X, +3X, +jX3)+jX, (X, +iX;)
= AvXX,
— AP ¢ X, +X;)+ 1R, (X, + X, + X5 - (10)

To have 180° phase shift, the imaginary part of the denominator must be zero.
,-_Lxl+x2+x3=u . (17)

Substituting in the equation (10),

=AyX, X
~ AR = vA14s
AP X, (X, +X3)

But from the equation (11), X; + X3 =-%;
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v Ay [;‘_;] . (12)

According to the Barkhausen criterion, -~ AP must be positive and must be greater than
or equal to unity. As Ay is positive, the — AB will be positive only when X; and X; will
have same sign. This indicates that X; and X; must be of same type of reactances either
both inductive or capacitive.

While from the equation (11), we can say that X3=-(X; + X;) must be inductive if
X, X3 are capacitive while X3 must be capacitive if X;, X; are inductive.

Table 4.3 shows the various types of the LC oscillators depending on the design of the
reactances X;, X; and X;. ‘

Oscillator type Reactance elements in the tank circuit
% X2 X3
Hartley Oscillator L L c
Colpitts Oscillator [+ [ L
Table 4.3

4.9 Hartley Oscillator
As seen earlier, a LC oscillator which uses two inductive reactances and one capacitive
reactance in its feedback network is called Hartley Oscillator.

4.9.1 Transistorised Hartley Oscillator

The amplifier stage uses an active device as a transistor in common emitter
configuration. The practical circuit is shown in the Fig. 4.29.

Vo

Amplifier produces
> 180° phase shift

+Veg

Tank circuit
adds further
180° phase shift

Fig. 4.29 Transistorised Hartley oscillator
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The resistances R, and R, are the biasing resistances. The RFC is the radio frequency
choke. Its reactance value is very high for high frequencies, hence it can be treated as open
circuit. While for d.c. conditions, the reactance is zero hence causes no problem for d.c.
capacitors.

Hence due to RFC, the isolation between a.c. and d.c. operation is achieved. Ry is also
a biasing circuit resistance and C is the emitter bypass capacitor. C) and Cg, are the
coupling capacitor.

The common emitter amplifier provides a phase shift of 180°. As emitter is grounded,
the base and the collector voltages are out of phase by 180° As the centre of Lj and L, is
grounded, when upper end becomes positive, the lower becomes negative and viceversa.
So the LC feedback network gives an additional phase shift of 180° necessary to satisfy
oscillation conditions.

4.9.2 Derivation of Frequency of Oscillations

The output current which is the collector current is hgJ, where I, is the base current.
Assuming coupling condensers are short, the capacitor C is between base and collector.
The inductance L; is between base and emitter while the inductance L, is between
collector and emitter. The equivalent circuit of the feedback network is shown in the
Fig. 4.30.

Input to @
feedback

<
Iz

h(elbc) Ly Ly Nie

Fig. 4.30 Equivalent circuit
As h;, is the input impedance of the transistor. The output of the feedback is the
current Iy which is the input current of the transistor. While input to the feedback network
is the output of the transistor which is I. = hgly, converting current source into voltage

source we get,
T T
Vo %) Ly gs"m Vi
l |

Fig. 4.31 Simplified equivalent circuit

v

:”—u
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Vo = hly X, = hely jol, )
Now L; and h;, are in parallel, so the total current I drawn from the supply is,
-V,
- (2

T X, X 1+[x,_l %)

Negative sign, as current direction shown in opposite to the polarities of V.

Now XL1+XC = ]mLQ+mC
oLy
and Xy, Iy = GoL, +h,)
Substituting in the equation (2) we get,
. ~hg I, joL, . 6)
oL 4L 1 joL h;,
Jols + ot |* GoL, 71
Replacing joby s,
- —shg L,
L 1 sLih;,
[“ 2+sc] (sL,+h )
—shg I, L,

[14s°L, C)  sLjh,
sC (sL|+h“)
~shyI L, (sC)(sL; +h;,)
[1+s2L, C][sL, +h;,] +(sC) (sL;h;,)

-5% hp Iy L,C(s L, +h;.)
s3L,L,C+sL, +h;, +s2L,Ch,, +s?L,Ch;

e

—32 helylaC(sLy+hy)
$L,L,C+5%C h (L +L, )+sLy +h,,

According to current division in parallel circuit,
Xy
- 1

b= DxTn,

jeoL

(ijl +hm)

= 1Ix
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Ib = Ix _S_LI_
(sL, +h;.)

Substituting value of I from equation (3} in (4),
L = -5 hfchLEC(sL +h;.) « sk,
[} (L,L;€) +52C hy (L, +Ly )+sLy +h, ] 6Ly +hi)

_ -s3h [,CL L,
s3(L,L,C)+52Ch (L, +L, )+sL;h,,

_ -s’h CLL,
$3(L,L,C)+s2Ch (L, +L, )4sL; +h

Snbsu{uﬁ.ngs—jms = -7, ° = - jo? we get
P i’ hgCL L,
—j@’L,L,C~?Ch (L, +L, )+joL, +h,

= j“-"lh'mCLle
(b, —~@?Chy (L, +L, )]+ joL, (1-0*L,C)

Rationalising the R.H.S of the above equation,
j0Ph g CL L, [hy, —@?Chy (L, +L,)-joL, (1-aL,C)]

[h;, ~@?Ch; (L, +L,)]? +a? 12 (1-a?L,C)2

_0'h L, C(1-0? L, O + jo’hy Ly LyChyp -0 Chyo(Ly +L,)
[hje -0 Chy (L, + L) +0? 1} (1-? 13 1,02

To satisfy this equation, imaginary part of R. H. S. must be zero.
» @ hg LLC [hye — 0 hyeC (Ly + L)) = 0
a?hfehkLleC[l—mzC(L]+IQ)] =0

1-dC@L+Ly) =0
o =

1
T, +Ly)

1

™)

1

T T, L)

. (@)

.. (5

(6)

- (@

- (8)
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This is the frequency of the oscillations. At this frequency, the restriction of the value
of hy, can be obtained, by equating the magnitudes of the both sides of the equation (7).

o'h 131, C0-0?L,Q 1
e s s at i —m——— -
0+e? 13(1-0? L, O3 JCL, +L,)
1 = hfl_ LZ t o= 1
(1-e?L, C} JC@L{+Ly)
h 1.z _hy r.2

-
I

[1 C(L, +L2]] '

hee = 7+ N0

This is the value of hy, required to satisfy the oscillating conditions.
For a mutual inductance of M,

CL+M
he = L;+M .. (10)

Now L; + L, is the equivalent inductance of the two inductances L; and L,, connected
in series denoted as

Hence the frequency of oscillations is given by,

1

= ?ﬂ?_t: .. (12)

Key Point: So if the capacitor C is kept variable, frequency can be varied over a large range
as per the requirement.

In practice, L; and L, may be wound on a single core so that there exists a mutual
inductance between them denoted as M.

In such a case, the mutual inductance is considered while determining the equivalent
inductance Le‘! Hence,

i Lg=Lij+L,+2M . (13)
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If L, and L; are assisting each other then sign of 2M is positive while if L, and L; are
in series opposition then sign of 2M is negative.

The expression for the frequency of the oscillations remain same as given by (12).

A practical circuit where the mutual inductance exists belween L; and L, of
transistorised Hartley oscillator is shown in the Fig. 4.30.

*Vee

Tank circuit

t— Tapped inductor coil
E Juge
'L

Fig. 4.32 Another form of transistorised Hartley oscillator
Key Point : The Hartley oscillators are widely used in the radio receivers as local
oscillators.

lmp Example 4.6 : In a transistorised Hartley oscillator the two inductances are 2 mH and
20 pH while the frequency is to be changed from 950 kHz to 2050 kHz. Calculate the
range over which the capacitor is to be varied.

Solution :  The frequency is given by,

) 1

f= —
2r [CLy)
where Ly = L+ L =2x1073+20x107 = 0.00202
For f = fo. = 2050 kHz
2050x10° = — L
27,/Cx0.00202
C = 298 pF
For = finin = 950 kHz
950%10% = — 1
2%,/ Cx 000202
C = 13.89 pF
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Hence C must be varied from 2.98 pF to 13.89 pF, to get the required frequency
variation.
4.9.3 FET Hartley Oscillator

If FET is used as an active device in an amplifier stage, then the circuit is called FET
Hartley oscillator. The practical circuit is shown in the Fig. 4.33.

Fig. 4.33 FET Hartley oscillator
The resistances R;, R; bias the FET along with R, The C, in the source bypass
capaditor. To maintain Q point stable, coupling capacitors C¢y, Cc are used. These have
very large values compared to capacitor C. The tank circuit is shown in a box.
We know,
Xp+ Xy + X3 =0

And X = joly X = joly and X3 = -2
Solving for w, we get the same expression for the frequency as derived earlier.
P |
ZI'E‘HCLO‘1
where | Lg=Ly+LyorLy +L; +2 M

This is dependent on whether L;, L, are wound on the same core or not.
If L, = L, = L, then the frequency of oscillations is given by,

1
= e yic - (14)
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imp Example 4.7 :  Calculate the frequency of oscillations of a Hariley oscillator having
Ly=05mH, Ly =1mH and C = 0.2 pF.

Solution : The given values are,
Ly = 05mH, Ly=1mH C=02uF
1

Now f= ——e"
2n fL,C
and Leq=L.1+l.2=ﬂ.5+1=1,5mH

1
274/1.5%1073 % 0.2x10~®

-
[

= 9.19 kHz

4.10 Colpitts Oscillator

An LC oscillator which uses two capacitive reactances and one inductive reactance in
the feedback network i.e. tank circuit, is called Colpitts oscillator.

4.10.1 Transistorised Colpitts Oscillator

The amplifier stage uses an active device as a ftransistor in cc emitter
configuration. The practical circuit is shown in the Fig. 4.34.

+. Amplifier produces
180° phase shif

Tank circuit

180° phase shift

Fig. 4.34 Transistorised Colpitts oscillator

The basic circuit is same as transistorised Hartley oscillator, except the tank circuit. The
common emitter amplifier causes a phase shift of 180°, while the tank circuit adds further
180° phase shift, to satisfy the oscillating conditions.
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4.10.2 Derivation of Frequency of Oscillations

© As scen earlier, the output
bk Tt current I, which is hy, I, acts as
input to the feedback network.
While the base current I, acts as
the output current of the tank
circuit, flowing through the input
_L ® impedance of the amplifier h;,. The
- equivalent circuit of the tank
circuit is shown in the Fig. 4.35.

Mol

11
1
[+]
L)
|
1
o
=
&

c, L lo Converting the current source
A —=c, he into the voltage source. We get the
equivalent circuit as shown in the

l Fig. 4.36.

Fig. 4.36 Simplified equivalent circuit
1
Vo = bely xcz =hg Ihi'mcz A1)
The total current I, drawn from the supply is,

- 'vo
I = [xol+xl‘]+[xc‘ iTh,] - @

The negative sign is because the current direction is assumed in the opposite direction
to that, would be due to the polarities of V.

1 .
N X, = + jol
ow X + XL oG, i

1
Exhie

1
[

[}

and Xep I by
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Substituting in the equation (4.79),

. 1
e
X -

_|u:|C!

[ tl:lC2 +_|mL]+

h‘=+ju}C

' Replacing joby s,

+E

1
~hg It{@]

(1+s? LC) [
sC, 1+sC hy

h&l[ ](sCI](I+sCIh‘-c}

(1+s2 LCy ) (1+5C, by )#sCy by,
—hg I, (1+3C, b,,)
$3LC Chy +s?LC, +sC hy +1+sC, by,

~hg 1, (1+sC hy)
s? LG Cyhy +s? LC, +sh, (C, +C, )1

According to the current division in the parallel circuit,

Xc, > Jac,

=1 =
b ><(}((:1"']‘ie) {h 1

b —
0 joC,

I
b= v

e

- (@

.- (5)
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Substituting value of 1 from the equation (4), in (5), we get
=hg I, (1+8C, h;,) 1
= x
$3LC C h, +s2LC, +ih,(C, +Cy)+1 U+sCihi)

“hely
s LC Cyhy +82 LG, +8h, (C) +Cy)+1

-h
1= fe e (6)
83 LC Cyh, +5s2LCy +5h, (C; +Cy)+1

Replacing s by jo, and s* by — o and s° by - jo
_hfe
-jo® L& C, hy, ~0? LC, +joh,, (Cy +C,)+1

= _hf: " m
(1-0? LC,)+joh, [C, +C, @ LC, G,]

There is no need to rationalize this as there are no j terms in the numerator, as in the
equation (6 of 4.10.2).

It can be seen that, to satisfy the equation, the imaginary part of the denominater of
the right hand side must be zero.

oh [C, +C,-w? LC, C,] =

[l
(=]

]
=]

€, +C-e? LC, G,

.G 1
B LCI C2 _L- CIC2
(€, +Cy)

1
C G
L[(Cl “Cz)]

Now Cc’fé is nothing but the equivalent of two capacitors C; and C; in series.
176




Analog and Digital Electronics 4-44 Oscillators

1
W= -
fo_ L
2m;Lc:; -A9)

This is the frequency of the oscillations in the Colpitts oscillator.

Substituting this frequency in the equation (7) and equating the magnitudes of the both
sides, the restriction on the value of hg, can be obtained as,

=&
hy, C ...(10)

Thus the behaviour of Colpitts oscillator is similar to the Hartley oscillator, as basic LC
oscillator circuit is same, except the tank circuit.
Key Point: The Colpitts oscillator is very commonly used as local oscillator in
superheterodyne radio receiver.

4.10.3 Colpitts Oscillator using FET

If in the basic circuit of Colpitts oscillator, the FET is used as an active device in the
amplifier stage, the circuit is called as FET Colpitts oscillator. The tank circuit remains
same as before. The working of the circuit and oscillating fequency also remains the same.

The practical circuit of FET Colpitts oscillator is shown in the Fig. 4.37.

m Forward path

CzT P
2rVLC
eq
C|—L JT- CiC,
Cua= T30,
|
Feedback path

Fig. 4.37 FET Colpitts oscillator
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iy Example 4.8 : Find the frequency of the oscillations of transistorised Colpitts oscillator
having tank circuit parameters as C; = 150 pF, C; = 1.5 nFand L = 50 pH.

Solution :  The equivalent capacitance is given by,

G €, _ 150x102x1.5x107°

C = =
“ C+C  150%x10712 +1.5%10™°
= 136.363x10712 F
NDW f = ;
2 r:,fLCucl

1
2150100 x136.363x 1012

= 1.927 MHz

hmp Example 4.9 : In a Colpitts oscillator, C; = C; = C and L = 100 pH. The frequency of
oscillations is 500 kHz. Determine value of C.

Solution :  The given values are,

L = 100pH, C; =Cy=C and =500 kHz
1
Now f = ——
Jl:':.,ﬂ..ccq
500x10° = +
2rf100x1076 xC g
(500x10%)? = 1

4n2x100x107¢ xCyy

C, = 10132x10™° F

o
C!CZ
but Cy = ghe; ad G=G=C
c . oxc_c

@ = T+C 2
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1.0132%x1077

e
)

C = 2.026x10° F = 2.026 nF

4.11 Clapp Oscillator

To achieve the frequency stability, Colpitts
oscillator circuit is slightly modified in practice,
called Clapp oscillator. The basic tank circuit

L c, with two capacitive reactances and one inductive
P_L reactance remains same. But the modification in
= the tank circuit is that one more capacitor C; is

Cy = .
%J ! introduced in series with the inductance as
; shown in the Fig. 4.38. '

The value of C; is much smaller than the
Fig. 4.38 Modified tank circuit  y,jues of C, and C, Now the equivalent
capacitance becomes,

Cy

—_— = e — e (1)
Cq G GG
While the oscillator frequency is given by the same expression as,
f=—— 1
2nfLC, - @)
Suppose C, = C; = 0.001 pF, L = 15 pH and the new capacitor C5 = 50 pF
1 1 1 1
s0, —— = e
Cq C, C G
Ceq = 4.545x107"!
f= 1
2nfL Ceq

I

27,/15% 107 x 4.545% 50x 101!

6.09 MHz
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If C; and C; are neglected then Cpg = C3
2rfLC; 27 15%1076 x 50x 10712

The frequencies are almost same, hence in practice the C;, C; values are neglected and
C3 is assumed to be C.,. Hence the frequency is given by,

= 5.82 MHz

_ 1

f= e e )

Now across C;, there is no transistor parameter and hence the frequency of the Clapp
oscillator is stable and accurate. The transistor and stray capacitances have no effect on C5
hence good frequency stability is achieved in Clapp oscillator. Hence practically Clapp
oscillator is preferred over Colpitts oscillator. The transistorised Clapp oscillator is shown
in the Fig. 4.39.

Fig. 4.39 Transistorised Clapp oscillator

Another advantage of C; is that it can be kept variable. As frequency is dependent on
C,, the frequency can be varied in the desired range.

4.11.1 Derivation of Frequency of Oscillations

The derivatics: is similar to the Colpitts oscillator with C; in series with L in the
cequivalent circuit of transistorised Clapp oscillator. The equivalent circuit is shown in the
Fig. 4.40.
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© 4 @

h(-’b()

1
1
o
»
1
L
&

Fig. 4.40

Converting current source to voltage source we get the equivalent circuit as shown in
the Fig. 441.

Fig. 4.41
Vo = hely X,
1
= I Co—— vau 4
he I oc; @
-V,
I = ° e (8]
[XC-_, +)(C3 +X I+ [XCI” hiel ®

The negative sign as the direction of I is assumed opposite to that which voltage
source will force the current I through the circuit.

XC2 +XC3 - XL =

1 1 .
— + N + ﬁ)]-
joC, * joCy !

1

jac, <Me

Xe, e

1
E"'hie
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Replacing jo by s,

Substituting I,

sC,y hy,

[
I+§+s LC2+(1+5C1 )

—he1,-Cy

Ci+Cy+s2LC,Cy+

~h,, 1, Cy (1+5C, hy)

sC, Cyhye
(1+sC; h

ie)

...(6)

...multiplying by sC,

to denominator

C;+5C; Cy hyp+ Cy+5C, Cy hio+s? LC, Cy

+s3LC, C, Cyhy+sC, Cy by,

“h I, €3 (145G, hye)

s3LC, CCy hy+s? LG, C;4

+5h;, [C Ca+CC, +CCH G +Cy

1
X
I =

IX lx—l-
Cy joCy sCy

» =
Xe *he 1 770
joc; " e 5

T d+sC Ry

~h I, C; (1+5C; hy)

.. (8)

. 19)

1

§3 LC, C,C3 h;,+s? LC, Cy

*AFsC by

+8h [Cy C3+C G +Cy i)+ G +Cy
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~he Gy
1 =
s3LC, C,Cyh;+5? LG, C,
+eh (G GG G+ G G+ G+ Gy

Substituting s = jo, & =]2c+:.2 = - w?, sﬁ:—juﬁ

~h;, Cy
-jo® LC; C,C4 hy-0? LC,C4
+joh, [CC, +CC, +CC I+ C, +Cy

_hfec:!

1=
C, +C3—w? LC,C; +joh;, f[C; C, +C, Cy +C3 Cq]-0? LC; C, Cj)

.. (10)

As there is no imaginary part in numerator, to satisfy Barkhausen criterion, imaginary
part in the denominator must be zero. But wand h;, are not zero hence,

CiCy + CC3 + C3Cy = 02 L C; G G = 0
C;C,+C, C3+C, €

o = LC, G, C,
1,11 1
ISR R R
L L
P R S
LC,
o= 1
= e (11
LCy an

Ty rom . (12)

1.1 .1
SRR

where

2
Ceq

ButasC3<<Cla.ndC2,C,=q=C3

_ 1

f-ﬁ . (13)

This is the required frequency of oscillations for the Clapp oscillator.
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4.11.2 Advantages
1. The frequency is stable and accurate.
2. The good frequency stability.
3. The stray capacitances have no effect on C; which decides the frequency.
4, Keeping C, variable, frequency can be varied in the desired range.

4.12 Frequency Stability of Oscillator

For an oscillator, the frequency of the oscillations must remain constant. The analysis
of the dependence of the oscillating frequency on the various factors like stray capacitance,
temperature etc. is called as the frequency stability analysis.

The measure of ability of an oscillator to maintain the desired frequency as precisely as
possible for as long a time as possible is called frequency stability of an oscillator.

In a transistorised Colpitts oscillator or Hartley oscillator, the base-collector junction is
reverse biased and there exists an internal capacitance which is dominant at high
frequencies. This capacitance affects the value of capacitance in the tank circuit and hence
the oscillating frequency.

Similarly the transistor parameters are temperature sensitive. Hence as temperature
changes, the oscillating frequency also changes and no longer remains stable. Hence
practically the circuits cannot provide stable frequency.

In general follow'ng are the factors which affect the frequency stability of an oscillator :

1. Due to the changes in temperature, the values of the components of tank circuit
get affected. So changes in the values of inductors and capacitors due to the
changes in the temperature is the main cause due to which frequency does not
remain stable.

2. Due to the changes in temp e, the p ters of the active device used like
BJT, FET get affected which inturn affect the frequency.

3. The variation in the power supply is another factor affecting the frequency.

4. The changes in the atmospheric conditions, aging and unstable transistor
parameters affect the frequency.

5. The changes in the load connected, affect the effective resistance of the tank circuit.

6. The capacitive effect in transistor and stray capacitances, affect the capacitance of
the tank circuit and hence the frequency.

The variation of frequency with temperature is given by the factor denoted as S.

Ao @,

So T = 317 T,

parts per million per °C (1)
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where desired frequency

- E
"o

, operating temperature
Aw = change in frequency
AT = change in temperature
The frequency stability is defined as,

de
Sm= Iﬂ (2]

where dff = phase shift introduced for a small frequency change in desired frequency

Key Point: Larger the value of d&/do, more stable is the oscillator.

The frequency stability can be improved by the following modifications :
1. Enclosing the circuit in a constant temperature chamber.
2. Maintaining constant voltage by using the zener diodes.

3. The load effect is reduced by coupling the oscillator to the load loosely or with the
help of a circuit having high input impedance and low output impedance.

4.13 Crystal Oscillators

The erystals are either naturally occurring or synthetically manufactured, exhibiting the
piezoelectric effect. The piezoelectric effect means under the influence of the mechanical
pressure, the voltage gets generated across the opposite faces of the crystal. If the
mechanical force is applied in such a way to force the crystal to vibrate, the a.c. voltage
gets generated across it. Conversely, if the crystal is subjected to a.c. voltage, it vibrates
causing mechanical distortion in the crystal shape. Every crystal has its own resonating
frequency depending on its cut. So under the influence of the mechanical vibrations, the
crystal generates an electrical signal of very constant frequency. The crystal has a greater
stability in holding the constant frequency. A crystal oscillator is basically a tuned-circuit
oscillator using a piezoelectric crystal as its resonant tank circuit. The crystal oscillators are
preferred when greater frequency stability is required. Hence the crystals are used in
watches, communication transmitters and receivers etc. '

The main substances exhibiting the piezoclectric effect are quartz, Rochelle salt and
tourmaline. Rochelle salts have the greatest piezoelectric activity. For a given a.c. voltage,
they vibrate more than quartz or tourmaline. Hence these are preferred in making
microphones associated with portable tape recorders, headsets, loudspeakers etc. Rochelle
salt is mechanically weakest of the three and break very easily. Tourmaline shows least
piezoelectric effect but mechanically strongest. The tourmaline is most expensive and hence
its use is rare in practice Quartz is a compromise between the piezoelectric activity of
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Rochelle salts and the strength of the tourmaline. Quartz is inexpensive and easily
available in nature and hence very commonly used in the crystal oscillators.

Key Point: Quartz is widely used for RF oscillators and the filters.

4.13.1 Constructional Details

I ~Holding plate

m_(.:rystal slab

Fig. 4.42 Symbolic

representation of a crystal

4.13.2 A.C. Equivalent Circuit

Fig. 4.43 A.C. equivalent

circuit of a crystal

as in the Fig. 4.43.

The natural shape of a quartz crystal is a
hexagonal prism. But for its practical use, it is cut to
the rectangular slab. This slab is then mounted
between the two metal plates.

The symbolic representation of such a practical
crystal is shown in the Fig. 442. The metal plates
are called holding plates, as they hold the crystal
slab in between them.

When the crystal is not vibrating, it is equivalent
to a capacitance due to the mechanical mounting of
the crystal. Such a capacitance existing due to the
two metal plates separated by a dielectric like crystal
slab, is called mounting capacitance denoted as Gy
or C.

When it is vibrating, there are internal frictional
losses which are denoted by a resistance R. While
the mass of the crystal, which is indication of its
inertia is represented by an inductance L. In
vibrating condition, it is having some stiffness,
which is represented by a capacitor C. The mounting
capacitance is a shunt capacitance. And hence the
overall equivalent circuit of a crystal can be shown

RLC forms a resonating circuit. The expression for the resonating frequency f  is,

- 1|9 a
To2nfLC Y1+ QP - (1)
Where Q = quality factor of crystal

Q =

oL
R

- (2)
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The Q factor of the crystal is very high, typically 20,000. Value of Q upto 10 © also can

2
be achieved. Hence ’Q—Olfu.cbrﬂppmd\eawmﬁtandweget&wrmmﬁngfmqmy
1+

as,

1
7 T -®

The crystal frequency is infact inversely proportional to the thickness of the crystal.

fu? where t = thickness

So to have very high frequencies, thickness of the crystal should be very small. But it
makes the crystal mechanically weak and hence it may get damaged, under the vibrations.
Hence practically crystal oscillators are used upto 200 or 300 kHz only.

The crystal has two resonating frequencies, series resonant frequency and parallel
resonant frequency.

4.13.3 Series and Parallel Resonance

One resonant condition occurs when the reactances of series RLC leg are equal ie.
X, = Xc. This is nothing but the series resonance. The impedance offered by this branch,
under resonant condition is minimum which is resistance R. The series resonance
frequency is same as the resonating frequency given by the equation (3).

_ 1

b= e - @)

The other resonant condition occurs when the reactances of series resonant leg equals
the reactance of the mounting capacitor Cy,. This is parallel resonance or antiresonance
condition.

Under this condition the impedance offered by the crystal to the external circuit is
maximum.

Under parallel resonance, the equivalent capacitance is,

CuC
Ceq = Ty +C .- (5)
Hence the parallel resonating frequency is given by,

1

f? = 2 r’LCW . (B}
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When the crystal capacitance C is much
smaller than Cy;, then the Fig. 444 (a)
shows the behaviour of crystal impedance
versus frequency.

Generally values of f; and £, are very
close to each other and practically it can be
said that there exists only one resonating

f  fr wcy for a erystal.
The higher value of Q is the main
advantage of crystal. Due to high Q of a
Hg.m(a}m:;npedmuwms ¢ circuif, it provides very i
frequency stability.
If we neglect the resistance R, the impedance of the crystal is a reactance jX which
d ds on the fi cy as,

I Bt
A Tov g

12l

where ®, = series resonant frequency

o, = parallel resonant frequency

The sketch of reactance against frequency is shown in the Fig. 444 (b).

X
Reactance
(Inductive)

I

Fig. 4.44 (b) The reactance versus frequency

The oscillating frequency lies between @ and @,
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4.13.4 Crystal Stability

The frequency of the crystal tends to change slightly with time due to temperature,
aging etc.

i) Temperature stability : It is defined as the change in the frequency per degree
change in the temperature. This is Hz/MHz/°C. For 1°C change in the temperature, the
frequency changes by 10 to 12 Hz in MHz. This is negligibly small. So for all practical
purposes it is treated to be constant. But if this much change is also not acceptable then
the crystal is kept in box where temperature is maintained constant, called constant
temperature oven or constant temperature box. .

ii) Long term stability : It is basically due to aging of the crystal material. Aging rates
are 2% 107" per year, for a quartz crystal. This is also negligibly small.

iii) Short term stability : In a quartz crystal, the frequency drift with time is, typically
less than 1 part in 10% i.c. 0.0001° % per day. This is also very small.
Key Point : Overall crystal has good frequency stability. Hence it is used in computers,
counters, basic timing devices in electronic wrist waiches, etc.

4.13.5 Pierce Crystal Oscillator

The Colpitts oscillator can be modified by using the crystal to behave as an inductor.
The circuit is called Pierce crystal oscillator. The crystal behaves as an inductor for a
frequency slightly higher than the series resonance frequency f;. The two capacitors Cy, C;
required in the tank circuit along with an inductor are used, as they are used in Colpitts
oscillator circuit. As only inductor gets replaced by the crystal, which behaves as an
inductor, the basic working principle of Pierce crystal oscillator is same as that of Colpitts
oscillator. The practical transistorised Pierce crystal oscillator circuit is shown in the
Fig. 4.45.

*Vee
< RFC (Radio Frequency Choke)
RS c
‘h
Ce2

Fig. 4.45 Pierce crystal oscillator

|_
&
RE g [
- R ch cI

AAA

Irl “‘

m
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The resistances Ry, R,, Rg provide d.c. bias while the capacitor Cg is emitter bypass
capacitor. RFC (Radio Frequency Choke) provides isolation between a.c. and d.c. operation.
C, and C,; are coupling capacitors.

The resulting circuit frequency is set by the series resonant frequency of the crystal,
Change in the supply voltages, temperature, transistor parameters have no effect on the
circuit operating conditions and hence good frequency stability is obtained.

The oscillator circuit can be modified by using the internal capacitors of the transistor
used instead of C; and C,. The separate capacitors C;, C, are not required in such circuit.
Such circuits using FET and transistor are shown in the Fig. 446 (a) and (b).

Ry

1L—AAAN
||-| W
o

(a) Using FET {b) Using Transistor
Fig. 4.46 Pierce crystal oscillator

4.13.6 Miller Crystal Oscillator

Similar to the modifications in
Colpitts oscillator, the Hartley
oscillator circuit can be modified,
to get Miller crystal oscillator. In
Hartley oscillator circuit, two
inductors and one capacitor is
required in the tank circuit. One
inductor is replaced by the crystal
which acts as an inductor for the
frequencies slightly greater than
the series resonant frequency. The
transistorised Miller crystal
oscillator circuit is shown in the

Fig. 4.47 Miller crystal oscillator Fig. 4.47.

The tuned circuit of L; and C is offtuned to behave as an inductor ie. L. The crystal

behaves as other inductance L, between base and ground. The internal capacitance of the
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transistor acts as a capacitor required to fulfill the elements of the tank circuit. The crystal
decides the operating frequency of the oscillator.

immp Example 4.10 : A crystal L = 0.4 H, C = 0.085 pF and Cy, = 1 pF with R = 5 k.
Find
i} Series resonant frequency
ii) Parallel resonant frequency

ifi) By what percent does the parallel resonant frequency exceed the series resonant
frequency ?

iv) Find the Q factor of the crysial.
Solution : ) f, = L 1
2xJLC 21 f04x0085x10712
= 0.856 MHz

" CCy _ 0085x1
B Ceq = Trc, " o0 - OB PF

1 1
P 2nflCq  2x04x0078x1012

0.899-0.856

= 0.899 MHz

iii) % increase = ——g =100 = 5.023 %

. L 2nf, L 2nx0856x10°x%04

) Q= 0’;{ === 3
5x10

= 430272
™y Example 4.11: A cystal has L = 2 H, C = 0.01 pF and R = 2 k. lis mounting
capacitance is 2 pF. Calculate its series and parallel resonating frequency.
Solution : Cy =2 pF
L 1
2rfLC fax001x10-2

_ CuC _ 2x1072x001x10712
e = Ty 20102 ro0ix10 2

£

= 1125 MHz

Now f, =

=995x10715 F

1 1
2% fLCq  |[2x995x10715

= 1.128 MHz
Sof,andfpvsluesamnlmostsame.
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Examples with Solutions

= 6 N
1wy Example 4.12 Iy g certain oscillator circuit, the gain of the amplifier is [%] and

3
the feedback fuctor of the feedback network is — 9.
[2x10° +jw]?

Criterion for the sustained oscillations. Also ﬁnd the frequency at which circuit will oscillate.

Verify the Barkhausen

Solution : From the given information we can write,

6 3
_ 16>le and B = 10
jo [2x103 +jw}?
To verify the Barkhausen condition means to verify whether |AB| = 1 at a frequency
for which £ AB = 0° Let us express, AB in its rectangular form.

16x10°x10% 16x10°

B = T el2x10? +jo?  jo[4x108 +4x10% jo+(jo 2]

16x10? as
jo[4x10° +judx10* -a? |

ff=-1

16x10°
4x10° jo+j’w? 4x107 —jo?

16x107
jo[4x10° —0? |- o x4x103]

Rationalising the denominator function we get,
. 16%10° [-4x10% w? —jo(4x105 —w?)]
H(~4x10% o?) +jo(4 x108 —a? )} {-(4x10° @?) -ja(4x10° -w?))

Using (a + b) (a —b) = a’ - b% in the denominator,
+16x10” [4x10% 0 +ju(4x10° -0?)]
(=4x10° w?)? ~[jo(4x10° —w?)]?

AR =

_ 16x10% [4x103 @? +ju(4x10° -0?)]
16x10° @+ (4x10° -a?)?

Now to have £ AP = 0°, the imaginary part of A} must be zero. This is possible when, '
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of4x10° -w?) = 0

® = 0ordx10%-w? =0
o = 4x10° Neglecting zero value of frequency
® = 2x10° rad/sec

.At this frequency | AB| can be obtained as,

16x10% [4x103 o] 3
= at w=2x10
1Bl 16%10% ol +? (4x108 -@?)2

16x107 [4x103 x 4x10°]
16x10% x16 x 1012 + 4x10° [4x10% -4x106]2

o 2.56x10%
2.56x10%0 +0

At ©= 2x10% rad/scc, £ AP = 0° as imaginary part is zero while |AB| = 1. Thus
Barkhausen Criterion is satisfied.

The frequency at which circuit will oscillate is the value of w for which |AB| = 1 and
Z AP = 0° at the same time
= 2x10° rad/sec.

ie o
But o= 2nf
o 2x10%
f = E—T—BISJDQHZ

wwp Example 4.13 : The frequency sensitive arms of the Wien bridge oscillator uses
Cy= C;=0.001 uF and Ry = 10 K while R, is kept variable. The frequency is to be varied
from 20 kHz to 70 kHz by varying R;. Find the minimum and maximum values of R,
Solution : The frequency of the oscillator is given by,

f = 1

For f = 20 kHz,
20 10° = !
21,10x10% xR, x(0.001x107%)2
R, = 633kQ

For f = 70 kHz
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70 x 10°

2,[10%10% xR, x(0.001x106)2

R, = 0516 kO
So minimum value of R; is 0.516 k2 while the maximum value of R; is 6.33 k0.

imp Example 4.14 : For phase shift oscillator, the feedback network uses R = 6 kQ and
C=1500 pF. The transistorised amplifier used, has a collector resistance of 18 KY. Calculate
the frequency of oscillations and minimum value of hy, of the transistor.

Solution : R =6 kQ, C = 1500 pF, R¢ = 18 k1

Re 18
Now K = ®=%° 3
f = ___1_..._.._
2rRCV6+4K

1
2nx 6%10% x1500x 10712 J6+12

4.168 kHz

(dmin 4K+23+2—Z

4 x3+23+£3?-

= 44.67

nmp Example 4.15 : In @ Wien bridge oscilator Ry = R; = 100 kQ and the ganged variable
capacitor has a range from 50 pF to 500 pF. Find the range of the frequency of the
oscillations possible.
If the frequency desired is 50 kHz more than the maximum frequency calculated above, find
the value of the resistance to be connected in parallel with 100 KL

Solution : For a Wien bridge oscillator,

1

f = Smrc

1
2rx100%10° %50x 1012

max
31.83 kHz

and frun = .
2% 100% 102 %500% 10712
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= 3.183 kHz
Now foew = Fmax + 50 x 10° = 31.83 x 10° + 50 x 10°
= 81.83 kHz

The corresponding R = R’ with an additional resistance R, in parallel.

-

27R'C
8183 % 10° = ok
2nR’x50x 10712
R = 3889KQ
. _ RxR,
R = R+R,
_100R,
889 = 100+R,
R, = 63.64 k0 ... in parallel with 100 kQ

mmp Example 4.16 : A Hartley oscillator circuit has C = 500 pF, L; = 20 mH and Ly =5mH.
Find the frequency of oscillations.
Solution : For a Hartley oscillator the frequency is given by,
1

= ———— 1'[ = +
l‘eq

20+5
= 25mH

2
21[25%103 x500x10 12

45.01 kHz

i Example 4.17 : [n a Hartley Oscillator, L; = 15 mH and C = 50 pF. Calculate L, for a
frequency of 168 kHz. The mutual inductance between Ly and L, is 5 pH. Also find the
required gain of the transistor o be used for the oscillations.

Solution : For a Hartley oscillator,

f:_l.__ whereLM=L1+Lq+2M

lex‘IiLm1 C
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I
-12
2L, x50x 10

Lﬁq = 17.95 mH

168x10% =

1795x107 = 15% 107 + L,y +5%x 1076

L, = 2945mH
Ly +M
Now . hy, = m

15%1073 +5%10~°
2945x1072 +5x10~6

= 5.08

lmp Example 4.18 : A Colpitts oscillator is shown in the Fig. 4.48. What is approximate
frequency ? What will be the new frequency if the value of L is doubled ? What should be
the inductance, to double the frequency ?

Mee =20V

0.001uF
o =
Ce 0.0014F =
Fig. 4.48
Solution : For a Colpitts oscillator,
f= b
2n fLCy
he = 5% pucy =, =000
where C"J_CI+CIU1=2!' ny

0.001x10~° x0.001x10~"
C = =5x 10-10 F
00011078 +0001x10°°
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5x10°° H

fo= 1 3183 MHz

27,5%107% x5%10-10

Now L is doubled i.e. 10 uH

L

£ = 1 = 225 MHz

274/ 10x1076 x5x10710

New frequency = 2x 3183 = 6.366 MHz
1

6.366x10° = ————
Zn,/Lx:ixm'l”
L = 125pH

tmmp Example 4.19 : In the above problem if 63 pF capacitor is connected in series with 5 pH
inductor, to make it as Clapp oscillator. What is the new frequency of oscillation ?

Solution : For a Clapp oscillator,
1

2!‘{,,']].C3

where C; = 63 pF

f =

1
27/5%100 x 63x 10712

f =

8.967 MHz

mmp Example 4.20 : Find the resistance R and by, for the transistor to provide a resonating
frequency of 5 kHz of a transistorised phase shift oscillafor. The biasing resistance are 25 kQ
and 47 K2 The load resistance is 10 kK2 The capacitor in the tank circuit is 1000 pF while
h;, of the transistor is 2 k.

Solution : Referring to equation (1) of section 4.5.3, the input impedance is given by,

Ri = Ryil Ryl by

Now Ry = 25K}, Ry =47 K, and hy, = 2 k2
. — 1
Ry = 1 1 1

+

-+ L
25x10%  47x103  2x103

1.7816 k2



Analog and Digital Electronics 4-65 : Oscillators

Re
K=<
Now Re = 10k ...given
1
N f=—1
ow 2nRC6 54K
5x10° = 1

2nRx1000x 10712 x /6 + 4K
R6+4K = 31830989
Re  10x10°

R R

-
R “a»fm = 31830989

3
R [6+—4°XR1° ] = (31830.989)°

Now K =

3
g2 ER22XA0] - (318309897

6R? + 40 x 10°R - (31830.989)°

0

-40x102 +/(40x10%)2 + 4x 6x(31830.989)
2x6

16.74 kK2 Neglecting negative value

Re _ 10 _
K = g =157 = 0573

29
hye 2 4K+23+f

=73.94

29
2 4x059?3+1‘5+0'59?3 =

map Example 4.21 : Calculate the component values of the Wien bridge suitable to be used in
the oscillator to vary the frequency from 100 Hz fo 10 kHz in the two ranges.

Solution : The frequency is given by,

2a RC
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Let the resistance value to be selected as,
R‘i = R2 =R =50 kK2

. = !

™ 21x50%103 xC
Co= e MV
2mx50x10° %100
= 31.83 nF
1
And oo
fmax 2rx50%10° xC N
1
C = ————r——0 = 31831 pF
2rx50%10° x10x103 P
= 0318 nF

Thus to vary the frequency from 100 Hz to 10 kHz, the capacitor range should be
selected as 0.318 nF to 31.83 nF.

Similarly keeping the capacitor value constant, the range of the resistance values can
be obtained.

nmp  Example 4.22 : In Colpitts oscillator using FET, the frequency of oscillations is cbserved
to be 2.5 MHz. Oscillator uses : L = 10 pH, C; = 0.02 uF.

Find : i) Value of C, ii) If L is doubled, the new value of frequency of oscillations.
Solution : f=25MHz, L = 10 pH, C; = 0.02 yF
For Colpitts oscillator, the frequency is given by,
1

fo=
2n “LC“,q
25x106 = — L
Zn,llﬂxlﬂ'ﬁxccq
Ceq = 405284 pF
: = Cl Cz
i) But Ceq = Cres
2 0.02x 10" % C,
405.284x10 =

0.02x 1075+ C,

002x10"%+C, = 49348 C,
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C, = 0.4136 nF
2x10 = 20 uH
405284 pF
1 1
2n fLCy ) 2!:J20x10'5 %405.284x 10712

-
]

i)

and

£

f =

1.7677 MHz

mmp Example 4.23 : A crystal has L = 033 H, C = 0.065 pF and Cyy = 1 pF with
R=55 k. Find
i) Series resonant frequency.
i} Parallel resonant frequency.
iti) By what percent does the parallel resonant frequency exceed the series resonant
Jrequency 7 :
iv) Find the Q factor of the crystal.
. 1 1
Solution : i) f= =
21JLC  22,/0.33%0.065% 10712

= 1.087 MHz

CCy _ 0.065x1

« = T¥C,, - 006541 - 061 PF

1 1
28 [LCeq . 274/0.33x0.061% 10712

= 1121 MHz

. 1.121-1.087
iii)} % increase = —lwxlm =3.127 %
2nf L

R

2mx1.087 <106 % 0.33
55%103

= 409.789
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Imsp Example 4.24 : A FET Hartley oscillator circuit uses coupled coils in the tank circuit,
each with mductance of 0.1 mH and mutual inductance of 0.025 mH. The circuit uses a
Sfixed capacitor of 100 pF in series with a variable capacitor of 100 pF (trimmer) :
(i) Calculate % change in frequency when direction of coupling between coils is reversed,
trimmer capacitance set to zero.
(ii) Repeat calculations in part (i} when trimmer capacitance is changed from 0 to 100 pF,
assume any one direction of coupling.

Solution : L, =01 mH, L, = 0.1 mH, M = 0.025 mH, C = 100 pF

(i) Assume one particular coupling direction for which,
Lyg = L1+ L+ 2M = 025 mH

1 1
f = =
211y € 2102510 x100x10712
= 1.00658 MHz
Let the direction of coupling is reversed,
Leg = Ly +L,-2M =015 mH
1 1
¢ = - = 12994 MHz
21 Lq € 27,/0.15%107 x 10010712
% change = _.f..f —f 100 = L%xwh 29.09 %

(ii) Let us assume direction of coupling such that,
Leq = Ly +L; +2M = 025 mH
C; = Trim capacitor = 100 pF

CxC,
Ceq = Ty, =%0PF

1 1
f = =
2nfLeg Coq  21/0.25%1073 x50x 10712

= 1.4235 MHz
If now direction of coupling is reversed,

Lg = Ly +1,-2M =015 mH
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1 1

i 21 fLeq Ceg ) 27,/0.15%10~ x50x 10712
= 183776 MHz
. % change = %xlm:lﬂ?ﬁ%@xm
= 29101 %

mp Example 4.25 : Design a RC phase shift oscillator to generate 5 kHz sine wave with 20 V
peak to peak amplitude. Draw the designed circuit. Assume hy, = 150.

Solution : For RC phase shift oscillator,
29

- K+m3+2 ... given by, = 150
K
150 = 4K+23+-2%

L AKP-127K+29 = 0

K = 3152,023

f = ... given f = 5 kHz

1
2nRCJ6+4K
. Choose C = 1000 pF
1

2nR%1000x10712 % [6+ 4x0.23

R = 121KQ=-12 k2

5x103

R
K = & ieRc=KR=27k0

Neglecting ‘effect of biasing resistances assuming them to be large and selecting
transistor with h;, =2 kQ ,

R; = m:zm
.. Last resistance in phase shift network
R; = R-Rj=12-2=10kQ

Using the back to back connected zener diodes of 9.3 V (Vz) each at the output of
emitter follower and using this at the output of the oscillator, the output amplitude can be
controlled to 10 V i.e. 20 V peak to peak. The zener diode 9.3 V and forward biased diode
of 0.7 V gives total 10 V.
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The designed circuit is as shown in the Fig. 4.49.

v, c
IR &
o 11 ]
Q ;
< <
. RS RS
RQEE < <
L 5T

Feedback
path

Ry=10kQ, Ry =27k
R=12kQ, C=1000pF

Fig. 4.49 Transistorised RC phase shift oscillator

msp  Example 4.26 : In a Hartley oscillator Ly =20 pH, L, = 2 mH and C is variable. Find
the range of C if frequency is to be varied from 1 MHz to 2.5 MHz. Neglect mutual
inductance.

Solution: L, =20pH, L,=2mH

Ly = Ly+L, =20x107%+2x107% =2002x10" % H

For f= fmax = 2.5 MHz.

1
f= — -
2n }Cx Lle
|
25%106 = — 1
2 nCx 2.002x10~ 3
C = 2.0244 pF

For f=f,;,, =1MHz
-
27 VCx 2.002x10" 3
C = 12.6525 pF
Thus C must be varied from 2.0244 pF to 12.6525 pF.

1x10®
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b Example 4.27 : A quartz  crystal has  the following constants, L=50mH,
C;=0.02pF,R= 500 @ and C, = 12 pF. Find the values of f, and f, If the external
capacitance across the crystal changes from 5 pF to 6 pF, find the change in frequency of
oscillations.

Solution : L =50 mH, C; = 0.02 pF, R = 500 £, C; = 12 pF

C G _002x12x10712x 10712

C, = =
GG [0.02+12]x 10712
= 0.019% pF
f = 1 = 1
*2nfLC o f50x107% x0.02x10712
= 5.0329 MHz
and f = = 1
2nfLCoq 2750107 x0.01996x10712
= 5.0379 MHz
T Let C,; = 5 pF connected across the crystal.
R C, = G+C,
=12+5
L G =G
= 17 pF
Cy C,C
. A C, =—1"2
T l “C+G
Fig. 4.50 = 0.019976 pF
ff = .__:'l..—._
P2 fLc,
= 5.03588 MHz
New C, = 6 pF is connected then,
Cy = G+C=12+6
= 18 pF
C, C
c 122 = 00199778 pF

@ = C+G



Analog and Digital Electronics 4-72  Oscillators

- = — L __ - 5035716 MHz

P oap [LCq

Change = f; - f; = (5.03588-5.035716)x 10°

|

164 Hz

1
2,
k2

4

10.

11
12,
13.
14
15
16.
17,
18,
19.

Review Questions

What is the Barkhausen criterion for the feedback oscillators?

Explain the classification of the feedback oscillators.

Classify ovarious oscillators based on ouwiput waveforms circuit components, operating
frequencies and feedback used.

Draw a neat circuit diagram of a phase shift oscillator using BJT. Derive an expression for its
frequency of oscillations. Determine the minimum ‘hy,” for the transistor.

Draw the Wien bridge oscillator using BJT. Show that the gain of the amplifier must be at
least 3 for the oscillations to occur.

. Why the negative feedback is incorporated in the Wien bridge oscillator circuit 7

. What is the type of feedback incorporated in the Wien bridge oscillator circuit ? Explain its

working.

. Discuss and explain the basic circuit of an LC oscillator and derive the condition for the
oscillations.

. Why the LC oscillators are not suitable for low frequency applications. ? Explain the principle
of working of basic LC oscillators.
Write the short notes on :
a. LC oscillators b. RC oscillators

c. Colpitts Oscillator d. Hartley Oscillator

Explain the working of Heratley Oscillator, Derive the formula for the frequency.

Derive an expression for frequency of oscillation of Hartley oscillator using BJT.

Derive an expression for frequency of oscillation of Hartley oscillator using transistor.
Explain the working of Colpitts Oscillator. State the formula for the frequency.

Derive an expression for frequency of oscillation of transistorized Colpitts oscillator..

Why are RC oscillators preferred for the generation of low frequencies ?

Derive an expression for the frequency of oscillations of RC-phase shift oscillators using BJT.
Explain the working of Clapp Oscillator.

What is Piezoelectric effect 7 Draw and explain a.c. equivalent circuit of a crystal.

. What is Piezoelectric effect ? Explain the working of Crystal Oscillator.
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21,
22,

23

24,

25.

26.

27.

28.

29.

30.

31

How frequency stability can be improved in the oscillators ?
What are the factors that affect the frequency stability of an oscillator. How frequency stability can
be improved in oscillators.
Ezxplain the working of Fierce crystal oscillator.
Explain the working of Miller crystal oscillator.
Where does the starting voltage for an oscillator come from ?
Find C and hﬁ of a transislor fo provide a resonating frequency of 10 kHz of a transistor phase
shift oscillator. Ry = 24 K0, Ry = 68 k2, Rc = 16 kQ, R = 6.8 K and hy= 2 K2

(Ans. : 575 pF, =44.543)
A crystal has L = 0.1 H, C = 0.01 pF, R = 10 K} and Cyq = 1 pF. Find .
a. Series resonance frequency b, Q factor (Ans. : 5.03 MHz, 5.05 MHz, 316.04)
In a Colpitts oscillator C; = 0.00 pE and Cy = 0.01 uF and L = 5 xH
a. Calculate frequency of oscillations. b. If L is doubled, find the new frequency.
c. Find L, to double the frequency in fa). {Ans. : 236 MHz, 1.67 MHz, 1.25 pH)
A crystal oscillator has L = 0.4 H, C = 0.085 pF and Mounting capacilance Cpq = 1 pF with
R =5MKL Find series and parallel resonant frequencies. By what percent does the parallel resonant
frequencies. By what percent does the parallel resonant frequency exceed the series resonant
frequency ? Also find the Q-factor of the crystal.
What type of feedback is employed in oscillators ? And what are ils advantages ? Discuss the
condifions for sustaining oscillations.
Find the capacitor C and hy, for the transistor to provide a resonating frequency of 10 kHz of
transistorized phase-shift oscillator. Assume Ry = 25 k£, Ry = 60 k3, R = 40 kQ, R=7.1kQ
and hfz =18k0Q

aaa
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Combinational Logic Circuits

5.1 Introduction

When logic gates are connected together to produce a specified output for certain
specified combinations of input variables, with no storage involved, the resulting circuit is
called combinational logic. In combinational logic, the output variables are at all times
dependent on the combination of input variables.

A combinational circuit consists of input variables, logic gates, and output variables.
The logic gates accept signals from the input variables and generate output signals. This
process transforms binary information from the given input data to the required output
data. Fig. 5.1 shows the block diagram of a combinational circuit. As shown in Fig. 5.1, the
combinaticnal circuit accepts n-input binary variables and generates output variables

Xp F——Y0
Xy ————] Combinational ———4
ninput ' Logic * m oulput
variables - Circuit d variables
o= " Ym-1

Fig. 5.1 Block diagram of a combinatienal circuit
depending on the logical combination of gates.
In the combinational circuit, let X be the set of n input variables {xn,xl,,,.,xnd},
and Y be the set of m output variables {)’U'Yl* ...,ym_]}. The combinational function F,

operate on the set X, to produce the output variable set, Y. The output is thus related to

input as
Y = FX)

5.2 Design Procedure

The design of combinational circuits starts from the outline of the problem statement
and ends in a logic circuit diagram or a set of Boolean functions from which the logic
diagram can be easily obtained. The design procedure of the combinational circuit involves
following steps :

(5-1
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. The problem definition.

. The determination of number of available input variables and required output
variables.

. Assigning letter symbols to input and output yariables.

4. The derivation of truth table indicating the relationships between input and output

5.
6.

variables.
Obtain simplified Boolean expression for each output.

Obtain the logic diagram.
The Fig. 5.2 shows the sequence of design steps of combinational circuits.
Problem Dtermination Truth table
definition output variables construction
i the simoifl -
Obtain the thaln the simplified Writing IBoo}g?n
logic diagram for each output each output

Ymap

Fig. 5.2 Typical combinational logic design sequence

Example 5.1 : Design a combinational logic circuit with three input variables that will
produce a logic 1 output when more than one input variables are logic 1.

Solution : Given problem specifies that there are three input variables and one output
variable. We assign A, B and C letter symbols to three input variables and assign Y letter
symbol to one output variable. The relationship between input variables and output
variable can be tabulated as shown in truth Table 5.1.

A B c Y
0 0 0 0
0 0 1 0
o 1 0 0
0 1 1 1
1 o 0 0
1 ] 1 1
1 1 0 1
1 1 1 1

Table 5.1 Truth table

Now we obtain the simplified Boolean expression for oulput variable Y using K-map
simplification.
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Y = AC+BC+ AB

Logic diagram

In this chapter we are going to study various
combinational circuits using above illustrated design
method. This method of designing combinational logic
circuits is a traditional method.

The traditional method of combinational circuit

design involves simplification and realization of circuit

Fig. 5.4 using logic gates. This method of designing

combinational circuit is effective for small circuit.

When circuit complexity is more, more number of gates are required with more number of
wires between them. Designing of such circuits may be time consuming and less reliable.

@ O@ OF
-

To avoid these problems several combinational circuits available in the integrated
circuits are employed extensively in the design of digital systems. The integrated circuits
can be classified using four jevels of integration : small-(S5I), medium-(MSI), large-(LSI),
and very large-(VLSI) scale integration. Most of the combinational circuits available in the
integrated circuits are classified as MSI components. MSI components perform specific
digital functions commonly needed in the design of digital systems, such as multiplexing,
demultiplexing, addition, parity generation and checking, parity encoding, decoding,
comparison, etc. MSI components significantly reduce IC package count thereby reducing
the system cost. Along with the design simplification they reduce the number of external
wire connections improving the reliability of the system.

In this chapter, we design some circuits using traditional design and then introduce
some of LSI and MSI components such as adders, multiplexers, demultiplexers, decoders
encoders and comparators to implement combinational circuits.

imp Example 5.2 : Design a cricuit that has one control line C and three data lines
D,,D;,D 5. When the control line is high, the circuit is to detect when one of the data lines
has a 1 on it. No more than one data line will ever have a 1 on it. When the control line is
low, the circuit will output a 0, regardless of what is on the data lines.
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Solution : The truth table for the given problem is as shown below.

€ | Dy D, D | Output
o x x x 0
1 o 0 0 0
1 a o0 1 1
1 0 1 0 1
1 1 0 0 1

Table 5.2 Truth table for given problem
K-map simplification

D, D,
€oN_ 00 01 11 10

olo o]0} O

Fig. 5.5

Y = CD;+CD,+CDy
Logic diagram
D3
D;
D,
Fig. 5.6
mmp Example 5.3 : Design a combinational circuit that multiplies by 5 an input decimal digit

represented in BCD. The output is also in BCD. Show that the outputs can be obtained from
the mput lines without using any logic gates.
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Solution : Truth table

Input Output
Decimal Digit Digit 1 Digit 0
AlB|C| DY Y !|Ys|Ys|YalYa]Yy| Yo
0 0 ] 0 1] 0 4] 0 1] ] 1]
1] 1] 1] 1 0 0 ] 0 1 0 1
o|Jo|1|oelojofjo|l1]oflololfo
1] 1] 1 1 (1] 1] 1] 1 1] 1 ] 1
1] 1 /] V] 1] 1] 1 o 0 0 o V]
0 1 1] 1 1] 1] 1 [+] 1] 1 0 1
0 1 1 0 ] 0 1 1 1] 1] [v] 1]
0 1 1 0 0 1] 1 ]
100 ool o|lojo]o
170 1|01 o]1]o0

Hete, Yo=D, ¥, =0,Y,=D,Y3=0,Y, =C, Y; = B, Y, = A and Y, ='0. Thereforc,
the given circuit can be obtained from the input lines without using any logic gates.
mmp Example 5.4 : Fig. 5.7 shows a diagram for an automobile alarm circuit used to detect
certain undesirable conditions. The three switches are used to indicate the status of the door
by the driver’s seat, the ignition and the head lights, respectively. Design the logic circuit
with these three switches as inputs so that the alarm will be activated whenever either of the
following condition exists :
The headlights are ON while the ignition is OFF.
The door is open while the ignition is ON.
Implement the logic circuit using only NAND gates. (See Fig. 5.7 on next page).
Solution : Let us consider D for Door, 1 for Ignition, L for Light. Then conditions to
activate the alarm are : .
1. The headlights are ON while the ignition is OFF.
ie.L=11=0and D may be anything.
2. The door is open while the ignition is ON
ie. D =1,1=1, L may be anything.
Also alarm will sound if logic circuit output is zero.
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+5V
Open Daor BV
Closed
= D R
451 v ED
Ignition | Logic Alarm
On circuit
Off
L
+5V

Lights

Fig. 5.7
Therefore, output for above condition is zero and for rest of the condition it is 1 which
is summarized in the following table.

D I L Y
0 o 1
X 0 1 0
0 1 0 1
] 1 1 1
1 o o 1
1 1 X 0

~ K-map for logic circuit.
Output = Y =1L+DI

As AND-OR logic can be directly replaced by
NAND-NAND, logic circuit using only NAND gates

15

= =

= ol

Fig. 5.9 Inverted input replace with NAND
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Fig. 5.10
mmyp Example 5.5 : Design circuit to detect invalid BCD ber and impl t using NAND
gate only.
Solution : Truth table
Dec | A B c D |OQutput Y
K-map Simplification
4] [+] 0 0 0 0
1 ofofo|1 0
2 0 0 1 0 1]
3 ofo |1 1 0
4 ofj1|of0 0
5 [ [ 0
8 o |1 1 0 0
7 0|1 1 1 0
8 1 jof|ofo 0
9 1 0 0 1 0
10 1 0 1 0 1
11 1 0|1 1 1
12 1 1 0 0 1
13 1 1101 1
14 1 1 1 0 1
15 1 1 1 1 1
Logic diagram
A—
B —
Y
c
Fig. 5.1

AND-OR logic can be directly implemented by NAND-NAND logic.
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imp Example 5.6 : A panel light in the control room at the launching of a satellite is to go
ON if and only if the pressure in both fuel and oxidizer tanks is equal to or above a required
minimum and there are 10 minules or less to lift off, or if the pressure in the oxidizer tank
is equal to or above a required minimum and the pressure in fuel tank is below a required
minimum but there are more than 10 minutes to lift off, or if the pressure in the oxidizer
tantk is below a required minimum but there are more than 10 minutes to lift off. Design a
two level gate combinational circuit to control panel light.

Solution :
Input 1 —» Pressure in fuel tank
Input 2 — Pressure in oxidizer tank.
Input = 1 Indicates pressure is equal to or above the required
minimum
= 0 Otherwise
Input 3 — From timer
if input 3 = 1 Indicates that there are less than or exactly 10 minutes
for lift off.
= 0 Otherwise
Output — Panel light, if light goes on then
Output = 1,
else output = 0
Truth table
Letinput1=A, input2=8B, input3=C
Inputs Output

A B c y
0 0 0 1
0 0 1 0
0 1 o 1
0 1 1 0
1 0 0 1
1 0 1 Q
1 1 0 ]
1 1 1 1
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K-map simplification :

Y =
= ABC+C(B+AB)
= ABC+C(B+A) [“A+AB=A+B
= ABC+C(AB
= AB®C

Logic circuit :
B
C
Fig. 5.13

5.3 Multiplexers

Multiplexer is a digital switch. It
Select swilch allows digital information from several

Source A ————o
_ sources to be routed onto a single output
Source B —= \ Dala  Jine, as shown in the Fig. 5.14. The basic

Sowce G > o> """ multiplexer has several data-input lines
switch and a single output line. The selection of a
Source D ————o particular input line is controlled by a set

of selection lines. Normally, there are 2"
Fig. 5.14 Analog selector switch input lines and n selection lines whose bit
combinations determine which input is selected. Therefore, multiplexer is 'many into one'
and it provides the digital equivalent of an analog selector switch.
Fig. 5.15 (a) shows 4-to-1 line multiplexer. Each of the four lines, Dy to Dy, is applied
to one input of an AND gate. Selectiort lines are decoded to select a particular AND gate.



Analog and Digital Electronics 5-10 Combinational Logic Circuits

Dy

Dy

Dy

e

Sy
(a) Logic diagram
—lg
s s Y thpuls Toaxa

1 0 - |
. > o 2 mux Output

Enable | ;N S, S
0 1 Dy input 1
1 0 Dy I

Selact inputs

1 1 Dy (c) Loglc symbol

{b) Function table
Fig. 5.15 4 to 1 line multiplexer

For example, when 5,5 = 0 1, the AND gate associated with data input D; has two of
its inputs equal to 1 and the third input connected to D,. The other three AND gates have
at least one input equal to 0, which makes their oytputs equal to 0. The OR gate output is
now equal to the value of Dy, thus we can say data bit Dy is routed to the output when
5 5=01 - :

In some cases, two or more multiplexers are enclosed within one IC package, as
shown in the Fig. 5.16. The Fig. 5.16 shows quadruple 2 to 1 line multiplexer, i.e. four
multiplexers, each capable of selecting one of two input lines. Qutput Y;, can be selected to
be equal to either A, or B;. Similarly output ¥, may have the value of A, or By, and so
on. The selection line S selects one of two lines in all four multiplexers. The control input
E enables the multiplexers in the 0 state and disables them in the 1 state. When E= 1,
outputs have all 0's, regardless of the value of S. (See Fig. 516 on next page.)
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K — ] —J >

Ay

Ay

= —T>—
N =T =D
O

—{-

B? 1 )1 -
sy
B —\
a1 1
et
(Select)
E \\.
{Enable) /
Fig. 5.16 Quadruple 2 to 1 line multiplexer
Function table
E s Qutput Y
1 X All 0s
1] 0 Select A
'] 1 Select B

5.3.1 The 74XX151 8 to 1 Multiplexer

The 74XX151 is a 8 to 1 multiplexer. It has eight inputs. It provides two outputs, one is
active high, the other is active low. The Fig. 5.17 shows the logic symbol for 74XX151. As
shown in the logic symbol, there are three select inputs C, B and A which select one of the
eight inputs. The 74XX151 is provided with active low enable input.

The Table 5.3 shows the truth table for 74XX151. In this truth table for each input
combinations output is not specified in 1s and 0s. Because, we know that, multiplexer is a
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gels
m
O @ > 21

EEEbEE bl

855
j=}
o

Fig. 5.17 Logic symbol for 74XX151, 8 to 1 multiplexer

data switch, it does not generate any data of its own, but it simply passes external input
data from the selected input to the output. Therefore, the two output column represent

data by D, and ﬁn.

Input Qutputs
Select Enable

c 8 A EN Y ¥
x *® x 1 0 1
0 0 0 0 Dy | Dg
0 0 1 0 D, B,
0 1 0 0 D, | Dy
0 1 1 0 Dy | Dy
1 0 0 0 D, | D4
1 ] 1 0 Ds | Dg
1 1 0 Dg | Dg
1 1 1 0 o, | Dy

Table 5.3 Truth table for 74XX1

51, B to 1 multiplexer
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5.3.2 The 74XX157 Quad 2-Input Mulfiplexer

The IC 74XX157 is a quad 2-input multiplexer which selects four bits of data from two
sources under the control of a common select input (S). The Enable input () is active
low. When E is high, all of the outputs (Y) are forced low regardless of all other input

conditions.

T4KX157

—
=
19

=

|

B

s

G

=
=

=
=]

=

=

1B

2B

3B

4A
4B

2Y p——

3Y p——
(12}

4y

Fig. 5.18 Logic symbeol for IC 74XX157

Moving data from two groups of register to four common output buses is a common
use of IC 74XX157. The state of the select input determines the particular register from

whih the data comes. Fig. 5.18 shows logic symbol for IC 74XX157.
The truth table for 74XX157 is shown in Table 5.4.

Inputs Outputs
E s ¥ 2y ay ay
1 x 0 0 0 0
0 0 1A 2A 3A an
0 1 1B 2B a8 48

Table 5.4 Truth table for 74XX157
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5.3.3 The 74XX153 Dual 4 to 1 Multiplexer
The 74XX153 is a dual 4 to 1 multiplexer. Fig. 519 shows the logic symbol for

74XX153. It contains two identical and independent 4 to 1 multiplexers. Each multiplexer
has separate enable inputs. The Table 5.5 shows the truth table for 74XX153.

TAXX153

(14)
2)

(1) 1EN
©) 10,

)
Dy U
@

1D,
(:35)} 1Dy ©
2EN X
(10
(11)
(12)
(13}

2D,
20,
2D,
20,

Fig. 5.19 Logic symbol for 74XX153

Inputs Outputs
1EN 2EN B A 1v Y
'] 0 0 0 10g 2Dy
o 0 o 1 104 2Dy
o 0 1 o 1D, 2D,
0 0 1 1 1Dy 2Dy
0 1 o 0 1Dy ]
1] 1 o 1 1Dy o
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0 1 1 0 10, 0
0 1 1 1 oy | o
1 0 0 (] [ 2D
M 0 0 1 0 2D,
1 0 1 0o 0 2D,
1 0 1 1 0 2D,
1 1 x x 1] 0

Table 5.5 Truth table for 74XX153, dual 4 to 1 multiplexer

5.3.4 Expanding Multiplexers

Several digital multiplexer ICs are available such as 74150 (16 to 1), 74151 (8 to 1),
74157 (Dual 2 input) and 74153 (Dual 4 to 1) multiplexer. It is possible to expand the
range of inputs for multiplexer beyond the available range in the integrated circuits. This
can be accomplished by interconnecting several multiplexers. For example, two 74XX151,
8 to 1 multiplexers can be used together to form a 16 to 1 multiplexer, two 74XX150,
16 to 1 multiplexers can be used together to form a 32 to 1 multiplexer and so on.

mwp Example 5.7 : Design 32 to 1 multiplexer using hwo 74LS150.

Solution : Fig. 5.20 shows a 32 to 1 multiplexer using two 74L5150 ICs.
See Fig. 5.20 on page 5 - 16.

nmp Example 5.8 : Design 32 to 1 multiplexer using four 8 fo 1 multiplexers and 2 to 4
decoder.

Salution : Fig. 521 shows the 32 to 1 multiplexer using four 8 to 1 multiplexer and one
2 to 4 decoder.

See Fig. 5.21 on page 5 - 17.

5.3.5 Implementation of Combinatlonal Logic using MUX

A multiplexer consists of a set of AND gates whose outputs are connected to single
OR gate. (Refer Fig. 5.21). Because of this construction any Boolean function in a SOP form
can be easily realized using multiplexer. Each AND gate in the multiplexer represents a
minterm. In 8 to 1 multiplexer, there are 3 select inputs and 23 minterms. By ting
the function variables directly to the select inputs, a multiplexer can be made to select the
AND gate that corresponds to the minterm in the function. If a minterm exists in a
function, we have to conmect the AND gate data input to logic 1; otherwise we have to
connect it to logic 0. This is illustrated in the following example.
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i

T4L5150(1}
Bp—— B
Dy D,
03— D,
Dy——q Dy
Dy D,
=[
— D¢
Dy——oy1 Dy
Dyg——1 Dy
Dg—— O
Dyg——| D1
gu— gu
12— D2
1 Oy Y
Byy—— By
Oyg=——e] Dy
A A
B B
c c
o o
Data output
(Dg=Dyg)
E EN
Data
‘output
T4L8150(2)
i
S Data output
1e—— Dz {Dyg=Day )
n"_ n: Al 3 il
Bgp—— O
Dy —— 0y
Op— Dp
D3]
Djq— Dy
L )
o L
g::— gll
— D1z
Dyg——rr D ¥
039—— Dyy
Dyy—— D15
A
B
c
o
—Dn—c N

Fig. 5.20 32 to 1 multiplexer using two 74LS150 ICs
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Oy
b, 0y
0, o
s" z’ Biot
3 ' Mubiploxer
= Dg 1) 105 -0y
Do O
o o
A
B
c
e
0, O
ﬂ' o,
By oy
Dy, Dy
Bz 0, Hu:.:ﬂ;l
By D, [ {Dg = Dya)
Dy Dy
Dys oy
A
B
[4
EN
{Dg=D44])
{ Dats output
"ID DD
Lyr oy
Oy Dy
Dw o 8ta1
Oz D4 puttiplexer
[ Dy O ] D=0y
Dz Ca
Oy oy
A
8
c
e ]
Dy Oy
Dy o
Dzg o
Oge Uy
Oun 0, Btal
Dg oy &) 1054 - Dy}
Dan —1 V%
Dy b,
A
B
c
N

F2

Fig. 5.21
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lmp Example 5.9 : Implement the following Boolean function using 8 : 1 multiplexer.

F(A, B, C) = Zm (1, 3, 5, 6)

Solution : The funclion can be implemented with a 8 to 1 multiplexer, as shown in
Fig. 5.22. Three variables A, B and C are applied to the select lines. The minterms to be
included (1, 3, 5 and 6) are chosen by making their corresponding input lines equal to 1.
Minterms 0, 2, 4 and 7 are not included by making their input lines equal to 0.

1

- O U AWK = O
=
c
=

Fig. 5.22 Boolean function implementation using MUX

In the above example we have seen the method for implementing Boolean function of
3 variables with 2% (8) to 1 multiplexer. Similarly, we can implement any Boolean function
of n variables with 2" to 1 multiplexer. However, it is possible to do better than this. If we
have Boolean function of n + 1 variables, we take n of these variables and connect them to
the sclection lines of a multiplexer. The remaining single variable of the function is used
for the inputs of the multiplexer. In this way we can implement any Boolean function of n

variables with 2"~ 1 to 1 multiplexer. Let us see one example.

mmp Example 5.10 : Implement the following Boolean function using 4 : 1 multiplexer.

KA, B,C)=3 m(1,356)

Solution :  Fig. 523 shows the implementation of function with 4 to 1 multiplexer. As
mr:nii{me_d carlier, here, two of the variables, B and C, are applied to the selection lines. B
is connected to 5; and C is connected to Sy The inputs for multiplexer are derived from
the implementation table.



Analog and Digital Electronics 5-19 Combinational Logic Circuits

Minterm A B c F
[} 0 0 0 0
1 0 0 1 1 0—D,
=10 4:1
2 0 ! 0 0 A—IJp, mux [ F
3 0 1 1 1 A—IAD, 8 SE
4 1 0 [\ 0 L
5 1 [V 1 1 | | l
c=
6 1 1 [V 1
7 1 1 1 0
Fig. 5.23 (a) Truth table Fig. 5.23 (b) Multiplexer implementation
Dg | Dy |D; | Dy
0 o 2 @ Row 1
Al 4 | ® |®]| 7 |Row2

] 1 A A

Fig. 5.23 (c) lmpleméntatiun table

As shown in the Fig. 523 (c) the implementation table is nothing but the list of the
inputs of the multiplexer and under them list of all the minterms in two rows. The first
row lists all those minterms where A is complemented, and the second row lists all the
minterms with A uncomplemented. The minterms given in the function are circled and
then each column is inspected separately as follows.

* If the two minterms in a column are not circled, 0 is applied to the

. corresponding multiplexer input (see column 1).
e If the two minlerms in a column are circled, 1 is applied to the corresponding
multiplexer input (see column 2).
e If the minterm in the second row is circled and minterm in the first row is not
circled, A is applied to the corresponding multiplexer input (see column 3).

o If the minterm in the first row is circled and minterm in the second row is not
circled, A is applied to the corresponding multiplexer input (see column 4).
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In the previous multiplexer implementation two least significant variables, i.e. B and C
are connected to the select lines of the multiplexer. The multiplexer implementation is also
possible by connecting most significant variables i.e. A and B (in above case) to the select
lines of the multiplexer. The procedure for same is explained below.

Here, implementation table consists of two columns. Ihc first column lists all the
minterms where least significant variable is complemented (C in this case), and the second
column lists all the minterms with least significant variable is uncomplemented (C in this
case). The minterms given in the function are circled and then each row is inspected
separately as follows.

* If the two minterms in a row are not circled, 0 is applied to corresponding
multiplexer input.

e [f the two minterms in a row are circled, 1 is applied to corresponding

multiplexer input.

e If the minterm in the column 1 is circled, least significant variable is
complemented (C in this case) and applied to the corresponding multiplexer
input.

e If the minterm in the column 2 is circled, least significant variable (C in this
case) is applied to the corresponding multiplexer input.

c

Y

T C
Dy
clo|®
Dy 4
o[1|® o Wx [T
c[«|® —Dss, 5
4Ok ]
A B
(a) Implementation table {b) Multiplexer implementation

Fig. 5.24

mwp Example 5.11 : Implement the following Boolean function using 8 : 1 MUX.

F(P,Q, R S) =Z m(0,1,3 4,809, 15)

Solution :  Fig. 5.25 shows the implementation of given Boolean function with 8 : 1
multiplexer.
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D,
@Qlz21@1@)|5s5 |6 |7
©®

| njiz|ulu|@

®@e|s

1 1 0 A Y V] 0 A
{a) Implementation table

A 1
Dy
. 01
€ Dz
Dy g8:1 ___
b, MUX v
D;
Dg
Dy
S, Sy S
o]
B C D
{b) Multiplexer implementation
Fig. 5.25

nmp Example 5.12 : Implement the following Boolean function using 4 : 1 MUX

KA B.C,Di=Y m(0, 124609, 12 14

Solution : The function has four variables. To implement this funcrion we require 8 : 1
multiplexer. ie., two 4 : 1 multiplexers. We have already scen how to construct 8 @ 1
mulliplexer using two 4 : 1 multiplexers. The same concept is used here lo implement
given Boolean function.

Dg

oy D, D3 04
@O0 |®@]|5 |® |
Al e @10 |1 |@]|13 (@]

A 1 A o0 1 0 1 0
Fig. 5.26 (a) Implementation table

De | By |5y
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0
Yoa
2 mux ]
3

B —‘—D. E S S

m~ o ot oa
=
c
»

Fig. 5.26 (b) implementation using two 4 : 1 muiltiplexer

lump Example 5.13 : Implement the following Boolean function using 8 : 1 multiplexer.

F(A,B,C,D)=ABD+ACD+ B CD+AC D

Solution : The given Boolean expression is not in standard SOP form. Let us first convert
this in standard SOP form.

F(A,B,C,D) = ABD (C+T)+ ACD(B+B)

]

D(A+A)+AC D(B+B)
D+ABCD+ABCD+ABCD
C D+ABCD+ABCD

o
+
-l
@l
]

CD+ABCD+ABCD
B
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The truth table for this standard SOP form can be given as

No. Minterms A B c D Y
0 0 0 0 o | o
1 ABCD 0 ] 0 1 1
2 0 0 1 0 0
3 ABCD 0 0 1 1 1
4 ABCD 0 1 0 0 1
5 ABCD 0 1 ] 1 1
6 ABCD 0 1 1 0 1
7 0 1 1 1 0
8 1 0 [} 0 0
9 1 0 0 1 0
10 1 0 1 0 0
11 ABCD 1 0 1 1 1
12 1 1 0 0 0
13 1 1 0 1 0
14 1 1 1 0 0
15 ABCD 1 1 1 1 1

Table 5.6 Truth table

From the truth table Boolean function can be implemented using

8 : 1 multiplexer as

—Y

follows :
A
—1 b,
Dy
Og | Dy | Da| By | By | D5 | Dg | Dy —1 D,

D:  8:1
ilo]ol:|lelelele]: oy MK
al sl ofwo|@| 122|134 |0 Ds

Dg

o A o 1 A AR A A
Dr525150
SO TT
B COD

{a) Implementation table

{b} Multiplexer implementation

Fig. 5.27
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nmp  Example 5.14 : Impl t the following Boolean function with 8 : 1 multiplexer

F(A, B,C,D)=xrM (0, 3, 56, 8,9, 10, 12, 14)
Solution : Here, instead of minterms, maxterms are specified. Thus, we have to cirde
maxterms which are not included in the Boolean function. Fig. 5.28 shows the
implementation of Boolean function with 8 : 1 multiplexer.
A 1

<; —1o,
Dy
Dy | Dy | Dy | D3 | Dy | Ds | Dg | Dy D,
_ D; 8:1
A0l0el: el
slo|w]|@ 2 |@ | @ 05
—{ Og
o A A A A A 0 1 D
75, 8 S
B C D
{a) Implementation tahle (b) Multiplexer implementation

Fig. 5.28

m=p Example 5.15 : Impl t the following Boolean function with 8 : 1 multiplexer.

F(A,B,C,D)=Y m (0,26 10, 11,12, 13) + d (3, 8, 14)
Solution : In the given Boolean function three don’t care conditions are also specified.
We know that don't care conditions can be treated as either 0s or 1s. Fig. 5.29 shows the
implementation of given Boolean function using 8 : 1 multiplexer.

A 1
Dy
'
Dp | Dy| Dy | Dy | Dy | D5 | Dg | Dy D,
Dy 8:1
MO | @@|4|s @] D, MUX
A AN EIRC IR Ds
D
1 1 1 A A 1 pb—— D
° ° 'S 5 S
Here, don't cares are treated as 15 | |
B C D
(a) Implementation tabla (b} Implementation

Fig. 5.29



Analog and Digital Electronics 5-25 Combinational Logic Circuits

In this example, by taking don't care conditions 8 and 14 as 1s we have eliminated A
term and hence the inverter.

hmp Example 5.16 : An 8 x 1 multiplexer has A, B, and C connected to selection inputs Sy
Sy and Sy respectively. The data inputs Dy through Dy are as follows :
Dy=Dy=Dy=0,Dy= D=1, Dy=Dy =D and Dg = D.
Determine Boolean expression.

Solution :

b D G D
of o | 1 plo | @D
ol 2 3 o} 2 3
ol 4| s of 4| s
OE I
ol s |9 ol s | (@
1 10| 1 1O O
Bf 12| 13 Di@| 18
NEIREE ol 14| 15

(a} (b)

Fig. 5.30

Here, implementation table is listed for least significant bit i.e. D. The first column list
all minterms with D is complemented and the second column lists all the minterms with D
uncomplemented, as shown in Fig. 5.30 (a). Then according to data inputs given to the
multiplexer minterms are circled applying following rules.
* If multiplexer input is 0, don't circle any minterm in the corresponding row.
s 1f multiplexer input 1, circle both the minterms in the corresponding row.
* 1i multiplexer input is D, circle the minterm belongs to column D in the
corresponding row.
o If multiplexer input is D, circle the minterm belongs to column D in the
corresponding row.
This is illustrated in Fig. 5.30 (b). Now circled minterms can be written to get Boolean
expression as follows :

Y=ABCD+ABCD+ABCD+ABCD+ABCD+ABCD+ABCD
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hmp Example 5.17 : Realize Fw, x, y, 2) = E (1, 4, 6, 7, 8 9, 10, 11, 15) using
4 to 1 MUX.

Solution :

D,
®
il @] @

wx 12 13
D, = wx+wX D) = Wx+wXk =X
= wéd x
If.l2 = Wx+wX 03 = WX+WX+WX
= wd x = X+wXx
= WX
>
o %
h\_
X D
12 o4 F
MUX
L
X
] >—i®
) |
y z
Fig. 5.31

5.3.6 Applications of Multiplexer

1.
. They can be used to implement combinational logic circuit.
. They are used in time multiplexing systems.

. They are used in frequency multiplexing systems.

oW o W N

They are used as a data selector to select one out of many data inputs.

They are used in A/D and D/A converter.

. They are used in data aquisition systems.
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5.4 Demultiplexers

A demultiplexer is a circuit that receives information on a single line and transmits
this information on one of 2" possible output lines. The selection of specific output line is
conltrolled by the values of n selection lines, Fig. 532 shows 1 : 4 demultiplexer. The single
input variable Dy, has a path to all four outputs, but the input information is directed to
only one of the output lines.

Enable | S, So DYy Yy Yo Yi
0 X Xx|x]lo o o o
1 0 0 0 1] 0 0 0
1 0 0 1 1 0 0 0
1 1] 1 0 0 0 o o
1 Q 1 1 0 1 ] ]
1 1 oo o o o
1 1 o 1 0 1] 1 1]
1 1 1 0 0 0 0 1]
1 1 1|1 ]lo 0o o 1

Table 5.7 Function table for 1:4 demultiplexer
5, So

vy
D ==
= —
={ )>—"

Fig. 5.32 (a) Logic diagram
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by
b, 1:4 [N
in DEMUX  |—V,
YS

Sy S

Fig. 5.32 (b) Logic symbol
i Example 5.18 : Design 1 : 8 demultiplexer using two 1 : 4 demultiplexers.

Solution : The cascading of demultiplexers is similar to the cascading of decoder.
Fig. 533 shows cascading of two 1 : 4 demultiplexers to form 1 : 8 demultiplexer.

Yo
B 44 [N
N N o DEMUX Y,
.
v S, S 3
B
c
S eEI Y,
M 1:4 Ys
DEMUX f—,
E — v,

Fig. 5.33 Cascading of demultiplexers

P Example 5.19 : Implement full subtractor using demultiplexer.

Solution : Let us see the truth table of full subtractor.
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A B B, ] Bout
0 0 0 0 0
0 0 1 1 1
0 1 0 1 1
0 1 1 0 1
1 0 0 1 1]
1 1] 1 0 0
1 1 0 0 o
1 1 1 1 1

Table 5.8 Truth table of full subtractor
For  full  subtractor difference D  funcion «can be  written as
D=f(A, B, C) =¥ m(l, 2, 4, 7) and By, function can be written as

By = FA,BO=Y m(1,237)

With Dy, input 1, demultiplexer gives minterms at the output so by logically ORing
required minterms we can implement Boolean functions for full subtractor. Fig. 534
shows the implementation of full subtractor using demultiplexer.

Y
1 _I. D
Y2 . i

—y

aul

A B C

Fig. 5.34 Full subtractor using 1 : 8 demultiplexer
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5.4.1 1 to 16 Demultiplexer

S; Sz 5 So
Din B Y,
1 FJ o
=" Y,
1/
i ' ) Y2

Fig. 5.35 1 : 16 demultiplexer

The Fig. 5.35 shows 1 to 16 demultiplexer. The data bit (D;;,) has a path to all sixteen
outputs. However, the input information is directed to only one of the output lines
depending on the status of S, 5,, S, and S lines. For example, when 55 5, 5, §; = 0000,
the upper AND gate is enabled while all other AND gates are disabled. Therefore, data bit
D is transmitted only to the Y, output, giving Y; = D. If D is low, Y, = low and if D is high,
Y, is high.

5.4.2 IC 74X154 (1 to 16 Demultiplexer)

The IC 74X154 accepts four active high binary address inputs and provides 16 active
low outputs. It has two enable inputs : E; and E,. These inputs must be low to enable the
outputs. The Fig. 5.36 shows pin description of IC 74 X154.
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- T4X154

é“’.;""?.&".?é-’g;

=<l <l <1 <l <
LU 2 o

Fig. 5.36 Pin description of 74X154

The IC 74 X154 can be used as 1 to 16 demultiplexer by using one of the enable inputs
as the multiplexer data input. When the other enable input is low, the addressed output
will follow the state of the applied data. The Table 59 shows the function table of

IC 74 X154,
Inputs Outputs
(B) | (Bo) [Ag]|Az[A Ao Yo | Wi [Yz|Ya|Ya|Ys|Ye|Yr| Ve |Ye|Yio|Yer|Yoz|¥ia|Yea [ Vis
Enable | Data
0 0 ojojojofov |11t ]1f1]r|r|1]r1]1
0 0 ojojo 1Tjof1 (11111111111 [(11101
0 0 L2 LI I O O I O O O O O A O O O
0 0 ojo|1 111 joj1 111ttt j1p1f{1f1i1
0 0 aj1)0 I I U e I T I A O O T O O O O I
0 0 o|1]0 B I T I T T T O T O I O
"] o aj111 1111 |1|1joj1 1|11 ][1{1]1}1]1
0 ] o111 S I I I T T O O A I O N O
0 o 1Tjojojop1 111 j1j1j1tjoj1jf1y1j1j1]1]1
Q 0 1100 111111111 yef11f111111
o 0 tjofrjo|1 {11 )a 111|111 joj1j1|1]1]1
o ] 1101 111111111 |1|{1]jof1]1]1]1
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1] 0 111 (ojoftt |1t 111ttty 1|1({o011]|1]1
0 0 14 ]oltjptjrprpt 1yl af1f1 {1111 ]o}1]1
0 0 111 |oj a1 {1111yt 1paf{1f1]1]1{1}0]1
0 0 1Tl ]sprpr v prprlrpritl1j1|o
0 1 xlx[x|xft|rpr 11111111 1]1]
1 0 x| x| x| x|t |4 prjr |ty 1]1[{1]1
1 1 x| x|x x| tps (1t frfrfrfrlrfrprpr]]n

Table 5.9 Function table of IC 74X154

inmp Example 5.20 :

0 |—Yy
Ay Ag 1 =Y
Ay Ay 2 -'—:-\"2
A A2 74158
Ay A
Data :
A g, M
N | ! 15 f—Y,g
0 Vi
Ay 1 Y7
—1 A 2 Y
Ay .
74154
Ay
E
Y )
! 15—V,
Fig. 5.37

5.5 Decoders

Construct 1 to 32 demultiplexer using two 74X 154 ICs.

Solution :
The Fig. 537 shows the
implementaon of 1 to 32

demultiplexer using two 74 X154 ICs.
Here, the most significant bit of select
signal (A,) is used lo enable either
upper 1 to 16 demultiplexer or lower
1 to 16 demultiplexer. The data input
and other select signals are connected
parallel to both the demultiplexer ICs.
When A, = 0, upper demuitiplexer is
enabled and the data input is routed
to the output corresponds to the
status of AgA A, and A, lines.
When A, = 1, lower multiplexer is
enabled and the data input is routed
to the output corresponds to the
status of Ay Ay A, and A ; lines.

A decoder is a multiple-input, multiple-output logic circuit which converts coded
inputs into coded outputs, where the input and output codes are different. The input code
generally has fewer bits than the output code. Each input code word produces a different
output code word, i.e., there is one-to-one mapping from input code words into output
code words. This one-to-one mapping can be expressed in a truth table.
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The Fig. 538 shows the gencral
n-data — - structure of the decoder circuit. As shown
inputs ———et n Possibi in the Fig.5.38, the encoded information is

R M =]
n:2 I presented as n inputs producing 2"
Decader 2 outputs possible outputs. The 2" output values are
Enable ~7 : from 0 through 2" - 1. Sometimes an n-bit
inputs _~ binary code is truncated fo represent fewer

output values than 2". For example, in the
Fig. 5.38 General structure of decoder BCD code, the 4-bit combinations 0000
through 1001 represent the decimal digits 0-9, and combinations 1010 through 1111 are not
used. Usually, a decoder is provided with enable inputs to activate decoded output based

on data inputs. When any one enable input is ried, all outputs of decoder are
disabled.
Decoder Vs Demultiplexer
Sr. Decoder Demultiplexer
No.
1. | Decoder is a many inputs to many outputs Demultiplexer is a ofe input to many outputs
device. device.
2. | There are no selection lines. The selection of specific output lina is
controlled by the value of selection lines.

Multiplexer Vs Decoder

Multiplexer has several data-input lines and a single output line. The selection of a
particular input line is controlled by a set of selection lines. The data of selected input line
is routed to the output line. On the otherhand, decoder has n input lines and 2" output
lines. Each output line represents one minterm. Decoder activates one of the output line
depending on the input combination.

Applications of Decoder
1. It can be used to implement combinational circuit.

2. It can be used to convert BCD into 7-segment code.
3. It is used in memories to select particular register.

| 5,5.1 Binary Decoder

| A decoder which has an n-bit binary input code and a one activated output out of 2"
output code is called binary decoder. A binary decoder is used when it is necessary to
activate exactly one of 2" outputs based on an n-bit input value. It is similar to
demultiplexer, with only onc exception that it has no data input.
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A B
?7 r
Ly B

= >— e
= DR
= D—vne
=L D—as

Enable (EN)
Fig. 5.39 2 to 4 line decoder

Fig. 539 shows 2 to 4 decoder.
Here, 2 inputs are decoded into four
outputs, each output representing one
of the minterms of the 2 input
variables. The two inverters provide
the complement of the inputs, and
each one of four AND gates generates
one of the minterms.

The Table 5.16 shows the truth
table for a 2 to 4 decoder. As shown in
the truth table, if enable input is 1
(EN = 1), one, and only one, of the
outputs Yy to Yy, is active for a given
input. The output Y, is active, ie.
Yy = 1 when inputs A = B = 0, the
output Y; is active when inputs A=0
and B = 1. If enable input is 0, ie.
EN = 0, then all the outputs are 0.

Inputs Outputs
EN A ] Y3 Y, 7 Yy
0 X X 0 0 0 0
1 0 0 0 0 0
1 0 1 0 0 0
1 1 0 0 0 0
1 1 1 0 0 0

Table 5.10 Truth table for a 2 to 4 decoder
mmp Example 5.21 : Draw the circuit for 3 to 8 decoder and explain.

Solution :  Fig. 5.40 shows 3 to 8 line decoder. Here, 3 inputs are decoded into eight
outputs, each output represent one of the minterms of the 3 input variables. The three
inverters provide the complement of the inputs, and each one of the eight AND gates
generates one of the minterms. Enable input is provided to activate decoded output based
on data inputs A, B, and C. The table shows the truth table for 3 to 8 decoder.
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Inputs Qutputs
A B c Y | Yo | Ys | Yo | Ya Y. | Y Yo

0 X | x X 0

o |To 0 0
4 0 0 1 o
1 0 1 0 0
1 0 1 1 0
1 1 o 0 0
1 1 0 1 (]
1 1 1 0 0
1 1 1 1

Table 5.11 Truth table for a 3 to 8 decoder
A B c

K

=<
1

w

o

=
[
>
ol
[3]]

;hc
>
[+:]
1]

t?
i

Enable (EN)
Fig. 540 3 : 8 line decoder
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5.5.2 The 74X138 3 to 8 Decoder

74X138
o Yo Pﬂi The 74X138 is a commercially available 3-to-8 *
T v, p114 decoder. It accepts three binary inputs (A, B, C)
A2 v, L3 and when enabled, provides eight individual
(I 2 (12) active low outputs (Yp - Yy). Tho-device has three
Yap—— enable inputs : two active' low (G24.Gz2p) and
- v, p1 one active high (G;). Fig.541 and Table 512
J_m G v, b1 show logic symbol and function table
-(—5;0 Gy Ye (9) respectively.
—— Ggp Y, N

Fig. 5.41 Logic symbol

Inputs Outputs
Gog|Gap| Gy | © B A ?; ?5 ?s Yi ?3 ?z §I ?o

1 X X X X X 1 1 1 1 1 1 1 1
X 1 X X X X 1 1 1 1 1 1 1 1
X X 0 X X X 1 1 1 1 1 1 1 1
0 1] 1 c 0 0 1 1 1 1 1 1 1

0 [ 1 o 1] 1 1 1 1 1 1 1 1
0 0 1 1] 1 1] 1 1 1 1 1 1 1
0 0 1 o 1 1 1 1 1 1 1 1 1
0 0 1 1 0 0 1 1 1 1 1 1 1
0 0 1 1 0 1 1 1 1 1 1 1 1
a 0 1 1 1 0 1 1 1 1 1 1 1
0 0 1 1 1 1 1 1 1 1 1 1 1

Table 5.12 Function table
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5.5.3 The 74X139 Dual 2 to 4 Decoder

A3 The 74X139 consists of two
0 1G 1Y, , (4 independent and identical 2-to-4
@ 1.4 1y, b8 decoders. The enable inputs and
&) |5 1Y, b8 outputs of IC 74X139 are active low.
1 bt Fig. 5.42 shows the logic symbol and
3 Table 5.12 shows the function table
(15 3 o for IC 74X139. The Table 5.13 shows
a9 |, 2v, (12) ;lle)(l;r;t:u:bl: :’:r qrol:! half oiha
(13} 28 2v, {11) m. er. c
oy, L _(19) truth table for other half is same as
2 (9) first half.
V3 p———
Fig. 5.42 Logic symbol for IC 74X139
Inputs Qutputs

G B A ?a _2 ?1 -o

1 x X 1 1 1 1

0 0 0 1 1 1 0

0 o 1 1 1 0 1

0 1 0 1 0 1 1

0 1 1 o 1 1 1

Table 5.13 Truth table for one half of a 74X139

5.5.4 The 74X154 1 to 16 Decoder

The IC 74X154 can be used as a decoder. Here, two cnable inputs are grounded to
enable 74 X154. When 74 X154 is enabled, the output corresponds to the status of select
inputs (A ; A, A Ay) goes low.

e oV,
—a, 1 f— ¥,
Inputs =
1"z 2
—4s
T4154
g -
E, 14— :14
15— Yis

Fig. 5.43 IC 74X154 used as a 1 to 16 decoder
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5.5.5 Cascading Binary Decoders .

Binary decoder circuits can be connected together to form a larger decoder circuit.
Fig. 5.44 shows the 4 % 16 decoder using two 3 % 8 decoders.

Here, one input line (D) is used to enable/disable the decoders. When D = 0, the top
decoder is enabled and the other is disabled. Thus the bottom decoder outputs are all 1s,
and the top eight outputs gencrate minterms 0 0 0 0 to 0 1 1 1. When D=1, the enable
conditions are reversed and thus bottom decoder outputs generate minterms 1000 to 1111,
while the outputs of the top decoder are all 1s.

T4LS138(1)

+5V

% 3:8 Yap
R Decoder Y p
Y5p—o

T4LS138(2)

I
Decoder Yy

G, Yebh

Gy Yop—oo

R

Fig. 5.44 4 : 16 decoder using two 74LS138 ICs (3 : 8 decoder)
hmp Example 5.22 : Design 5 to 32 decoder using one 2 to 4 and four 3 to 8 decoder ICs. -

Solution : The Fig, 5.45 shows the construction of 5 to 32 decoder using four 74LS138s
and half 741.5139. The half section of 7415139 IC is used as a 2 to 4 decoder to decode the
two higher order inputs, D and E. The four outputs of this decoder are used to enable one
of the four 3 to 8 decoders. The three lower order inputs A, B and C are connected in
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to four 3 to 8 decoders. This means that the same output pin of each of the four
3 to 8 decoders is selected but only one is enabled. The remaining enable signals of four
3 to 8 decoder ICs are connected in parallel to construct enable signals for 5 to 32 decoder.

T4LS138{1)
A A Yop—o
] 8 Yip—
[ c Yip—o
L
LA N
— 1, Yo
—d Gy Yop—o
Gy Yib—o
THLS138(2)
A Yop—
B Yyp——
c Yop—
¥ap—
7| —
G, Yap—o
p—q G, Yep——
[ i —
TALS138(3)
A Yob—
] Yip—
c Yip—
LA —
L/ -
Gy Yip—o
p—d Gy Yop—
[= Yib—
TALS138(4)
A Yop—o
B ¥ip—
c Yap—o
£ —
. Yip—
£Ny G, Yo pne
ﬁ: Gy Yop—o
Gzg Yrp—

2]
w

Fig. 5.45 5 to 32 decoder using 74LS138 and 74LS1
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Iwmp Example 5.23 : Design 4 line to 16 line decoder using 2 line to 4 ling decoders.

Solution : 4 line to 16 line decoder using 1 line to 4 line decoder.

As shown in Fig. 546 five numbers of 2 : 4 decoder are required to design 4 : 16
decoder. Decoder 1 is used to enable one of the decoder 2, 3, 4 and 5. Inputs of first
decoder are the A and B MSB inputs of 4:16 decoder. The inputs of decoder are

connected together forming C and D LSB inputs of 4 : 16 decoder.

c Ay Do [ D
by pb——" D,
° ®
Bo Dz —= D,
2:4
Decoder
— D0,
N Dn D4
Dy f——0s
B
! DZ F——Dy
2:4
Dy — g Decoderp, b
A—a S 7
Dy ~
D,
8 8 2:4
Decoder Dy} A, Dy Dy
Dy —— D,
B, ® D.
24 C1o
E 03—,
A, Dp [——=D;
Dy f——"Dy
By D
2:4 z B4
Decoder D
3 Dis

Fig. 5.46



Analog and Digital Electronics 5-41 Combinational Logic Circuits

When A and B are 0 0, decoder 2 is enabled, for AB = 0 1 decoder 3 is enabled, for
AB = 10 decoder 4 is enabled and for A = B = 1, decoder 5 is cnables.

5.5.6 Realization of Multiple Qutput Function using Binary Decoder

The combination of decoder and external logic gates can be used to implement single
or multiple output functions. We know that decoder can have one of the two output
states; either active low or active high. Let us see the significance of these output states in
the implementation of binary function.

For Active High Output

SOP Function implementation

When decoder output is active high, it generates minterms (product terms) for input
variables; i.e. it makes selected output logic 1. In such case to implement SOP function we
have to take sum of sclected product terms generated by decoder. This can be
implemented by ORing the selected decoder outputs, as shown in the Fig. 547. The
Fig. 547 shows the implementation of function f = Y M(1,2,3,7) using 3 : 8 decoder with
active high outputs.

A
B
c—Jc Y|

Yob—

38
Decoder Y, F

EN
L v
Fig. 5.47 Single output function implementation using decoder and gate
POS Function Implementation
When decoder output is active high, we can implement the POS function in similar
manner as for SOP function except function outpul is complemented. This can be achieved
by connecting NOR gate instead of OR gate. This is illustrated in Fig. 5.48. The Fig. 548

shows the implementation of function f=nM(1, 3,5.7) using 3 : 8 decoder with active high
outputs.
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A A Yol—
Inputs B B ¥y
c c Yob—
3 | _
Decoder Y, j F
Ys
" =

F=nM(1,3,57)
Fig. 5.48 Implementation of POS function using decoder
(with active high outputs) and gate

For Active Low Output

POS Function Implementation

When decoder output is active low, the output is in complemented form, ie, it
generates maxterms (sum terms) for input variables. It makes selected output logic 0. In
such case to implement POS function we have to take product of selected sum terms
generated by decoder. This can be achieved by ANDing the selected decoder outpuis, as
shown in the Fig. 549 (a). The Fig. 549 (a) shows the implementation of function
f=nM(1, 3,5,7) using 3 : 8 decoder with active low outputs.

A A Yop—
Inputs B B ¥y
c—c Yop—
=
Y, F
4 I
¥s
EN Yoh——
I Y,

F=aM(1,3,5,7)
Fig. 5.49 (a) Implementation of POS function using decoder
(with active low ouputs) and gate

SOP Function Implementation

When decoder output is active low, we can implement the SOP function in similar
manner as for POS function except function output is complemented. This can be achieved
by connecting NAND gate instead of AND gate. This is illustrated in Fig.5.49 (b). The
Fig. 592 (b) shows the implementation of function f = ) m(1,2,5,7) using 3 : 8 decoder
with active low outputs.
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A A Yob—
Inputs B B Yy
c——ic Yz

Ysp— |
sp—
" SR [
EN Ysp—o
I v,

F=Em({1,2,57)

Fig. 5.49 (b) Implementation of SOP function using decoder
(with active low outputs) and gate

hmp Example 5.24 : Implement following multiple output function using 7415138 and
external gates. Fy (A, B, C) = Em(l, 4,5,7), F, (A, B, C) = tM(2,3,6,7).

Solution : In this example, we use IC 7415138, 3 : 8 decoder to implement multiple
output function. The outputs of 74L5138 are active low, therefore, SOP function (function
F;) can be implemented using NAND gate and POS function (function F;) can be
implemented using AND gate, as shown in Fig. 5.50.

A—1A Yop—
s Fy=¥m(1,4,5,7)
Inputs B— B ¥y
c—c Lf]
+5Y
as 1
Desoder ¥,
G| Ye
G Ya —
21 _:_)—anm(z,a.a.?)
G ' |
Fig. 5.50

mp Example 5.25 : Implement full subtractor using a decoder and write a truth table.

Solution : The truth table for full subtractor is as shown in Table 5.14.

Inputs Qutputs
A B Bjn D Byt
0 0 0 0 Q
0 e e
R R
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A A
B Yo p——
o— YI
in ¢ | D
Yz
5V Y
* 3:8 3

1
1
1
Decoder Y,
% Ysb .
G, Bout
Yo b
Gon Y;

Goa

=

Fig. 5.51 Implementation of full subtractor using 3 : 8 decoder

iy Example 5.26 : Implement Gray to Binary code converter using suitable decoder.

Solution :  Table 5.15 shows the truth table for 3-bit binary to gray code converter.

0 0 0 0 0
0 1 0 0 1
0 1 0 0 1 1
0 1 1 0 1 0
1 [¢] 0 1 1 0
1 0 1 1 1 1
1 1 0 1 0 1
1 1 1 1 0 0

Table 5.15 Truth table for 3-bit binary to gray code converter
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The Fig. 552 shows the implementation of 3-bit binary to gray code converter using
3:8 decoder. As outputs of 74138 are active low we have to use NAND gate instead of OR
gate. The active low output from the decoder forces output(s) of connected NAND gate(s)
to become HIGH, thus implementing the function.

A 3:8
B — Decoder
c IC 74138

oo oo o o o ol
9

Fig. 5.52

imsp Example 5.27 : Design 2-bit comparator using decoder.

Solution :

o
=
m

L

4w s a|lm @ s w|loD oo Do o e o

- -, -l. -0 0 0 Q= = = 20000 .': >

-+ =+ O O|= = 0 O+ - 0o O|= =~ o 0O
0O = O|= 0O = 0O|= 0O = 0O = 0 = O

o _s - D D e a0 0 0 <« o oo .V

- 00 o0|lo - 0D o|lo o = olo o o =i

@ 0 a0+ 000 =004 2o %

Table 5.16
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Fig. 5.53
1P Example 5.28 : Design and implement a full adder circuit using a 3 : 8 decoder.

Solution : Truth table for full adder is as shown in the Table 5.17.

Inputs Outputs
A B Cin Carry Sum
0 0 0 0 0
0 0 1 Y 1
0 1 0 0 1
0 1 1 1 0
1 0 0 o 1
1 0 1 1 0
1 1 0 1 0
1 1 1 1 1

Table 5.17 Truth table for full-adder

>
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Y,
IC 74138 6
Yz
L= >—sm

Fig. 5.54
Note : IC 74138 has active low outputs.

5.5.7 BCD to Decimal Decoder

BCD decoders have four inputs.and 10 outputs. The four-bit BCD input is decoded to
activate one of the ten outputs. The 74XX42 is a BCD to decimal decoder. It accepts four
active high BCD inputs and provides 10 independent active low outputs. Fig.5.55 (a)
shows pin diagram and logic symbel for IC 7442. The active low outpuis of 1IC 7442
facilitates addressing other MSI units with active low input enables.

S
[ N [16] Vee
1Z] 5] %
- o |(15}[t14}|(13}|{12}
EE IC 7442/ o AR B
IC 7445 73] A2 IC 7442 [ IC 7445
7[5 [12] A 0123456788
5[&] 1]5 m]@]e|ee]o[ekofo
EE 1043
enp[E] (6]7
(a) Pin diagram (b} Logic symbol

Fig. 5.55
The logic design of 7442 ensures that all outputs are high when binary codes greater
than nine are applied to the inputs. The most significant input, A; produces a useful
inhibit function when the 7442 is used as a 3 to 8 decoder.
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The IC 7445 is also a BCD to decimal decoder with identical pin description as that of
IC 7442. However, IC 7445 provides open collector outputs.

5.5.8 BCD to Seven Segment Decoder

In most practical applications, seven segment displays are used to give a visual
indication of the output states of digital ICs such as decade counters, latches etc. These
outputs are usually in four bit BCD (binary coded decimal) form, and are thus not suitable
for directly driving seven segment displays. The special BCD to seven segment
decoder/driver ICs are used to convert the BCD signal into a form suitable for driving
these displays. In this sections, we are going to study LED and LCD decoders/drivers for
seven segment displays. Let us tabulate the segments activated during each digit display.

Digit Segments Activated Display

t b
0 abcdef ol _Je
]

)
2 abdeg e| 2]
L]
L3
b
3 abedg 8:
]
4 b,c.fg l:
&
1
5 acdfg c
d
L]
t
] acdefg el #)c
]
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8
7 a b c E

oo

8 a,becdefg

,_
ED-
I

uﬂ:_i'a-

9 abcdfg

Table 5.18

From the Table 5.18 we can determine the truth table for BCD-to-7 segment
decoder/driver. This truth table also depends on the construction of 7-segment display. If
7-segment display is common anode, the segment driver output must be active low to
glow the segment. In case of common cathode type 7-segment display, the segment driver
output must be active high to glow the segment. Table 5.19 and 5.20 show the truth tables
for both BCD to 7 segment decoder/driver with common cathode display and with
common anode display respectively.

Digit A B C D|a b ¢ d e f g
0 o 0 0o o1 1 1+ 1 1 1 0
1 o 0o 0 1/0 1 1 0 0 0 O
2 o o 1 o1 1 0 1 1 0 1
3 oo 1t 1|1 1 1 1 0 0 1
4 o 1+ o o|lo0 1 1 0 0 1 1
5 0 1 o 1 1 0 1 1 o 1 1.
6 o 1 1 o1 0 1 1 1 1 1
7 o 1 1 1|t 1 1 0o 0 0 0
8 1 0 o o1 1 1 1 1 1 1
9 1 0 o 1|1 1 1 1 0 1 1
Table 5.19 Truth table for BCD-to-common cathode 7-segment decoder/driver
Digit A B C D|a b ¢ d f g
0 o o o o0o(0 0o ©0 O O 0 1
1 oo o 1|t 0o 0 1 1 1 1
2 o o t 0,0 0 1 0 0 1 0
3 o 0o 1 1|0 0 0 0 1 1 0
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4 o 1 0o 0|1 o © 1 1 0 0
5 ¢ t o 1/0 1 0 ©0 1 0 O
8 ¢ 1+ 1 ©o|0 1 0 0 0 O0 9
7 o 1+ 1 1}0 0o 0o 1 1 1 1
8 t ¢ 0 0|0 0 0 0 ©0 0 O
9 t 0 0 1/0 0 0 0 1 0 0
Table 5.20 Truth table for BCD-to de 7-segment decoder/driver

Let us design the combinational circuit for common cathode 7-segment display/driver.

#-map simplification
co For a co For b co For ¢
ABN_ 0D 01 11 10 AN 00 01 1 ABN 00 01 11 10

10
oo 1H o _./1.__.[-15 ool 1 | 1J 00 ? 13 1Y o
0

ot o [T i1 1 o1]i1i] o

n X TEETT = i xi] x
1wl 1 ﬁ I EHE
e . - neee
a=A+C+BD+BD b=B+CD+CD
For d For e
cD CD

01

1

L
H
o

oLl

d=BD+CD+BCD+BC+A e=BD+CD f=A+CD+BC+BD

For g
AN 00 01 11 10

oofo|ofit 3|
Nan R
11 Jx x'T)?g‘;TEl
w0f1 |1 |{x )ﬂ

g=A+BT+BC+CD
Fig. 5.56
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Logic diagram
A B c D

v

Fig. 5.57

Iy Example 5.29 : Implement BCD-fo-7 segment decoder for common anode using 4 : 16
decoder.

Solution : Referring the truth table from Table 5.25 we can implement BCD-to-7 segment
decoder for common anode as shown in the Fig. 5.58. (See Fig. 5.58 show on next page).

5.5.8.1 Basic Connection for Driving 7-Segment Displays

Fig. 5.59 and 5.60 show the basic connections of BCD to seven segment decoder/driver
for common-anode and common-cathode displays, respectively. In both the circuits, current
limiting resistors are placed in series with each display segment. Looking al the figures,
we can observe that common anude decoder/driver sinks current whereas
common-cathode decoder/driver source the current to cach display segment.

Now we will see the practical decoder/driver ICs, their pin connections, functional
description and features.
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Active Low Outputs
For Common Anade
Display
OU
01 D °
O,
O3
A — O
[ ¢
B ———
4:16 0,
Decoder
[op— Ogf——NC d
O
D Oyl—— NC __} e
Oy l—ne
Oy}— NC E f
0,3f——NC
Opaf— e >— "
Oy}— NC
NC - Not Connecled
Flg. 5.58 BCD-to-7 segment decoder using 4 : 16 decoder
*Vee
T" Veo Comman
-]
a M ,R,, A a
b A KA b
A
! c AAAA c
B Common s“‘;:“
BCD anode d ARAR d segin
inputs | d:‘l:'ic:::ﬂ . . a "°‘:,
D
f 'A'A'.l'h f
GND
1 Current limiling
= resistors

Fig. 5.59 Basic connections for driving common anode display
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A < MAN e Seven
Common v
gco) B il d o d segment
inputs| decoder/ A cathade
driver e WA e display
o f AAAA f
a WAAA a
GND
1 Current limiting
= resislors Common

Fig. 5.60 Basic connections for driving common cathode display

5.5.8.2 IC 7446A, T447A and T4LS47

The 7446A, 7447A and 741547 ICs accept four lines of BCD input data and gives open
collector outputs to drive the individual segments directly. Each segment output is
guaranteed to sink 40 mA (24 mA for 741L547) in the ON (LOW) state. As the outputs of
these ICs sink the current, it is suitable to drive common anode seven segment displays.

Fig. 5.61 shows the pin diagram for 74464, 7447A and 74L547.

%]
\[]
l6
a0 1]
]
o
N
ono [3]

e
16| Vee
)1
Ic 14]g
T446Af
T447A -
T4LS47 a
Seven b
segment E b
decoder/
driver

!1____1_15
[0]a
o ]¢

Fig. 5.61 Pin diagram for 7T446A, T44TA and TALS4T
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Pins Ay, A, A, and A; represent BCD inputs with Ay as a least significant bit (LSB)
and Aj as a most significant bit (MSB). Pins @ through g are the seven segment outputs.
These are active low outputs, i.e. when segment output goes low (active state), segment is
made ‘ON". The test lamp pin (LT) is provided to test whether all segments are working
properly or not. When LT pin is held low with RBI pin open or at logic high, IC drives all
display terminals ON (active low). When the BI/RBO pin is pulled low, all outpuls are
blanked ; this pin also functions as a ripple-blanking output terminal. BI/RBO along with
RBI can be used to provide ripple blanking feature discussed later.

Circuit to Drive Single Seven Segment LED Display

Fig. 5.62 shows a circuit to drive a single, seven segment, common anode LED display.
For common anode, when anode is connected to positive supply, a low voltage is applied
to a cathode to turn it on. Here, BCD to seven segment decoder, IC 7447 is used to apply
low voltages at cathodes according to BCD input applied to 7447. To limit the current
through LED segments, resistors are connected in series with the segments. This circuit
connection is referred to as a static or non-multiplex display because current is being
passed through the display at all times.

SV +5Y

I

1 _ R
Ay a WA
aeo 2 Ay b WA
inputs L:] A, z A R. A
14 F ic - R
3 e NN o
+5V 447 K R
T 4 GiRB0 e M
. .
SrEi ——AMW——
al— - R
LT =] VWA

1

Fig. 5.62 Circuit for driving single seven segment display using 7446/7447
The value of the resistor in series with the segment can be calculated as follows :
We know, Ve - drop across LED segment ~ IR = 0
Drop across LED segment is nearly 1.5 V.

R = Vee-15V
5-15V
5V
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Each LED segment requires a current of between 5 and 30 mA to light. Let us assume
that current through LED segment is 15 mA
R = 35V
15mA

= 2330
In practice, the voltage drop across the LED and the output of 7447 are not exactly

predictable and the exact current through the LED is not critical as long as we do not
exceed its maximum current rating. Therefore, a standard value 220 Q can be used.

Cascaded Non Multiplexed Displays

Several sets of seven segment displays and associated decoder/drivers ICs can be
cascaded to make multi-digit display system. Fig. 5.63 shows the connection for cascaded
multi-digit display system.

+5V
Il il
I i
u|—0P, = u|—oP, == ule—DP,
T |
E: s 255555 E Conlrol
< <+ Soogg g <
Rl < £3 Rl 3332323 R| s DPg= logic
DP = todrive
DP =] decimal
points
I_Ell?dcba aif leidjclbja 91f leldiclbfa
Decoder/driver Decoderfdriver Decoder/driver
1 I L [ ! | I L |
e
\_—_gn igit g
—_———
BCOD inputs

Fig. 5.63 Cascaded multi-digit non multiplexed display system

Ripple Blanking in Multi-digit Displays

If the display system shown in Fig. 5.63 is used to display count of 8, then it actually
gives the reading 008. Similarly, if it is used to display 0.2, it actuallz_g_wﬁ reading 0.20.
These leading and trailing zeroes can be automatically blanking using RBI and RBO signals
of the IC 7447 decoder/driver. The technique of blanking leading and trailing zeroes is
called ripple blanking.
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A -" N
w |-—pP, - w|l—op, " wl—DP,
DPg=—1 logic
Resistor Resistor Resistor DPy=— o drive
bank bank bank DPy~-] decimal
points
g] la gl |a gf fa
Decoderidriver Decoderfdriver Decoder/driver
-L'-" RBI RBO RBI REQ +5v |RBI RBO
Ay Ay Ay Ay Ay Ay Ay Ay Ay Ay Ay Ay
—— R — | ——
Digit 2 Digit 1 Digit o_/
——
BCD inputs

Fig. 5.64 Circuit for blanking leading zeroes

Fig. 5.64 and 5.65 show circuits to provide ripple blanking for leading zeroes and
trailing zeroes.

|
N
f

I
=1

» f=—DPy a f=—DP,

Resistor Resistor Resistor
bank bank bank

T |[ﬂ7|‘r r[‘_il‘r

":-‘2

\—_.,,_-J

T——
BCD inputs.

Fig. 5.65 Circuit for blanking trailing zeroes
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To understand the working of signals RBI and RBO we will see the internal circuit for
these two signals, as shown in Fig. 5.66.
Ay
BCD| Ay
inputs| A,
Ay

RBI R8O

Fig. 5.66 Internal circuit for RBI and RBO signails

When RBI is low (activaled) and all the BCD inpuls are zero, then RBO goes low.
Looking at Fig. 5.64 we can observe that when there is leading zero, digit 2 is blanked and
it sets RBI zero for adjacent digit (digit 1), so that if BCD inputs for adjacent digit (digit 1)
are zero, the digit is blanked.

In case of trailing zero the process of blanking starts from the right most digit. Here,
digit 0 is blanked if all BCD inputs to the digit 0 are zero. If so0, RBO for digit 0 goes low
and therefore RBI input for digit 1 is low. Now if all BCD inputs of the digit 1 are zero
then digit 1 is blanked.

Multiplexed Common Anode Displays

Untill now we have seen static or non-multiplexed display circuits. These circuits work
well for driving up to four LED digits. However, these circuits are not suitable for driving
more LED digits, say 8 digits. When there are more number of digits, the first problem is
a power consumption. For worst-case calculations, assume that all eight digits with all
segments are lit. Therefore, worst case current required is

I = 8 (digits) % 7 (segments) x 15 mA (current per segment)
= 840 mA

A second problem of the static approach is that each display digit requires a separate
BCD to 7 segment decoder. To solve the problems of the static non-multiplexed display
approach multiplexed display method is used. Fig. 5.67 shows the 4 seven segment
displays connected using multiplexed method. Here, common anode seven segment LEDs
are used.

Anodes are connected to + 5 V through transistors. Cathodes of all seven segments are
connected in parallel and then to the output of 7447 IC through resistors. Looking at the
Fig.5.66, the question may occur in our mind that, “Aren’t all of the digits going to
display the same number ?” The answer is that they would show the same number only if
all the digits are tumed-on at the same time. However, in multiplexed display the segment
information is sent for all digits on the common lines (output lines of 7447), but only one
display digit is turned on at a time. The PNP transistors connected in series with the
common anode of each digit acts as an ON and OFF switch for that digit. Here is how the
multiplexing process works.
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+5Y
Bl/RBO = AARM H
B a VW
T B l—ana B =
— e
"o e WA el 5
—a, %
BCD [ BEPYYYY i
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2 : laA'.l e 3
—Jas 2
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abcdeld abcde abcde abcde
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Fig. 5.67 Common anode seven segment display in multiplexed connection

The BCD code for digit 0 is first applied to the 7447. The 7447, BCD to seven segment
decoder outputs the corresponding seven segment code on the segment bus lines. The
transistor Q; connected to digit 0 is then turned on by corresponding control signals. All
of the rest of the control lines are made high to ensure no other digits are turned on. After
2ms, digit 0 is turned-off by making all control inputs high. The BCD code for digit 1 is
then applied and the control input for digit 1 is made low to turn it ON. After next 2 ms,
digit 1 is turned-off and the process is repeated for digit 2 and digit 4. After completion of
turn for each digit, all the digits are lit again in turn.

With 4 digits and 2 ms per digit we get back to digit 1 every 8 ms or about 125 times
a second. This refresh rate is fast enough that, to our eye and due to persistence of all
digits will appear to be lit all the time.
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In multiplexed display, the segment current is kept in between 40 mA to 60 mA so
that they will appear as bright as they would, if not multiplexed. Even with this increased
segment current, multiplexing gives a large saving in power and hardware components.

Multiplexed Common Cathode Displays

The Fig. 5.68 shows the circuit diagram for multiplexed common cathode seven
segment display. The principle of operation of this multiplexed display is same as that of
multiplexed common anode display. Here, IC 7448 is used as a BCD to seven segment
decoder instead of 7447. IC 7448 has active high open collector outputs. Thus in the
circuit diagram all anodes are tied to V- through full-up resistors. Other connections of
IC 7448 are exactly same as that of 7447. The NPN transistors connected in series with
common cathode of each digit act as a ON and OFF switch for that digit.

o+5V
+5V
< > < - <
b b3 S R.Z Pullup
R":’R"::R"E: R'P:: R"::R"'E: P2 resistors
al b ¢ d al 1 9
BIRBO a a
RBI b b
LT e c .ﬂ_ﬂiw
— % ?ﬁa d d ,:;gghmanl
Beo ) — M e e Bits
input — Ay f f
—] A3 9 9
abcdefg] [abcdef abcdef abcde
Digit 2 Digit 1 !D'grto
Coniral + .
inpute
Digha %

Wiy

Fig. 5.68 Common cathode seven segment display in multiplexed connection
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5.6 Encoders
An encoder is a digital circuit that

— performs the inverse operation of a
2-data — 7" | decoder. An encoder has 2" (or fewer)
inputs N — g input lines and n output lines. In

— E:“;""er : :m;:fs encoder the output lines generate the

- binary code corresponding to the input
lErfl‘:;f — value. The Fig. 569 shows the

- general structure of the encoder circuit.

As shown in the Fig. 5.69, the decoded
Fig. 5.69 General structure of encoder  jnformation is presented as 2" inputs

producing n possible outputs.

5.6.1 Decimal to BCD Encoder

The decimal to BCD encoder, usually has ten input lines and four output lines. The
decoded decimal data acts as an input for encoder and encoded BCD output is available
on the four output lines.

The Fig. 5.70 shows the logic symbol for decimal to BCD encader IC, IC 74XX147. It
has nine input lines and four output lines. Both input and output lines are asserted active
low. It is important to note that there is no input line for decimal zero. When this
condition occurs, all output lines are 1. The function table for the 74XX147 is shown in
Table 5.21.

TAXX147
r( (11 1
u2 |,
3 4, A2
o J, BpTL_ _
Decimal @) c (6) BCD oulputs
inputs —q5 Y AL
&) 8
@ J .
B g
\_6) g

Flg. 5.70 Logic symbol for 74XX147 (Decimal to BCD encoder)
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Decimal Inputs Outputs
Value

1 2 3 4 5 6 T B8 k] D c B A
0 1 1 1 1 1 1 1 1 1 1 1 1 1
1 1] 1 1 1 1 1 1 1 1 1 1 1 0
2 x 1] 1 1 1 1 1 1 1 1 1 ] 1
3 x X 0 1 1 1 1 1 1 1 1 0 0
4 x x x 0 1 1 1 1 1 1 0 1 1
5 X X X X 0 1 1 1 1 1 0 1 0
-] x x X x X 0 1 1 1 1 1] 0 1
7 X X X X x X 0 1 1 1 0 0 0
L] X x x x X x x 0 1 Q 1 1 1
] x x x ® x x x x [ "] 1 1 "]

X indicates don't care condition
Table 5.21 Truth table for decimal to BCD encoder

np Example 5.30 : Draw the interfacing diagram of ten key keypad interface to a digital
system using decimal to BCD encoder.
Solution :

R% R% R% TALS147

é < < <
RS RS R2 RS R3S RZ R3
‘) ‘b ‘I ‘h
1
2
43
4 Ap—
5 g"—}acn
4 6 Dp—
47
8
9
ol 1| 2| 3| 4 s| e 7| s 91

Fig. 5.71 Ten key keypad interface using decimal to BCD encoder
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§.6.2 Octal to Binary Encoder

Fig. 5.72 shows octal to binary encoder. It has eight inputs, one for each octal digit,
and three outputs that generate the corresponding binary code. In encoders it is assumed
that only one input has a value of 1 at any given time; otherwise the circuit is
meaningless.

D; Dg Ds Dy Dy D, Dy D

A=D,+Dg+Dg +D;

B =D, + D5+ D +D;

C=D,+D0y+D;5+Dy

Fig. 5.72 Octal to binary encoder

Table 5.22 shows the truth table of octal to binary converter.

Inputs Qutputs
Dp by b Dy D, Dg Dg D, | A B C
1 0 0 0 0 0 0 [ 0 0 0
0 1 0 0 0 0 [} [ 0 0 1
0 0 1 0 0 0 0 0 0 1 0
0 0 0 1 0 0 0 o 0 1 1
1] 0 0 0 1 0 1] 0 1 0 0
0 0 0 0 0 1 [} 0 1 0 1
1] ] 0 0 0 ¢] 1 0 1 1 0
0 0 0 0 0 0 [} 1 1 1 1

Table 5.22 Truth table of octal to binary encoder
The above circuit has one more ambiguity that when all inputs are 0s the outputs are
Os. The zero output can also be generated when Dy = 1. This ambiguity can be resolved by
providing an additional output that specifies the valid condition.

5.6.3 Priority Encoder

A priority encoder is an encoder circuit that includes the priority function. In priority
encoder, if two or more inputs are equal to 1 at the same time, the input having the
highest priority will take precedence.
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Table 5.23 shows truth table of 4-bit priority encoder.

Inputs Outputs
Dy Dy D, D, | Yy Yo v
0 0 0 0 X X 0
1 0 0 0 0 0 1
X 1 0 0 0 1 1
X X 1 0 1 0 1
X X X 1 1 1 1

Table 5.23 Truth table of 4-bit priority encoder

Table 5.23 shows D; input with highest priority and Dy input with lowest priority.
When Dj input is high, regardless of other inputs output is 11. The D, has the next
priority. Thus, when D3 = 0 and D, = 1, regardless of other two lower priority input,
output is 10. The output for D, is generated only if higher priority inputs are 0, and so on.
The output V (a valid output indicator) indicates, one or more of the inputs are equal to 1.
If all inputs are 0, V is equal to 0, and the other two outputs (Y; and Yy) of the circuit are
not used.

K-map simplification

For Yy For V
D,0;
DD\ _00 01 11 10 DyD; 01 11 10
=TT e
ool x [ {13 13 00 i1 1] 1
01 0 fi1 1 1§ 01
1] o ji1 1§l 1 1 i
oo oo
Yy =D, +Dy V'=Dg+ Dy+ D+ Dy

Fig. 5.73(a)
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Logic diagram
D30, Dy Dy

v

¥

D_l—D—vo
>

v

Fig. 5.73 {b)
5.6.4 Priority Encoder IC (74XX148)

The IC 74XX148 is an B-input priority encoder. It accepts data from eight active low
inputs and provides a binary representation on the three active-low outputs. A priority is
assigned to each input so that when two or more inputs are simultaneously active, the
input with the highest priority is represented on the output. Input I has least priority and
input I; has highest priority.

Fig. 5.74 shows pin diagram and logic symbol for IC 74XX148.

p

[0 [76] Veo

1s[Z] [75]E0 IwTﬂ;w (0@ D@ (6
o i [ |
E 14]Gs by I3 4 Is0g b EI
4] e [73]%s IC 74148
E[s Encoder =T EO__ A A A Gs
_ [ :]_z oo Jo [ Jo  Jos
%[5 Eop
AT T,

o] o

(a) Pin diagram (b} Logic symbol

Fig. 5.74
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El is the active low Enable Input. A high on the EI will force all outputs 6 the
inactive (high) state and allow new data to settle without producing erroneous information
at the outputs.

A Group Signal (GS) is asserted when the device is enabled and one or more of the
inputs to the enceder are active. Enable Output (EQ) is an active low signal that can be
used to cascade several priority encoder devices to form a larger priority encoding system.
When all inputs are high, i.c., none of the input is active, the EO goes low indicating that
no priority event connected to the IC is present. In cascaded priorily encoders, EO is
connected to the EI input of the next lower priority encoder. The Table 5.24 shows the
truth table for 74XX148 priority encoder.

Inputs Qutputs
EI 0. 1 2 3 4 5 [} 7 Ay Ay Ag GS | ED
1 x X x x x x x x 1 1 1 1 1
0 1 1 1 1 1 1 1 1 1 1 1 1 0
0 o 1 1 1 1 1 1 1 1 1 1 0 1
0 H 0 1 1 1 1 1 1 1 1 0 0 1
0 x x 0 1 1 1 1 1 1 0 1 0 1
V] x x x 0 1 1 1 1 1 o o 0 1
o x x x x 0 1 1 1 ] 1 1 0 1
a x x x x x 0 1 1 0 1 o 0 1
o x x x x x X 0 1 0 0 1 0 1
0 x x x X x x X 0 0 0 0 0 1

Table 5.24 Truth table for the 74XX148 priority encoder

tmp Example 5.31 : Implement the 32 ii:put to 5 oulput priority encoder using four 7415148
and gates.

Solution :  Fig. 5.75 shows how four 74L5148 can be connected to accept 32 inputs and
produce a 5-bit encoded output, Ay - A,. EO signal is connected to the El input of the next
lower priority encoder and EI input of the highest priority encoder is grounded. Therefore,
at any time only one encoder is cnabled. Since, the A; - Ay outputs of at the most one
7415148 will be enabled at a time, the outputs of the individual 74L.5148s can be ORed to
produce A, - A Likewise, the individual GS outputs can be combined in a 4 to 2 encoder
to produce A4 and A;. The GS output for 32-bit encoder is produced by ORing GS outputs
of all encoders. (See Fig. 5.75 on next page.)
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Fig. 5.75 32-input to 5§ output priority encoder using four 74L5148s and gates
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Review Questions

. Explain the design procedure for combinational circuits.

. What is multiplexer ? Draw the logic diagram of 8 to 1 line multiplexer.
. Design even parity generator circuit for 4-bit input using multiplexer.

. Implement f(A, B,C,D)= E m(0, 3,5, 6,10, 12) using 8:1 multiplexer.
. Implement the following function using 8§ : 1 MUX :

. Implement the following function using 4 : 1 multiplexers with active low strobe input :
. Implement the following function using 4 : 1 multiplexcrs.

8
9.

10.
11.

. Implement the following functions using 3:8 decoder.

. What do you mean by encoder ?
. Write a short note on priority encoder.

fA,B,C,D)=nM(0 357,12, 15) + d (2, 9)

(A, B,C, D)= Y m(2357891213,14,15).

4 s J

fiA,B,C.D)=Y m(l,368 10,11, 15).

What is the difference between decoder and demultiplexer 7

Design the full-adder circuit using decoder and demultiplexer.

What is decoder ?

Describe the pins required for a typical 3 to 8 decoder. Indicate the connection to be made
with a neat diagram to implement.

Y=CBA+CBA+CBA+CBA+CBA

Fi(ABC =% m(0,1,457)
Fy(A,B,C)=) m(24,67)

aaa
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Sequential Logic Circuits

6.1 Introduction

So far we have studied the analysis and design of combinational digital circuits. It
constitutes only a part of digital systems. The other major aspect of digital system is
analysis and design of sequential circuits.

There are many applications in which digital outputs are required to be generated in
accordance with the sequence in which the input signals are received. This requirement
cannot be satisfied using a combinational logic system. These applications require outputs
to be generated that are not only dependent on the present input conditions but they also
depend upon the past history of these inputs. The past history is provided by feedback
from the output back to the input.

Fig. 6.1 shows the block diagram of sequential circuit/finite state machine (FSM). As
shown in the Fig. 6.1, memory clements are connected to the combinational circuit as a
feedback path.

The information stored in the memory elements at any given time defines the present
state of the sequential circuit. The present state and the external inputs determine the
outputs and the next state of the sequential circuit. Thus we can specify the sequential
circuit by a time sequence of external inputs, internal states (present states and next states),
and outputs.

' Combinational
i Inputs circuit Out :
H (Combinatonal - :
companent] :

Memory

elements E

Present state (Sequential Next state i

component) H

Sequential circuit
Fig. 6.1 Block diagram of sequential circuit / FSM
(6-1)
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Sr. Combinational circuits Sequential circuits
No.
1. | In combinational circuits, the output variables 1n sequential circuits, the output variables
are at all times d dent on the d not only on the present input
of input vanables. variables but they also depend upon the
past history of these input variables.
2, Memory unit is not required in combinational Memory unit is required to store the past
circuits. history of input variables in the sequential
circuit.
3 Combinalional circuits are fasler in speed Sequential circuits are slower than the
b the delay bet input and output is [ combinational circuits.
due to propagation delay of gates.
4. | Combinalional circuits are easy to design. Sequential circuits are comparalively harder
to design.
5. Parallel adder Is a combinational circuit. Serial adder is a sequential circuit,

Table 6.1 (a) Comparison between combinational and sequential circuits
The sequential circuils can be classified depending on the timing of their signals :

Synchronous sequential circuits and Asynch
sequential circuits, signals can affect the memory clements only at discrete instants of time.
In asynchronous sequential circuits change in input signals can affect memory element at
any instant of time. The memory elements used in both circuits are flip- flops which are
capable of storing 1-bit binary information.

juential circuits. In synchronous

Sr. Synchronous sequential circuits Asy 1 ial circul
No.

1. | In synchronous circuits, memory elements are In asynchronous circuits, memory elements
clocked flip-flops. are either unclocked flip-flops or time delay

elements.

2. | In synchronous circuits, the change in input In asynch circuits change in input
signals can affect memary element upon signals can affect memory element at any
activation of clock signal. instant of time.

3. | The maximum operating speed of clock dep B of ab of clock, f
on time delays involved. drwhs can operate faster than synchrcnnus

4. | Easier to design. More difficult to design.

Table 6.1 (b) Comparison between synchronous and asynchronous sequential

circuits
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6.2 One-bit Memory Cell

The Fig. 6.2 shows the basic bistable clement used in latches and flip-flops. The basic
bistable element has two outputs Q and 6 It has two cross-coupled inverters, i.c., the
oulput of the first inverter is connected as an input to the second inverter and the output
of second inverter is connected as an input to the first inverter.

A A Q
B {3 a
B
(a) Using basic inverter {b) Using NAND gates (c) Using NOR gates
Fig. 6.2 Basic bistable el t {1-bit y cell)

The basic bistable clement circuit has two stable states logic 00 and logic 1, hence the
name 'bistable'. To illustrate this, assume A = 0. When A = 0, the output of inverter 1 is 1
(A), i.e, Q = 1. Since the output of inverter 1 is the input to the inverter 2, A=B=1
Consequently, the output of inverter 2, ie, B is 0. Since the output of the inverter 2 is
connected to the input of the inverter 1, 6 =B = A = 0. We have assumed same value for
A. Thus, the circuit is stable with Q = A = B = 0 and Q = A = B = 1. Using similar
explanation it is easy to show that if it is assumed that A = 1, the basic bistable element is

stable with Q= A=B=1and Q=A = B= 0. This is a second stable condition of the
basic bistable element.

The two stable states of basic bistable elements are used to store two binary elements,
0 and 1. In positive logic system, state Q = 1 is used to store logic 1, and state Q = 0 is
used to store logic 0. It is important to note that the two outputs are complementary. That
iswhenQ=0,Q=1;and whenQ=1,Q=0.
From the above discussion we can note following things about the basic bistable
element.
1. The outputs Q and Q are always complementary.
2. The circuit has two stable states. The state corresponds to Q = 1 is referred to as
1 state or set state and state corresponds to Q = 0 is referred to as 0 state or
Reset state.
3. If the circuit is in the set (1) state, it will remain in the set state and if the circuit is
in the reset (0) state, it will remain in the reset state. This property of the circuit
shows that it can store 1-bit of digital information. Therefore, the circuit is called a
1-bit memory cell.
4. The 1-bit information stored in the circuit is locked or latched in the circuit.
Therefore, this circuit is also referred to as a latch.
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Modified Circuit for 1-bit Memory Cell

In the above Fig. 6.2, when the power is switched on, the circuit switches to one of the
stable states, i.e. Q = 1 or Q = 0 and it is not possible to predict the state. Thus we cannot
store/enter the desired digital information in it. By replacing inverters 1 and 2 with
2-input NAND gates, we can use other input terminal of the NAND gates fo enter the
desired digital information. The Fig. 6.3 shows the modified circuit for I-bit memory cell.
As shown in the Fig, 6.3, two inverters 3 and 4 are connected to enter the digital
information. Input for gate 3 is S and input for gate 4 is R. Hence this latch is also called
SR latch.

Fig. 6.3 Modified circuit for 1-bit memory cell (SR latch)

For understanding the circuit operation, we must first determine the output of NAND
gate whose one of the input is logic 0 and accordingly we have to determine the output of
other NAND gate in the cross coupled inverter. Because the output of NAND gate is 1 if
any one input is 0. The circuit operation is as follows. In Fig. 6.4, the output of shaded
NAND gate is determined first, and the 0 input that decides the output of shaded NAND
as 1 is shown in bold.

Case1: S=R=0

In this case, S=R = 1. If Qis 1, Q and B inputs for NAND gate 2 are both 1
and hence output Q = 0. Since Q = 0 and 5 = 1, the output of NAND gate 1 is 1,
ie. Q=1
IfQisU,Qandﬁmpuis for NAND gate 2 are 0 and 1, and hence oulput6= 1.
Since Q@ = 1 and 5= 1, the output of NAND gate 1is 0, i.e, Q= 0.

Initial state : Q=0, Q=1 Initial state : Q=1, Q3= 0
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Case2: S=1land R=0

In this case, 5= 0 and R = 1. Since 5 = 0, the output of NAND gate 1, Q = 1
(Recall that, for NAND any one or more input is 0, the output is 1). For NAND
gate 2, both inputs Q and R are 1, thus output Q = 0.

Case3: S=0and R=1

hlﬂﬁsmse,§='iand§=IlS'aneﬁ={],ﬁ1eoutputofNﬁNDgale2,ﬁ=1.
For NAND gate 1, both inputs Q and S are 1, thus output Q = 0.

Whl:n.5=R=l,bulhthcoutputsQand(_Jtrybobmmelwh.i.chisnot
allowed and therefore, this input condition is prohibited.

6.3 Gated Latches

6.3.1 Gated SR Latch

In the SR latch we have seen that output changes occur immediately after the input
changes occur i.e. the latch is sensitive to its 5 and R inputs at all times. However, it can
casily be modified to create a latch that is sensitive to these inputs only when an enable
input is active. Such a latch with enable input is known as gated SR latch. It is as shown
in the Fig. 6.7. The Table 6.2 shows the truth table for gated latch. As shown by truth
table, the circuit behaves like a SR latch when EN = 1, and retains its previous state when
EN = 0.
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]
Q
—15s QF—
EN — EN
—dR 'f”_
Q
R
(a) SR latch with enable input using NAND gates {b) Logic symbol
Fig. 6.7
EN S R Q, Qo State
1 0 0 0 1] No change (NC)
1 0 [+] 1 1
1 [ 1 ] 0 Reset
1 0 1 1 o
1 1 1] 0 1 Set
1 1 0 1 1
1 1 1 0 X Indeterminate
1 1 1 1 X
0 X X o /] No change (NC)
0 X X 1 1

Table 6.2 Truth table for SR latch with enable input

6.3.2 Gated D Latch

Looking at the truth table of the SR latch we can realize that when both inputs are
same the output either does not change or it is invalid (Inputs — 00, no change and
inputs — 11, invalid). In many practical applications, these input conditions are not
required. These input conditions can be avoided by making them complement_of each
other. This modified SR latch is known as D latch.

Fig. 6.8 shows the D latch. The NAND gates 1, 2, 3 and 4 form the basic SR latch with
erable input. The fifth NAND gate is used to provide the complemented inputs.
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o s

(a) D latch

Q
- EN
a_
Q
{b) Logic symbol

Fig. 6.8

As shown in the Fig. 6.8, D input goes directly to the S input, and its complement is
applied to the R input, through gate 5. Therefore, only two input conditions exists, either
S=0and R =1o0r S =1 and R = 0. The truth table for D latch is as shown in the

Table 6.3.
EN D Q. Qni State
1 o X 0 Reset
1 1 X 1 Set
0 X X Q. No change (NC)
Table 6.3 Truth table for D latch
oa, As shown in the truth table, the Q output
ENN_00 01 L'.':':‘:‘:.‘ 10 follows the D input. For this reason D latch is
ol@ 19,9, oy sometimes called transparent latch.
dolo I ..,l) Looking at the truth table for D latch with
enable input and simplifying Q. , function by

Q.4 =EN-D +EN-Q,

Fig. 6.9 Characteristic equation

6.4 Flip-Flops

6.4.1 Latches Vs Flip-Flops

k-map we get the characteristic equation for D
latch with enable input as

Q,.; = EN'-D+EN-Q,,. This is illustrated in
Fig. 6.9.

Latches and flip-flops are the basic building blocks of the most sequential circuits. The
main difference between latches and flip-flops is in the method used for changing their

state.

A simple latch forms the basis for the flip-flop. We have seen SR and D latches with
Enable input. Latches are controlled by enable signal, and they are level triggered, either
positive level triggered or negative level triggered. The output state is free to change
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according to the 5 and R input values, when active level is maintained at the enable input.

Flip-flops are different from latches. Flip-flops are pulse or clock edge triggered instead of
level triggered.

6.4.2 Level and Edge Triggering

Level Triggering

In the level triggering, the output state is allowed to change according to input(s)
when active level (either positive or negative) is maintained at the enable input. There are
two types of level triggered latches :

» Positive level triggered : The output of latch responds to the input changes only
when its enable input is 1 (HIGH).
v SR latch is enabled

only when the level
y F of E input is HIGH

0 —

Enable 1 ==
inpul
(E) -

Fig. 6.10 Positive level triggering
The SR latch shown in the Fig. 6.7 is a positive level triggered SR latch.

» Negative level triggered : The output of latch responds to the input changes
only when its enable input is 0 (Low).
v

Enable 1f-=====

input
(E)
c L Jd k
| T T SR latch is enabled

only when the level
of E input is LOW

Fig. 6.11 Negative level triggering
The Fig. 6.12 shows the circuit and symbol for negative level triggered SR latch.

]
(set) a
—s apP—
E _d=
(Enable) E
a e
R
(Reset) Bubble represents
negative level triggaring
(a) Negative level triggered SR latch (b) Logic symbo!

Fig. 6.12
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Edge triggering .

In the edge triggering, the output responds to the changes in the input only at the
positive or negative edge of the clock pulse at the clock input. There are two types of edge
triggering.

* Positive edge triggering : Here, the output responds to the changes in the input

only at the positive edge of the clock pulse at the clock input.

v
Clock
input 1
0
1 Output responds
only at the positive
edges of the pulse

Fig. 6.13 Positive edge triggering
* Negative edge triggering : Here, the output responds to the changes in the input
only at the negative edge of the clock pulse at the clock input.
v

Qulput responds
{ ‘ anly at the negative
Clock edges of the pulse
input

Fig. 6.14 Negative edge triggering
6.4.3 Clocked SR Flip-Flop

Positive edge triggered SR flip-flop

The Fig. 6.15 shows the positive edge triggered clocked SR flip-flop. The circuit is
similar to SR latch except enable signal is replaced by the clock pulse (CP) followed by the
positive edge detector circuit. The edge detector circuit is a differentiator. The Fig. 6.17
shows input and output waveforms for positive edge triggered clocked SR flip-flop. As
shown in Fig. 6.17 the circuit output responds to the S and R inputs only at the positive
edges of the clock pulse. At any other instants of time, the SR flip-flop will not respond to

the changes in input.
Gated SR latch

Fig. 6.15 Clocked SR flip-flop
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The Fig. 6.16 shows the logic symbol and truth table of clocked SR flip-flop, and
Fig. 6.17 shows input and output waveforms.

cP |5 | R |9, |Qu State
t]lofo]o]o
t 1o 0 ; ] No change{NC)
T|o 1010
—s af— tlel1]1]oe Reset
cP—p> tl1 oo -
—IRr al— tj1]o0 1] 1
T 1 1 1] X
p 1 3 1 x Indeterminabe
oflx[x]ofo
o x| 1 | | Mo changa(nc)
{a) Logic symbol (b) Truth table for positive edge clocked SR flip-flop
Fig. 6.16
Negative edge triggered SR flip-flop
|
e I I I
o UL T T
] M T[T
Q
Fig. 6.17 Input and output wawf:;‘m for positive edge triggered clocked SR
op

In the negative edge triggered SR flip-flop, the negative edge detector circuit is used
and the circuit output responds at the negative edges of the clock pulse. The Fig. 6.18 and
6.19 shows the logic symbol, truth table, and input and output waveforms for negative
edge triggered SR flip-flop. The bubble at the clock input indicates that the flip-flop is
negative edge triggered.
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cP| s | R | Gy [Qu State
ilojo]ofo
Mo change(NC
tlole ] 1] change(iC)
tloli1fo]o
—s Ql— 1 0 1 " o Reset
cP —d> N EEERERE set
—1Rr a | i 1 /] 1 1
P e | X ] eterminate
IR EREREE: elerming
olx|x|o]oe
o | x [ x| 1] 4 |MochanoeiNC)
{a) Logic symbol {b) Truth Table for negative edge clocked
5R flip-flop
Fig. 6.18

e

!
]
1
1
L}
:

f o= e il

-
I N

Q

Fig. 6.19 Input and output waveforms for negative edge triggered clocked SR
flip-flop

6.4.4 Clocked D Flip-Flop

Like in D latch, in D flip-flop the basic SR flip-flop is used with complemented inputs.
The D flip-flop is similar to D-latch except clock pulse followed by edge detector is used
instead of enable input. Such an edge triggered D flip-flop can be of two types :

» Positive edge triggered D flip-flop

= Negative edge triggered D flip-flop.

Positive edge triggered D flip-flop

The Fig. 6.20 shows the positive edge triggered D flip-flop. It consists of a gated
D-latch and a positive edge detector circuit.
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Gated D latch

Fig. 6.20 Positive edge triggered D flip-flop

The Fig. 6.21 shows the logic symbol, truth table and the input and the output

waveforms for positive edge triggered D flip-flop. As shown in the Fig. 6.21 (c), the circuit

output responds to the D input only at the positive edges of the clock pulse. At any other
instants of time the D flip-flop will not respond to the changes in input.

cCP| D Q..
—D —
S T 0 0
cP—p
al— T 1 1
0 | X Q,
Fig. 6.21 (a) Logic symbol Fig. 6.21 (b) Truth table of D flip-flop
1
S | |

s T

Fig. 6.21 (c) Input and output waveforms of clocked D flip-flop

Looking at the truth table for D flip-flop we can realise that Q,; function follows D
input at the positive going edges of the clock pulses. Hence the characteristic equation for
D flip-flop is Q,,,; = D. However, the output Q, , is delayed by one clock period. Thus,
D flip-flop is also known as delay flip-flop.

e If we connect the Q output of D flip-flop to its

m1=0=G  p input as shown in the Fig. 6.22, the output of D
cP—> flip-flop will change either from 0 to 1 or form 1 to
0 at every positive edge of the D flip-flop.

Q
| Such change in the output is known as
toggling of the flip-flop output.

Fig. 6.22
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Negative edge triggered D flip-flop

In the previous explanation

—1p a cP D_| G we have seen the output of D

I, 0 flip-flop is sensitive at the

cP—4> | . 1 positive edge of the clock

al— input. In case of negative edge

0 X Q, triggering, the output is

sensitive at the negative edge

(a) Logic symbol (b) Truth table of D flip-flep of the clock input. The

Fig. 6.23 Fig. 623 shows the logic

symbol and truth table for

negative edge triggered D flip-flop and Fig. 6.24 shows input and output waveforms for
negative edge triggered D flip-flop. The bubble at the clock input indicates that the
flip-flop is negative edge triggered.

1

CPJ

D

M

.
-

| [

Q

1

0

Fig. 6.24 Input output waveforms of negative edge triggered D flip-flop

6.5 Clocked JK Flip-Flop

The uncertainty in the state of an SR flip-flop when § = R = 1 can be eliminated by
converting it into a JK flip-flop. The data inputs are ] and K which are ANDed with _ﬁ and
Q, respectively, to obtain S and R inputs, as shown in the Fig. 6.25. Thus, S = ]-Q and

R =KQ

ol

Fig. 6.25 JK flip-flop using SR flip-flop
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Let us see the operation of JK flip-flop.

Case1:]=K=lJ

When | =K =0,S = R = 0 and according to truth table of SR flip-flop there is
no change in the output.

pios : i

Whm’f(lpu L 0, tpgfdog.s-not_dux;gw:-

Case2:J=1land K=10

Q=0,0Q0=1:WhenJ=1K=0and Q=0,5=1and R = 0. According to
truth table of SR flip-flop it is set state and the output Q will be 1.
Q=10=0:When]=1,K=0andQ=1,5=0and R = 0. Since SR = 00,
ﬁlerelsnodwngemmeoutputandtherefnre,Q-landﬁ:().

3 58 PO

a

Case 3:J=0and K=1
an_.Q=‘1.When]=0,l(=1andQ=0,S=0and_l_1=0.SinccSR=00,
there is no change in the output and therefore, Q = 0and Q = 1.
Q=10=0:WhenJ=0,K=1and Q=1,5=0and R = 1. According to
I:mth tabic of SR ﬁ1p—ﬂ0p it lsareset state and he outpthwﬂlbeﬂ

Cased4:]=K=1
Q0=0Q=1:When]J=K=1and Q =0,5=1 and R = 0. According to truth
table of SR flip-flop it is a set state and the output Q will be 1.

Q=1,0=0:WhenJ=K=1andQ=1,5=0and R = 1. According to truth
tab ofSR ﬂ:p—ﬂnp' is a reset state and the output Q will be 0.
; - vgnxﬁ__\?ﬁ

The Fig. 6.26 shnws the logic symbol, truth table and timing diagram of positive edge
triggered JK flip-flop.

ol

Fig. 6.26 (a) Clocked JK flip-flop
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o, [ VKT au
oo o] o J LK O

—]J al— o]0 |1 0 ol o Q,
0|1 0 1 —

cP—p o | 1 1 1 =]lo}| 1 0

—Jk al— 1 0|0 1 110 1
1 0|1 0 _
11| 0 1 1 {1 Q
1 1 1 0

Fig. 6.26 (b) Logic symbol Fig 6.26 (c) Truth table

e L L 1L L 1L L

a  (Reset) : : H : H
| I (loggle) i_{No change) :;{sei} I (toggle) I{toggle;

Fig. 6.26 (d) Input and output waveforms for positive edge triggered JK flip-flop

6.5.1 JK Flip-Flop using NAND Gates

In the previous section we have seen the operation of JK flip-flop using SR flip-flop
and AND gates. It is not necessary to use the AND gates of Fig. 6.26 (a), since the same
function can be performed by adding an extra input terminal to NAND gates 3 and 4 of
Fig. 6.27. The Fig. 6.27 shows the modified circuit of JK flip-flop which has only NAND
gates. )

’_._..__._._._....__._.__._...l
=48 Q
J
SR
Flip-Flop

K R=KQ et

l Q

s=40 5=Ja

R=KQ R=KQ

Fig. 6.27 JK flip-flop using NAND gates
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6.5.2 Race-Around Condition

In JK flip-flop, when ] = K = 1, the output toggles (output changes either from 0 to 1
or from 1 to 0). Consider that initially Q = 0 and ] = K = 1. After a time interval At equal
to the propagation delay through two NAND gates in series, the output will change to
Q =1 and after another time interval of At the output will change back to Q = 0. This
toggling will continue until the flip-flop is enabled and J = K = 1. At the end of clock
pulse the flip-flop is disabled and the value of Q is uncertain. This situation is referred to
as the race-around condition. This is illustrated in Fig. 6.28. This condition exists when

tp 24t Thus by keeping tp <At we can avoid race around condition.

We can keep t, <At by keeping the duration of edge less than At. A more practical
method for overcoming this difficulty is the use of the master-slave (MS) configuration.

— o
P Al kb RS A - A T
a P e : e U‘Z i @.
L_II'I |J I‘I—Pmpagatron delay I'"'"'l
Al

Fig. 6.28 Input and output waveforms for clocked JK flip-flop
6.6 Master-Slave Flip-Flops

6.6.1 Master-Slave SR Flip-Flop

A master-slave flip-flop is

—s Q S af— constructed from two flip-flops.

B> Master b Slave One circuit serves as a master and

—R a R Gl— the other as a slave, and the
overall circuit is referred to as a

cP. master-slave  flip-flop.  Fig. 6.29

shows SR master-slave flip-flop. It
Fig. 6.29 Master-slave SR flip-flop consists of a master flip-flop, a
slave flip-flop, and an inverter. Both the flip-flops are positive level triggered, but inverter
connected at the clock input of the slave flip-flop forces it to trigger at the negative level.

The output state of the master flip-flop is determined by the S and R inputs at the
positive clock pulse. The output state of the master is then transferred as an input to the
slave flip-flop. The slave flip-flop uses this input at the negative clock pulse to determine
its output state. The Fig. 6.30 illustrates the operation of the master-slave flip-flop.
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cP —I l I l I [—
s : ; : :

Master output

Slave output I [

'I'_r'rggersd i\dastﬁr élavu lLiasler élave ﬂasler Sla\r.e

flip-lop™ ™ sels sets resets resets NC NC
Fig. 6.30 Input and output waveforms for master-slave flip-flop

6.6.2 Master-Slave JK Flip-Flop

The ter-slave combination can be constructed for any type of flip-flop. Fig. 6.30
shows one way to build a JK master-slave flip-flop. It consists of clocked JK flip-flop as a
master and clocked SR flip-flop as a slave. Like SR master-slave, the output of the master
flip-flop is fed as an input to the slave flip-flop. As shown in the Fig. 6.31, clock signal is
connected directly to the master flip-flop, but it is connected through inverter to the slave
flip-flop. Therefore, the information present at the | and K inputs is transmitted to the
output of master flip-flop on the positive clock pulse and it is held there until the negative
clock pulse occurs, after which it is allowed to pass through to the output of slave
flip-flop. The output of the slave flip-flop is connected as a third input of the master JK
flip-flop. ’

Master

Slave

cpP

ol

Fig. 6.31 Master-slave JK flip-flop
When | = 1 and K = 0, the master sets on the positive clock. The high Y output of the
master drives the 5 input of the slave, so at negative clock, slave sets, copying the action
of the master. %
When | = 0 and K = 1, the master resets on the positive clock. The high Y output of
the master goes to the R input of the slave. Therefore, at the negative clock slave resets,
again copying the action of the master.



Analog and Digital Electronics 6-18 Sequential Logic Circuits

When ] = 1 and K = 1, master toggles on the positive clock and slave then copies the
output of master on the negative clock. At this instant, feedback inputs to the master
flip-flop are complemented but as it is negative half of the clock pulse master flip-flop is
inactive. This prevents race around condition. Fig. 6.32 shows input and output waveforms
of master-slave JK flip-flop.

cP Q, J K Y Qu
_r 0 0 0 0 NC
_L 0 0 0 NC 0
_r 0 0 1 0 NG
_L. 0 0 1 NC 0
_r 0 1 0 1 NC
_L 0 1 0 NC 1
_r 0 1 1 1 NC
_L 0 1 1 NC 1
_r 1 0 0 1 NC
1 1 0 0 NC 1
_r 1 0 1 0 NC
—L 1 0 1 NC 0
J_ 1 1 o 1 NC
_*_ 1 1 0 NC 1
_r 1 1 1 0 NC
_L 1 1 1 NG 0

Table 6.4 Truth table for master-slave JK flip-flop
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oo L L2t el et st L
J . : H H H H H H H H
L

Masler

(Slave E:ul |

gee 0 L L

Triggered
flip-flop Master Slave Ma.ster Slava Mas!ar Srava Masler Slave Master Slava Mastar Slawa
sets sets NC NC  resets resels NC NG loggles sels ioggles resels

{sels) (resets)

Fig. 6.32 Input and output waveforms of master-slave JK flip-flop

nmp Example 6.1 : The D input and a single clock pulse are shown in Fig. 6.33. Compare the
resulting Q oulputs for : Posilive edge triggered flip-flop, negative edge triggered flip-flop
and pulse triggered master-slave flip-flops. The flip-flops are initially RESET.

CLK 1 "
1} 1
o ‘_‘—|. i
I 1
Fig. 6.33
Solution :
CLK 1 —
D _—'_|_i_
] 1
] 1
Q H '
(Positive edge) —
triggerad clock :
B —— :
1
Q i i
gative edge) i
!nggared clock 1
! T
a :
Pulse '
triggered clock

for master-slave
Fig. 6.33 (a)
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6.7 Clocked T Flip-Flop

T flip-flop is also known as ‘Toggle flip-flop’. The T flip-flop is a modification of the
JK flip-flop. As shown in the Fig. 634, the T flip-flop is obtained from a JK flip-flop by
connecting both inputs, ] and K together.

T J —a Q
K _
CP = Fiip-Fiop =
K —a
5}

Fig. 6.34 T flip-flop using NAND gates

When T =0, ] = K = 0 and hence there is no change in the output. When T = 1,
J =K =1 and hence output toggles.

The Fig. 6.35 shows logic symbol, truth table and the characteristic equation for T
flip-flop.

. T %, N
—7 a— o] o 0 T ] G o o K1)
cP—p 0 1 1 = 0 Q, —f—
al— 110 1 1| g 1@ 0
111 g 2Qnyy =TA4TQ,
(a) Logic symbol b) Truth table (c) Characteristic equation

Fig. 6.35

mmp Example 6.2 : Refer Fig. 6.36 and determine the Q output waveform if the flip-flop starts
out RESET.

CLK |

] | ] | : |_ ClK 1 rr
T | [T 1 ®
¥ '

Fig. 6.36
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Solution :

Tr

Fig. 6.37
6.8 Asynchronous or Direct Inputs

For the flip-flops discussed so far, the SR, D, JK, and T, the inputs are called
synchronous inputs because data on these inputs are transferred to the flip-flop's output
only on the triggering edge of the clock pulse; that is, the data are transferred
synchronously with the clock.

Flip-flops available in IC packages sometimes provide special inputs for setting (preset)
or clearing (clear) the flip-flop, asynchronously. These inputs are called asynchronous or
direct inputs. These inputs are connected directly into the latch portion of the flip-flop so
that they override the effect of the synchronous inputs J, K and the clock.

Preset
Preset
Q
—14 al—
cP—p
—K al—
Q
Clear
Clear
{a) Logic symbol {b) JK flip-flop with active high preset and clear

Fig. 6.38

The JK flip-flop with preset and clear is shown in Fig. 6.38. If preset and clear inputs
are 1, the circuit operates in accordance with the truth table of JK flip-flop given in the
Fig. 6.26 (c). If preset = 0 and clear = 1, the output of NAND gate 1 will certainly be 1.
Consequently, all the three inputs to NAND gate 2 will be 1 which will make Q = 0.
Hence making preset = 0 sets the flip-flop. Here, preset signal is active when it is low,
hence it is active low signal. Similarly, low (0) on the clear input resets the flip-flop
making Q=1
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slate to the next state. For each transition, the required input condition is derived from the
information available in the truth table. Let us see the process by examining each case.

R ] Qoo Q, Q. R S
0 0 [« 0 0 X 0
o 1 1 1] 1 o 1
1 0 1] 1 ] 1 0
1 1 . 1 1 0 X
Table 6.5 (a) RS Truth table Table 6.5 (b) RS Excitation table

Note : The symbol "X" in the table represents a don't care condition, i.e., it indicates
that to get required ouliput it does not matter whether the input is either 1 or 0.

0 — 0 Transition : The present state of the flip-flop is 0 and is to remain 0 when a
clock pulse is applied. Looking at truth table of RS flip-flop we can understand that, this
can happen either when R = S = 0 (no-change condition) or when R = 1 and S=0. Thus, §
has to be at 0, but R can be at either level. The table indicates this with a “0” under 5 and
an "X" {don't care) under R.

0 — 1 Transition : The present state is 0 and is to change to 1. This can happen only
when S=1 and R = 0 (set condition). Therefore, 5 has to be 1 and R has to be 0 for this
transition to occur.

1-— 0 Transition : The present state is 1 and is to change to a 0. This can happen only
when S=0 and R = 1 (Reset condition). Therefore, S has to be 0 and R has to be 1 for this
transition lo occur.

1 - 1 Transition : The present state is 1 and is to remain 1. This can happen either
when § =1 and R = 0 (set condition} or when S = 0 and R = 0 (no change condition).
Thus R has to be 0, but 5 can be at either level. The table indicates this with a "X" under §
and “0" under R.

6.9.2 JK Flip-Flop
The truth table and excitation table for JK flip-flop are shown in Table 6.6 (a) and (b)
respectively. Let us examine each case.

J K Qs Q. Q. J K

0 0 Q, 0 0 0 X

0 1 0 0 1 1 X

1 0 1 1 o X 1

1 1 Q, 1 1 X 0
Table 6.6 (a) JK truth table Table 6.6 (b) JK excitation table

0 — 0 Transition : When both present state and next state are 0, the ] input must
remain at 0 and the K input can be either 0 and 1.
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6.10 Conversion of Flip-Flops
It is possible to convert one flip-flop into another flip-flop with some additional gates
or simply doing some extra connection. Let us see few conversions among flip-flops.

6.10.1 SR Flip-Flop to D Flip-Flop
The excitation table for above conversion is as shown in Table 6.9.

Input Present Next state Flip-flop inputs
state
D Q, Qpeq 5 R
0 ] 0 0 X
0 1 0 1] 1
1 ] 1 1 ']
1 1 1 X [¢]
Table 6.9

K-map simplification

Fig. 6.40

Logic diagram

S

s D flip-fio

Fig. 6.41 SR to D flip-flop conversion
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6.10.3 SR Flip-Flop to T Flip-Flop

The excitation table for above conversion is as shown in the Table 6.11.

Input ] Present Next state Flip-flop inputs
| state
T Q, Q41 5 R
0 i 0 0 0 X
0 1 1 X o
1 0 1 1 0
1 1 0 o .1
Table 6.11
K-map simplification
For 5 ForR
™o NI
oj o X ol X |0
1 1 0 1 © 1
$=TQ, R=TQ,
Fig. 6.44

Legic diagram

Fig. 6.45 SR to T flip-flop conversion

If we apply clock pulses to the circuit, the circuit output will toggle from 0 to 1 and
1 to 0. Thus, we can build 1-bit counter using SR Flip-flop by converting it to T flip-flop.
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6.10.4 JK Flip-Flop to T Flip-Flop
The excitation table for above conversion is as shown in Table 6.13.

Input Present Next state Flip-flop inputs
state
T Q, Qn s Ja Kp
0 0 0 0 X
0 1 1 X
1 '] 1 1 X

K-map simplification

For J, ForK,
Q Q
™o 1 ™o 1
af o | x ol x| o
EE]
=T
Fig. 6.47
Logic diagram
T o=
G
* Thip-flop

Fig. 6.48 JK to T flip-flop conversion

6.10.5 JK Flip-Flop to D Flip-Flop
The excitation table for above conversion is as shown in the Table 6.14.

Input Present Next state Flip-flop inputs
state
Q, Q49 J K
1} X
A
R e
1 X
1 1 1 X 1]

Table 6.14
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K-map simplification Logic diagram
ForJ ForK e
5 o T
0Nl 1 ON'o_ 1 o
ol o | x o|(X 7]}
J EMES: x]o S
J=D K=D
Fig. 6.49 Fig. 6.50 JK to D flip-flop conversion
6.10.6 D Flip-Flop to T Flip-Flop
The excitation table for above conversion is as shown in the Table 6.15.
Input I Present state l MNext state Flip-flop input
T Q, Q49 D
V] [+] 0 0
D i) 1 : 1
i : 0 1 q
1 1 | 0 0
Table 6.15
K-map simplification Logic diagram
FD' D g o y— %
= o e
i | |:)
ojo |1 T i

111 |0
Fig. 6.51 Fig. 6.52 D to T flip-flop conversion
D = TQ, +TQ,

TeQ,
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nmp Example 6.4 : Analyze the circuit and prove that it is equivalent to T flip-flop.

Solution : To analyze the circuit means to derive the truth table for it.

i _I",D— D Q, —l— Output

CLK —da>
Fig. 6.53
We have, D = Input® Q,
CLK Input Q, D = input® Q, Q.4
A 0 4} 0 0 } When input is 0
' 0 . 4 1 5 output does not change
4 1 1] 1 1 When input is 1
| i 1 0 0 output toggles

Table 6.16 Truth table for given circuit
In the above circuit, output does not change when input is 0 and it toggles when input
is 1. This is the characteristics of T flip-flop. Hence, the given circuit is T flip-flop
constructed using D flip-flop.

6.10.7 T Flip-Flop to D Flip-Flop

The excitation table for above conversion is as shown in the Table 6.17.

Input Present state Next state Flip-flop input
D Q, Qs 1 T
0 0 0 0
0 i e 0 i
1 0 1 1
1 1 1 0

Table 6.17
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K-map simplification Logic diagram
ForT
o, : s
[ ] 1 = d 'D_T
1110 cp—o>
T=DQ,+DQ, . '

Flip-flop conversion
Fig. 6.54 Fig. 6.55 T to D flip-flop conersion
T=DQ,+DQ,

6.10.8 JK Flip-Flop to SR Flip-Flop

The excitation table for above conversion is as shown in Table 6.18.

Inputs Present Next Flip-flop inputs
state Q, | state
s R Q,, 4 J K
0 0 0 0 ] X
0 0 1 1 X 0
0 1 0 0 0 X
0 1 1 0 X 1
1 o 0 1 1 X
1 0 1 1 X 0
1 1 1] X X X
1 1 1 X X X

Table 6.18 Excitation table for JK to SR conversion

K-map simplification

Fig. 6.56
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Logic diagram

S§—J Qp—

>
RLK a_

CcP
Fig. 6.57 JK to SR

6.10.9 D Flip-Flop to SR Flip-Flop
The excitation table for above conversion is as shown in the table 6.19.

Inputs Present state | Next state |Flip-flop input
s R Q, Q.4 D
0 0 0 0 0
1] 1] 1 1 1
V] 1 0 0 0
0 1 1 0 0
1 0 0 1 1
1 0 1 1 1
1 1 0 X X
1 1 1 X x

Table 6.19 Excitation table for D to SR conversion

K-map simplification

Fig. 6.58
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Logic diagram

cp - SR“ F‘I‘i‘p‘-FI.op.
Fig. 6.59 D to SR flip-flop conversion
6.11 Applications of Flip-Flops
Some of the important applications of flip-flops are :
¢ It can be used as a memory element.
e It can be used to eliminate key debounce.
» It is used as a basic building block in sequential circuits such as counters and
registers.
* It can be used as a delay element.
Let us discuss the application of flip-flop as a key debounce eliminator.

For interfacing keys to the digital systems, usually push button keys are used. These
push button keys when pressed bounces a few times, closing and opening the mntacls;
before providing a steady reading, as shown in the Fig. 6.60. Reading taken during
bouncing period may be faulty. This problem is known as key debounce. The problem of
key debounce is undesirable and it must be avoided.
Vi |

g 1] I
L nnr

Fig. 6.60 Effect of key debounce ]

One way to avoid key debounce problem is to use 5R latch. The circuit used to avoil
keybounce with SR latch is called a switch or contact debouncer. The Fig. 6.61 shows t
switch debouncer circuit and its waveforms. When key is at position A, the output of §

<
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latch is logic 1, and when key is at position B, the output of SR latch is logic 0. It is
important to note that, when key is in between A and B, SR inputs are 00 and hence
output does not change, preventing debouncing of key output. In other words, we can say
that the output does not change during transition period, eliminating key debounce.

—rf

SOl

Fig. 6.61 (a) Switch debouncer

i
" 0L

X
[=]]
4

a

t
0
Fig. 6.61 (b) Waveforms of switch debouncer
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Review Questions

1. Draw and explain the working of following flip-flops
a)R5S b)Clocked RS ¢)D d)JK ) Clocked JK
2. Write short notes on
a) Edge triggered flip-flop b} Mnster slave flip-flop
3. What is race around condition ? How it is avoided ?
4. List the functions of asynchronous inputs.
5. Construct the truth table for circuit shown in Fig. 6.62.

)
R
s a
Fig. 6.62
Ans. :
R s Q a
0 0 1 1
4] 1 1] 1
1 0 1 0
1 1 No change
Table 6.24

6. Convert SR flip-flop into JK flip-flop.
7. Convert JK flip-flop into T flip-flop.

aao



Shift Registers

7.1 Introduction

In chapter 6 we have seen that a flip-flop is nothing but a binary cell capable of
storing one bit information, and can be connected together to perform counting operations.
Such a group of flip-flops is called counter. We have also seen that group of flip-flops can
be used to store a word, which is called register.

A flip-flop can store 1-bit information. So an n-bit register has a group of n flip-flops
and is capable of storing any binary information/number containing n-bits.

Buffer register
Fig. 7.1 shows the simplest register constructed with four D flip-flops. This register is
also called buffer register. Each D flip-flop is triggered with a common negative edge
clock pulse. The input bits set up the flip-flops for loading. Therefore, when the first
negative clock edge arrives, the stored binary information becomes,
QaQsQcQp = ABCD

A

I_u_(;_ “L%.%_ "L%J_ L@;.,_
s Rl ad R s R

Fig. 7.1 Buffer register
In this register, four D flip-flops are used. So it can store 4-bit binary information.
Thus the number of flip-flop stages in a register determines its total storage capacity.

Controlled buffer register

We can control input and output of the register by connecting tri-state devices at the
input and output sides of register as shown in Fig. 7.2. So this register is called ‘controlled
buffer register’.

-1
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.

:a®0‘ r:s% |-'=>['}c©uc ’—<:D®QD
_elel|e]]
L
Q a

Qg B

Fig. 7.2 Controlled buffer register

Here, tri-state switches are used to control the operation. When you want to store data
in the register, you have to make LOAD or WR signal low to activate the tri-state buffers.
When you want the data at the output, you have to make RD signal low to activate the
buffers. Controlled buffer registers are commonly used for temporary storage of data
within a digital system.

As seen above the 4-bit register can store 4-bit binary information. In general, n-bit
register can store n-bit binary information.

mmp Example 7.1 : Determine the number of flip-flops needed to construct a register capable of

storing,

i) A 6-bit binary nuwmber i) Decimal numbers upto 32

iii) Hexadecimal numbers upto F iv) Octal numbers upto 10.
Solution :

i) A 6-bit binary number requires register with 6 flip-flops.

ii) (32),, = (100000),. The number of bits required to represent 32 in binary are six,
therefore, 6 flip-flops are needed to construct a register capable of storing
32 decimal.

iii) (F),¢ = (1111),. The number of bits required to represent (F},; in binary are four,
therefore four flip-flops are needed to construct a register capable of storing (F) .

iv) (10)z =(1000},. The number of bits required to represent (1(}), in binary are four,
therefore, four flip-flops are needed to construct a register capable of storing (10).
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We will illustrate the entry of the four bit binary number 1111 into the register,
beginning with the left-most bit.
Initially, register is cleared. So
QaQsQcQp = 0000
a) When data 111 1 is applied serially, i.e. left-most 1 is applied as Dy,
D=1, QaQsQcQp = 0000

The arrival of the first falling clock edge sets the right-most flip-flop, and the stored
word becomes,

QAQsQcQp = 0001
b) When the next negative clock edge hits, the Q¢ flip-flop sets and the register
contents become,

QuQpQcQp = 0011

c) The third negative clock edge results in,
QuQQQp = 0111

d) The fourth falling clock edge gives,

QAR = 1111

Fig. 7.5 illustrates the input and output condition for each flip-flop stage upon
application of each clock pulse. (See Fig. 7.5 on next page.)

Fig. 7.6 shows serial-in serial-out shift-right register.

0,—0a Q4 D Qg bc Qg Op  Qp[~ Do

S ) A ) i p e

Fig. 7.6 Shift-right register

We will illustrate the entry of the four bit binary number 1111 into the register,
beginning with the left-most bit.

Initially, register is cleared. So Q,QpQ-Qp =0000

a) When data 11 11 is applied serially, i.e. left-most 1 is applied as Dy,

Din = I;QﬁQBQCQD = 0000

The arrival of the first falling clock edge sets the left-most flip-flop, and the stored

word becomes,

QuQQcQp = 1000
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PouHax Do B ——ac oo _bo}—paaineu
Register | ®<D_ ﬂ_ ©ﬂ_ @‘D_
nitially
cP
Ot 2o, D —2—fos Da——Jo: bcF——Jao Dol—0n=1
®<:— (B) ¢ @{:— @<p—
Alter
cP1
Pos 246, D0z oo——Jac oc——]a oo}—0a=1
® 9 ® 9 @ﬁ:— © -
Aler
cP2
Oos o, D, 05 Be——]c ocf——{a5 tof—0n=1
® 4 ® 49— © < © <
j "
cP3
P o, D a5 oaF——]oc ocF——{a to}—0a=
OF = ® ¢ © 4 ® 9
] "
cPa

Fig. 7.5 Four bits 1111 being serially entered into shift-left register

b) When the next falling clock edge hits, the Qg flip-flop sets and the register contents
become,

QaQsQcQp = 1100

<) The third falling clock edge results in,
Q400 = 1110

d) The fourth falling clock edge gives,
QuQQQp = 1111
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Fig. 7.7 illustrates the input and output condition of each flip-flop stage upon
application of each clock pulse.
Data 0 0 0

h%n— Da Qp Dy Op) Dc Qg Dy Qpf— Pou
in
~p ® b® | PO P ©  |Regiser
initiadly
Jue tearad
cP
Op=1—0, a, ! Dg Q| 2 Dz Qg g Dp Q| & Doy
—> (2) > ©) —> (©) > (0
cP1
1 1 0 4]
Bn=1—0a Q4 Dg Ty De Qg Do Qp[~ Das
—c>® —c:- —u>© —=>@
Aftar
cP2
= 1 1 1 [¢]
U,=1—{0s @, Dy Qp D Qg Op Oy~ Do
— & —> @ ~ © — @)
Afler
cP3
_ 1 1 1 1
Dp=1—10a Q, Dy Qg Be Qg Dy Q[ Dow
— (&) —> ® b © — ©
" [
cP4 -

Fig. 7.7 Four bits 1111 being serially entered into shift-right register

7.3.2 Serial In Parallel Out Shift Register

In this case, the data bits are entered into the register in the same manner as discussed
in the last section, ie. serially. But the output is taken in parallel. Once the data are stored,
each bit appears on its respective output line and all bits are available simultancously,
instead of on a bit-by-bit basis as with the serial output as shown in Fig. 7.8.

Data

input A Oa Dg Op D Qg Oy Qg

) |—<>® r r»@ r»@

Ua Qg Qc Qp
Fig. 7.8 A serial in parallel out shift register



Analog and Digital Electronics 7-7 Shift Registers

7.3.3 Parallel In Serial Out Shift Register

In this type, the bits are entered in parallel ie simultaneously into their respective
stages on parallel lines.

Fig. 7.9 illustrates a four-bit parallel in serial out register. There are four input lines
Xar Xp: Xc Xp for entering data in parallel into the register. SHIFT/LOAD is the control
input which allows shift or loading data operation of the register. When SHIFT/LOAD is
low, gates G;, G,, G; are enabled, allowing each input data bit to be applied to D input of
its respective flip-flop. When a clock pulse is applied, the flip-flops with D = 1 will SET
and those with D = 0 will RESET. Thus all four bits are stored simultaneously.

When SHIFT/LOAD is high, gates G, G;, Gj are disabled and gates Gy, G5, G4 are
enabled. This allows the data bits to shift left from one stage to the next. The OR gates at
the D-inputs of the flip-flops allow either the parallel data entry operation or_shift
operation, depending on which AND gates are enabled by the level on the SHIFT/LOAD
input,

B c o

A
SHIFT /T5AD —T—D:‘

Dy Qp |— Serial

1"

Fig. 7.9 Parallel in serial out shift register

7.3.4 Parallel In Parallel Out Shift Register

From the third and second types of registers, it is cleared that how to enter the data in
parallel ie. all bits simultaneously into the register and how to take data out in parallel
from the register. In ‘paralle]l in parallel out register’, there is simultaneous entry of all
data bits and the bits appear on parallel outputs simultaneously. Fig. 7.10 shows this type
of register.

1% Qs

—u@

cP

Paraltal data inputs

A B c ]

L L Ly L
) r»@ —[r - r»@ WJ—»@

. R
Qy Qg
Parabel dala oulpuls
Fig. 7.10 Parallel in parallel out shift register
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7.3.5 Bidirectional Shift Register

This type of register allows shifting of data either to the left or to the right side. It can
be implemented by using logic gate circuitry that enables the transfer of dala from one
stage to the next stage to the right or to the left, depending on the level of a control line.
Fig. 7.11 illustrates a four-bit bidirectional register. The RIGHT/LEFT is the control input

1
‘Eg é
3% ®
- L
&
¢ ©)]
S A
L1
§
.
0 A
_d
= o
&
.0
(=N
N L
D
’ = |
%y °
&
a6
sz
E 3t
35

RIGHT / LEFT

Fig. 7.11 4-bit bidirectional shift register

signal which allows data shifting either towards right or towards left. A high on this line
enables the shifting of data towards right and a low enables it towards left. When
RIGHT/LEFT signal is high, gates G;, G, G;, G4 are enabled. The state of the Q output of
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each flip-flop is passed through the D input of the following flip-flop. When a clock pulse
arrives, the data are shifted one place to the right. When the RIGHT/LEFT signal is low,
gates Gg, Gy, Gy, Gy are enabled. The Q output of each flip-flop is passed through the
D input of the preceding flip-flop. When clock pulse arrives, the data are shifted one place
to the left.

Bidirectional Shift Register With Parallel Load

We have seen that shift register can be used for converting serial data into parallel
data, and vice-versa. When parallel load capability is added to the shift register, the data
entered in parallel can be taken out in serial fashion by shifting the data stored in the
register. Such a register is called’ bidirectional shift register with parallel load. Fig. 7.12

Parallel inputs
z4 0
Decoder !
k] o
L
Serial data in Serial data in
for ight-shift ! | I I r . for lef-shift
Ds Qp Og Cgl o O by Op
r»@ r» r»@ F»@
cP : b d
| Qy o -7 ap
““‘-—________—————'_—_'_‘-_.--'-_'__'_—-—________.-/

Paralied outputs
Fig. 7.12 4-bit bidirectional shift register with parallel load

shows bidirectional shift register with parallel load.

As shown in the Fig. 7.12, the D input of each flip-flop has three sources : Output of
left adjacent flip-flop, output of right adjacent flip-flop and parallel input. Out of these
three sources one source is selected at a time and it is done with the help of decoder. The
decoder select lines (SL; and SLg) select the one source out of three as shown in the
Table 7.1.

Selacted sourcs
0 (1] Parallel input
0 1 Qutput of right adjacent FF
1 '] Output of left adjacent FF

1 1 -

Table 7.1
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The Fig. 7.14 shows the 4-bit universal shift register. It has all the capabilities listed
above. It consists of four flip-flops and four multiplexers. The four multiplexers have two
common selection inputs §; and S, and they select appropriate input for D flip-flop. The
Table 7.2 shows the register operation depending on the selection inputs of multiplexers.
When 5,5, = 00, input 0 is sclected and the present value of the register is applied to the
D inputs of the flip-flops. This results no change in the register value. When 5,5, = 01,
input 1 is selected and circuit connections are such that it operates as a right shift register.
When 5,5, = 10, input 2 is selected and circuit connections are such that it operates as a
left-shift register. Finally, when S,;S; = 11, the binary information on the parallel input
lines is transferred into the register simultaneously and it is a parallel load operation.

Parallel inputs

Serial 1 I, Iy Iy Serial
input for input for
shift-right * shift-left
LT 1 al 1
s 3210 3210 i2z1o 3210
1 4x1 4x1 41 4x1
S MUX MUX MUX MUX
D Q-+ D ap 0o Q-+ D Q-
—p —p —p —p
I I I i
Clock
Ay Ay Ay Ag
Parallel output
Fig. 7.14 4-bit universal shift register
Mode control Register operation
5, Sy
0 0 No change
0 1 Shift-right
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1 Q Shift-left

1 1 Parallel load

Table 7.2 Mede control and register operation

7.4 Applications of Shift Registers

We have seen that primary use of shift register is temporary data storage and bit
manipulations. Some of the common applications of shift registers are as discussed below.

7.4.1 Delay Line

A serial-in-serial-out (SISO) shift register can be used to introduce time delay At in
digital signals. The time delay can be given as,

At = Nx-

o] -

where N is the number of stages (i.e. flip-flops) and f_ is the clock frequency.

Thus, an input pulse train appears at the output delayed by At. The amount of delay
can be controlled by the clock frequency or by the number of flip-flops in the shift register.

7.4.2 Serial-to-Parallel Converter

A serial-in-parallel-out (SIPO) shift register can be used to convert data in the serial
form to the parallel form.

7.4.3 Paraliei-to-Serial Converter

A parallel-in-seriai-out (PISO) shift register can be used to convert data in the parallel
form to the serial form.

7.4.4 Shift Register Counters

A shift register can also be used as a counter. A shift register with the serial output
connected back to the serial input is called shift register counter. Because of such a
connection, special specified sequences are produced as the output. The most common shift
register counters are the ring counter and the Johnson counter.

7.4.5 Pseudo-Random Binary Sequence (PRBS) Generator

Another important application of shift register is a pseudo-random binary sequence
generator. Here, suitable feedback is used to generate pseudo-random sequence. The term
random here means that the outputs do not cycle through a normal binary count sequence.
The term pseudo here refers to the fact that the sequence is not truly random because it
does cycle through all possible combinations once every 2" — 1 clock cycles, where n
represents the number of shift register stages (number of flip-flops).
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7.4.6 Sequence Generator

The shift register can be used to gencrale a particular bit patlern repetitively. The
Fig. 7.15 shows the basic block diagram of a sequence generator. Here, left most flip-flop
input accept the serial input and the right most flip-flop gives serial data output. It is
important to note that the serial data output signal is connected as a serial data in. On
every clock pulse the data shift operation takes place. We get the loaded bit pattern at the
serial output in a sequence. Same bit pattern is again loaded in the register since serial
output is connected serial in of the register. Thus, the circuit generates a particular bit

pattern repetitively.
e e

Serial in Serial out

Fig. 7.15 4-bit sequence generator
7.4.7 Sequence Detector

The shift register can be used to detect the desired sequence. The detection process
requires two resistors : one register stores the bit pattern to be detected ji.e. Ry and other
register accepts the input data stream ie. R,. Input data stream enters a shift register as
serial data in and leaves as serial out. In every clock cycle, bit-wise comparisons of these
two registers are done using EX-NOR gates as shown in the Fig. 7.16. We know that, the
two-input EX-NOR gate gives logic high output when both inputs are either low or high,
i.e. when both are equal. When outputs of all the EX-NORs gates are logic high we can
say that all bits are matched and hence the desired bit pattern is detected. The final output
which indicates that the pattern is detected is taken from four-input AND gate.

The 4-bit sequence detector shown in Fig. 7.16 can be made programmable by loading
the desired 4-bit data in the register R,.

R1 . 3
gaenL 0 | 1 [ 1] 0 Gt out
\
1]
Y

}1
1\
R | L
Lo fol o]
Bit-pattern to be detected

Fig. 7.16 4-bit sequence detector
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7.4.8 Serial Adder/Subtractor

The Fig. 7.17 shows the logic diagram of serial adder. Using the logic diagram shown
in Fig. 7.17 we can add numbers stored in the right shift registers A and B, serially. The
full-adder is used to perform bit by bit addition and D-flip-flop is used to store the carry
output generated after addition. This carry is used as carry input for the next addition.
Initially, the D-flip-flop is cleared and addition starts with the least significant bits of both
register. After each clock pulse data within the right shift registers are shifted right 1-bit
and we get bits from next digit and carry of previous addition as new inputs for the
full-adder. The result SUM is stored bit by bit in the register A.

SumM

Right shift 8 Ful
register A c,, adder Cour

—|L

Right shift CLK
register B

Clack l
Fig. 7.17 Serial adder

We can implement serial subtractor by replacing full-subtractor instead of full-adder in
the Fig. 7.17. Here, we will get difference and borrow instead of sum and carry.

7.5 MSI Shift Registers

7.5.1 4-bit Parallel Access Shift Registers (7495)

IC 7495 is 4-bit shift register with parallel and serial inputs, parallel output mode
control and two clock inputs. The Fig. 7.18 (a) shows pin diagram and logic diagram of
7495. It can be operated in three modes :

e Parallel load ,
» Shift-right (the direction Q4 towards Qp)
* Shift-left (the direction Qp towards Q,)

Parallel loading is accomplished by applying the four bits of data and taking the mode
control input high. When the mode control input is held high, the AND gate on the right
input to each NOR gate is enabled while the left AND gate is disabled. The data is loaded
into associated flip-flops and appears at the output after the negative transition of clock 2
input. During paralled loading, the entry of serial data is inhibited.
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Dual-ln-Line Package

OUTPUTS T CLOCK 2

. au PUT.S L-SHIFT

INPUTA  Q, Qg GND Qg Q,  (LOAD;
14 13 12 11 10 9 8

SERIAL INPUTE INPUTC v, INPUTD MODE GLOCK 1
INPUT CONTROL R-SHIFT

Fig. 7.18 (a) Pin diagram

When the mode control input is low, the AND gate on the right input to each NOR
gate is disabled while the left AND gate is enabled. The data input to flip-flop Q, is now
at serial input; the data input to Qp is Q, and so on down the line. On each negative
clockl transition, a data bit is entered serially into the register at the first flip-flop Q,, and
each stored data bit is shifted one flip-flop to the right (towards the last flip-flop Qp). This
is the serial input of data, and also the right-shift operation.

For left-shift operation, serial data input must be connected fo the data input pin D, as
shown in Fig. 7.18 (b). (See Fig. 7.18 (b) on next page.) It is also necessary to connect Qp
to C, Q¢ to B, and Qp to A. Now when the mode control input is held high, a data bit
will be entered into flip-flop Qp and each stored data bit will be shifted one flip-flop to
the left on each negative clock 2 transition.

There are two se?arated clocks for left-shift and right-shift operation, When separate
clocks are not required, the clock input may be applied simultaneously to clock 1 and
clock 2. '
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Fig. 7.18 (b) Logic diagram
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The Table 7.3 shows the funciton table for 7495.

Inputs F_liuctiun
Mode | Clocks |Serial Parallel g
control 5 on
x: 2(L)} R} | A |Bjlc|D
+ X X a b c d a b c d Parallel load
H il X% x Q'E Q'c Q'D d | Qgn | Qgn | Qpn d Shifi-left
L X L H| X |Xx|X]|%x]|H|0a| 2| 9 Shift-right
L X L L | X | X |X]| X | L |Qa|Qpy| Qcn | Shiftright

* Shifting left requires external connection of Qg o A, Q¢ to B, Qp to C. Serial data is entered at input D.
H = High Level {Steady State), L = Low Level (Steady State), X = Don't Care (Any input, including transitions)
L = Transition from high to low level. T = Transition from low to high level.

abed = The level of steady state input at inpus AB,C or D respectively.

Qane Upnr Qe Qon = The level of Qp, O, Qe or Qpy respectively, before the most recent 4 transition of the clock,

Table 7.3 Function table

7.5.2 Parallel Access Shift Register (74195)

OUTPUTS
c o ) SHIFT/
Ve Oy Oy Qg Qp @Oy CLOCK (LOAD) The 74195 is 4-bit register
|9 with parallel inputs, parallel
16 15 14 13 12 11 10 %

outputs, J-K serial inpuls,
shift/load control input, and a
V direct overriding clear. It can be
used for parallel in-parallel out
operation. Since it also has a
serial input; it can be used for
serial in-serial out and serial
in-parallel out operation. It can
also be used for parallel in-serial
output operation by using Qp, as
K & B 4 2 £ § ]s the output. This register

CLEAR 4 3 A B c D ©ND  basically has two modes of
Senal inputs Parallel inputs opmh[m'

Fig. 7.19 (a) Pin diagram of 74195

s Parallel load
e Shift (in the direction Q, toward Qp)
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The Fig. 7.19 (a) shows the pin diagram and Fig 7.19 (b) shows the logic diagram for
74195,

(11

W&
&

—oD» CLOCK
5

[o

3

B CL

P 11l
‘araliel inputs

's. m mﬂm
aﬂ
05—
14
9y

> CLOCK

(15

Qv
L=

Seral
npdt o
A
2y 13 (4}

13

Fig. 7.19 (b) Logic diagram of 74195

SHIFTILOAD(E)
CONTROL
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7.5.3 Universal Shift Register (IC 74194)

We know that a register may operate in any
of the modes, like, 51SO, SIPO, PISO, PIPO or

W [T [75] Vee bidirectional. If a register can be operated in all

the five possible ways, it is known as Universal
05 [7] [5]%  Shift Register. The IC 74194 is a 4-bit universal
oo [3] mes shift register. Fig. 721 shows the pin

configuration of 1C 74194,
As shown in the Fig. 7.21, 74194 has 4

o[ 1C 74194 (i3]0,

o; 5] 2] o parallel data inputs (Dg-D,), and 5y and S, are

0,[E] m the control inputs. When S; and S; are HIGH,

data appearing on Dy-D; inputs is transferred to

o [T me the QyQ; outputs, respectively, following the
ono[E] (5] next LOW to HIGH transition of the clock

shift-right is accomplished by setting $,S; = 01,
and serial data is entered at the shift-right serial
input, Dgg. Shift-left is accomplished by setting
5:S¢ = 10, and serial data is entered at the
shift-left serial input, Dg; .

Fig. 7.22 shows the logic diagram and function table of IC 74194.

Fig. 7.21 Pin configuration

Ogq Dy o, 0y 0y Dy
12 @) 1)) 5] (] !

o)
Sy ~—-¢-
5,10 ’,_-D:

]

- n
P
5 o

115) 14y
0y o, o A

Fig. 7.22 Logic diagram of 74194
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7.6 MSI Registers
IC 74X175

The Fig. 7.24 shows the logic symbol and logic diagram for a commonly used MSI
register, the 74X175. The 74X175 contains four negative edge-triggered D flip-flops with a
common clock and asynchronous clear inputs. It provides both active-high and active-low

outputs.

(2

1D D Q
b ok al—
CLR
20 D a}—2
P CLK ©
CLR
L]
3D D Q o
b ok af—
CLR
|
4D D a—
b ok @ a4
CLK—D— 5%
ﬁﬁ——b»—-——]

(a) Logic diagram

Fig. 7.24 IC 74X175

3Q

8l

74X175
9
——1—-> CLK
— TR 44 ;
. o
LT _;
5 aF—
——]2D
3Q _&
2l s
13 “af2
Ll mpE-
(b) Logic symbol
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—_
oF >
(3
1D—-)——-----——-—--D
(2
DCLK Q 1> 1Q
20 —& D
5
Dok a P
ap — ]
>CLK Q ©)_ 3
o —& D ' |
D>Clk a 1> O 4
sp —113) D 1
Dok a 9> 12 5
74X374
y o0 —14) o
—P CK Dok Q J. 09 ¢
o o2 v
2 1D 2QL
—{20 | 6 {17)
= 32—9 © y l (16)
8 LK Q 7Q
E e B pC 1.”
5D 15
22 dep RS
:: 70 ?0—16— gp —{18) D
80 sal— E (19)
P D>CLK Q 8Q
CLK

Fig. 7.26 IC 74X134, 8-bit register
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IC 74X273

The Fig. 7.28 shows logic symbol for IC 74X273. The IC 74X273 is a 8-bit register with
a non tri-state outputs and no OE input; instead, it provides an asynchrenous clear input
Cik

T4X273
1
—“;‘—‘>CLK
— | TR 1af2-
T 10 20 | 5
—?°  3afb-
3 | 3D 40 9
4D 12
13 50—
—5D 15
14 50 b——
6D 16
7] 7l Qp—
18 Jep  saf—=

Fig. 7.28 Logic symbol for the 74X273 8-bit register
IC 74X377
The Fig. 7.29 (a) shows the logic symbol for IC 74X377. It is an edge-triggered register
like 74X374, but it does not have tri-state outputs. Instead, it provides active-low
clock-enable input EN. If EN is asserted (Low) at the rising edge of the clock, then the
flip-flops are loaded from the data inputs; otherwise, they retain their present values. The
Fig. 7.29 (b) shows the logic diagram for one flip-flop stage.

T4X377
1
1 D CLK a8
5 |EN 10 e D Q 8Q
1D 20 > 18 > CLK
4 —0
1P 3a | 6 8D (18) |
—3D 4 9
—£ a0 sg 12 "
—d 50 1 = ,_b_
e
- TQ— ”JI>=
CLK
18 {5 sal12
{a) Logic symbol {b) Logical behaviour of one bit
Fig. 7.29 The 74X377 B-bit register with gated clock
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Review Questions

Draw and explain the operation of controlled buffer register.

. List the basic types of shift registers interms of data movement.

. Explain the aperation of 4-bit serial-in-serial-out shift register with the help of neat diagram.

. Draw and explain 4-bil serial-in-parallel-out shift register.

. The binary number 10111011 is serially left-shifted into an eight-bit parallel out shift register

that has an initial content of 10101010. a) What are the Q outputs after two clock pulses? b)
After four clock pulses 7 c) After eight clock pulses ?
(Ans :a) 10101010 b) 10101011 ¢} 10111011}

. An eight-bit bidirectional shift register contains 11011101, Zeros are applied to the shift-right

and shift-left serial data inputs. The shift register is in the shift-right mode for three clock
pulses, then in the shift-left mode for five clock pulses, then in the shift-right mode for one
clock pulse. What is the final state of the register question 7 (Ans. : 00110000}
Draw and explain the operation of parallel-in-parallel-out shift register.

. Explain the operation of 4-bit bidirectional shift register with the help of neat diagram.
. State various applications of shift register.

aao



Counters

8.1 Introduction

A group of flip-flops connected together forms a register. A register is used solely for
storing and shifting data which is in the form of 1s and/or 0s, entered from an external
source. [t has no specific sequence of states except in certain very specialized applications.
A counter is a register capable of counting the number of clock pulses arriving at its clock
input. Count represents the number of clock pulses arrived. On arrival of each clock pulse,
the counter is incremented by one. In case of down counter, it is decremented by one.

The Fig. 8.1 shows the logic symbol of a binary counter. External clock is applied to
the clock input of the counter. The counter can be positive edge triggered or negative
edge triggered. The n-bit binary counter has n flip-flops and it has 2" distinct states of
outputs. For example, 2-bit counter has 2 flip-flops and it has 4(22) distinct states : 00, 01,
10 and 11. Similarly, the 3-bit binary counter has 3 flip-flops and it has 8(2%) distinct
states : 000, 001, 010, 011, 100, 101 110 and 111.

n-hit n-bit
CLK P counter CLK P counter
n-bit output n-bit output
{a) Positive edge triggered (b} Nagaﬁm edge triggered
n-bit counter n-bit counter

Fig. 8.1 Logic symbol of counter

The maximum count that the binary counter can count is 2"=1, For example, in 2-bit
binary counter; the maximum count is 22-1=3 (11 in binary). After reaching the
ma:imum count the counter resets to 0 on arrival of the next clock pulse and it starts
counting again.
mmp Example 8.1 : Assume that the 4-bit counter starts in the 0000 state. What will be the

count after 12 input pulses ?

Solution :  After 12 pulses, the count will be (1100),, ie. 12 in decimal.

8-1)
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Plzx0Q
topL {CP 100 "'E’ tera (P (0 Cp)

—"". -._tpHLiQA ta Qg)

=g {0 10 Q)

i »-—tpLH:QBch}
Lbll‘i
(CP 10 Qy)
Fig. 8.4 Propagation delays in a ripple clocked binary counter

The timing diagram shows propagation delays. We can sec that propagation delay of
the first stage is added in the propagation delay of second stage to decide the transition
time for third stage. This cumulative delay of an asynchronous counter is a major
disadvantage in many applications because it limits the rate at which the counter can be
clocked and creates decoding problems.

Immp Example 8.4 : Draw the logic diagram for 3-stage asynchronous counter with negative
edge triggered flip-flops.

Solution : When flip-flops are negatively edge triggered, the Q output of previous stage

is connected to the clock input of the next stage. Fig. 8.5 shows 3-stage asynchronous

counter with negative edge triggered flip-flops.

HIGH

1n OA—I 1's On-‘| 1 Q¢
cr ® > ® P ©

LK,

A Gy L ke Gy o e

Fig. 8.5 Logic diagram of 3-stage negative edge triggered counter

sy Example B.5 : A counter has 14 stable states 0000 Hirough 1101. If the input frequency
is 50 kHz what will be its output frequency?

50 kHz

13 = 3.57 kHz

Solution :

vmp Example 8.6 1 The t,; for each flipflop is 50 ns , determine the maximum operating
frequency for MOD-32 ripple counter.

Solution : We know that MOD-32 uses five flip-flops. With t,y = 50 ns, the f,, for
ripple counter can be given as,
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f,

1
max (ripple) = Fxsome -+ MHz

8.2.1 Asynchronous/Ripple Down Counter

In the last section we have seen that the output of counter is incremenied by one for
each clock transition. Therefore, we call such counters as up counters. In this seclion we
see the asynchronous/ripple down counter. The down counter will count downward from
a maximum count to zero.

The Fig. 8.6 shows the 4-bit asynchronous down counter using JK flip-flops. Here, the
clock signal is connected to the clock input of only first flip-flop. This connection is same
as asynchronous/ripple up counter. However, the clock input of the remaining flip-flops is

triggered by the Q, output of the previous stage instead of Qp output of the previous
stage.

HIGH
14 Q. *—1lg QH e Qc s QD'—'
“170 | 10| e | 1@
—1%a__ 9 Ko o —ke % —{%o_ Ce|—

Fig. 8.6 4-bit asynchronous down counter

The Fig. 8.7 shows the timing diagram for 4-bit asynchronous down counter. It
illustrates the changes in the state of the flip-flop outputs in response to the clock. Again
the ] and K inputs of JK flip-flops are tied to logic HIGH hence output will toggle for cach
negative edge of the clock input.

i I I o s
Count lnn |11|o| 1101 |11oo|1011 | tomllom 11 uonlu‘nllouolmm]mmlooﬂ |mlqucn1|cmo|

Fig. 8.7 Timing diagram of 4-bit asynchronous down counter
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Down counters are not as widely used as up counters. They are used in situations
where it must be known when a desired number of input pulses has occurred. In these
situations the down counter is preset to the desired number and then allowed to count
down as the pulses are applied. When the counter reaches the zero state it is detected by a
logic gate whose output then indicates that the preset number of pulses have occurred.

msp Example 8.7 : For the ripple counter shown in Fig. 8.8, show the complete timing
diagram for eight clock pulses, showing the clock, Qy and Qp waveforms.

High
p—i JD —.UQ | J1 — O,
1 8

JULMINIIruL CK c > C

Ko — LK
Q
Fig. 8.8
Solution :
1 2 3 4 5 6 7 8

) '
! H : H
LSB Q, I 1 0 l 1 I 0 | 1 0 I 1 I o
)
)
MSB Q. OI 1 1 I 0 0 | 1 1 | 0 0

Count [11|1o|01|uu|11|1o|m[no|

Fig. 8.9
8.2.2 Asynchronous Up/Down Counter

To form an asynchronous up/down counter one control input say M is necessary to
control the operation of the up/down counter. When M = 0, the counter will count up and
when M = 1, the counter will count down. To achieve this the M input should be used to
control whether the normal flip-flop output (Q) or the inverted flip-flop output (Q) is fed
to drive the clock signal of the successive stage flip-flop, as shown in Fig. 8.10 (a). The
truth table for such combinational circuit 1s shown in Fig. 8.10 (b).
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Count | ooofr 001 [ o0 | on [ 100 | o1 | 110 | |

me [ : . . I—

=0

1 2 3 4 5 & 7 8 .
CLK

oo T Lo Lo [Tl [T
Ea_l L

L 1]

e 0 | .1 1 1 1 I 0 9 0 0
Qc :
| |

Count I 000 | m l 1;0 ] 101 ] 100 | 011 | 010 | 001 | OODI

Fig. 8.13 Timing diagram for 3-bit UP/ DOWN ripple counter
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i Example 8.8 : Design a 4-bit up/down ripple counter with a control for up/doun
counting.

Solution : The 4-bit counter needs four flip-flops. The circuit for 4-bit up/down ripple
counter is similar to 3-bit up/down ripple counter except that 4-bit counter has one more
flip-flop and its clock driving circuiting.

The Fig. 8.14 shows the 4-bit up/down ripple counter.

M

High

CLK

Fig. 8.14 4-bit asynchronous up/down counter

8.2.3 IC 7492/93 (4-bit Ripple Counter)

The 7492 and 7493 are high speed 4-bit ripple type counters partitioned into two
sections. Each counter has a divide-by-two section and either a divide-by-six (7492) or
divide-by-eight (7493) section which are triggered by a HIGH to LOW transition on the
clock inputs. Each section can be used separately or tied together to form divide-by-twelve
or divide-by-sixteen counters.

The 7492 is 4-bit divide-by-twelve counter and 7493 is 4-bit binary counter. Each device
consists of four master slave flip-flops which are internally connected to provide a
divide-by-two section. Since the output from the divide-by-two section is not internally
connected to the succeeding stages, the devices may be operated in various counting
maodes.

Connection Diagram of 7492

J af [—J Q J el | | Q
(4
A—g>CP > CF b co b o
K a [ a a a
c . K o, 81 [¥ ¢ @
1 b bi T
i)
R, 6
%:D_ 12) [t ) ®
[E Q, Gy Q Q

Fig. 8.15 {a)
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Logic Diagram
\
s 14] A
uRy[2 T3]
MR, [3] 12]a, NC : NO INTERNAL CONNECTION
NOTE :
NG E Uil m"u The flat pack version has the
same pinouts (Connection diagram)
Vee E 10]GND as the dual in-ine package
nc[E 9]%
ne[7 [F]
Fig. 8.15 (d)

Modes of 7493
1. 4-Bit Ripple Counter :

The output Q, must be externally connected to input B. The input count pulses are
applied to the input A. Simultaneously divisions of 2, 4, 8 and 16 are performed at the Q,,
Qp, Q¢ and Qp, outputs as shown in the truth table.

2, 3-Bit Ripple Counter :

The input count pulses are applied to input A. Simultaneous frequency divisions of 2,

4 and 8 are available at the Qp, Q¢ and Qp outputs. Independent use of the first flip-flop
is available if the reset function coincides with reset of the 3-bit ripple through counter.

Table. 8.1 shows the truth tables for 7492 and 7493.

7492 and 7493
- Reset Inputs : Outputs
Ry R, |Q,jQg|a:|a,
H H L L L L
L H Count
H 5 L Count
L Il L Count

Table 8.1 (a)
MODE SELECTION

H : High Voltage Level
L : Low Voltage Level
X : Don’t Care
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i Example 8.11 : Design a divide-by-78 counter using 7493 and 7492 (as divide-by-6)
counter ICs.

Solution : Since 78 = 13 x6, we have to use 7493 as mod-13 and 7492 as mod-6 counters.

For the mod-13 counter Qp, Q¢ and Q, outputs of 7493 are ANDed and used to clear the

count when the count reaches 1101. For the mod-6 counter, clock is applied to B input of

7492,

The circuit diagram is as shown in the Fig. 8.19.

lﬂm I“:z: ]Rm quz:
A

IC 7492 IC 7403

Qy,

s [Oc |

Fig. 8.19 Divide-by-78 counter

lmp Example 8.12 :  Design divide-by-6 counter using IC 7493.

Solution : The Fig. 8.20 shows divide-by-6 (MOD 6) counter using 7493. As shown in the
Fig. 8.20, the clock is applied to input B of IC 7493 and the output count sequence is taken
from Qp, Q¢ and Q. As soon as count is 110, i.e. Q and Qg = 1, the internal NAND
gate output goes low and it resets the counter.

Rq|Ra
M [ MOD-8
A| S oD-2 Cp B Co
Qs Clk Q QO Qg

Fig. 8.20 Divide-by-6 counter using 7493
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8.3 Decoding Gates

Decoding gates are used to indicate whether counter has reached to particular state.
The outputs of the counter are connected to the AND gate as inputs and the output of the
AND gate goes high for particular state. Let us see the Fig. 8.21 (a). Here, the output of
“decoding gate goes high when counter outputs are C =1, B= 1 and A = 1. In Fig. 821 (b)
the output of decoding gate goes high when counter outputsare C=1, B=0and A = 0.

HIGH

—Ja W% o Qc
CLOCK D> > >
LKa T L {Ks Qg Ke Qg
-1 Y

Fig. 8.21 (a) Decoding gate to indicate state 7 (111)

HIGH

1 Qa Jg Qg e Q¢
CLOCK > . >
L 1Ky @, Kg @y —l Ke @
i Y

Fig. 8.21 (b) Decoding gate to indicate state 4 (100)

Similarly, we can connect corresponding oultputs to decoding gate inputs to indicate
desired state. The Fig. 8.22 gives these connections for all possible state detection for 3-bit

counter.
A A R A
c c € [5
A A A A
c c [+

Fig. 8.22 Decoding gate connections
8.4 Problem Faced by Ripple Counters (Glitch Problem)

We know that, due to the propagation delay the output flip-flop is delayed by time t,.
This illustrated in the waveform shown in Fig. 823 shows the waveform of the circuit
which decodes state 6. Here, the output of flip-flop A triggers the flip-flop B, hence the
B waveform is delayed by one flip-flop delay time () from the negative transition of A.
Similarly, the C waveform is delayed by t, from each negative transition of B.
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rs

1

i

™

~N|l@®m||&a|w RO
mlalalas|lojlolo|lo
mlalOlCjalalo|lo
N =0 S =) R = Y L=

e

Table 8.2 State sequence for 3-bit binary counter

Looking at Fig. 8.26 (b), we can see that Q, changes on each clock pulse as we
progress from its original state to its final state and then back to its original state. To
produce this operation, flip-flop A is held in the toggle mode by connecting ] and K inputs
to HIGH. Now let us see what flip-flop B does. Flip-flop B toggles, when Q, is 1. When
Q, is a 0, flip-flop B is in the nochange mode and remains in its present state. Looking
at the Table 8.2 we can notice that {lip-flop C has to change its state only when Qp and
Qp both are at logic 1. This condition is detected by AND gate and applied to the J and
K inputs of flip-flop C. Whenever both Q, and Qg are HIGH, the output of the AND gate
makes the | and K inputs of flip-flop C HIGH and flip-flop C toggles on the following
clock pulse. At all other times, the ] and K inputs of flip-flop C are held LOW by the
AND gate output and flip-flop does not change state.

8.5.3 4-bit Synchronous Binary Up Counter

Fig. 8.27 (a) shows logic diagram and timing diagram for 4-bit synchronous binary
counter. As counter is implemented with negative edge triggered flip-flops, the transitions
occur at the negative edge of the clock pulse. In this circuit, first three flip-flops work
same as 3-bit counter discussed previously.

HIGH
da G Js O Jo Qg Jjp Gl
0 | e o Lo
I—P‘A —1"e ‘—"c I—"n

cP

Fig. 8.27 (a)
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For the fourth stage, flip-flop has to change the state when Q= Qp = Q¢ = 1. This
condition is decoded by 3-input AND gate G,. Therefore, when Qp= Qg = Q¢ = 1,
flip-flop D toggles and for all other times it is in no change condition.

Q : ? N [ S

(i)

Qe
PO SRS S N S S S S i

Fig. 8.27 (b) A four-bit synchronous binary counter and timing diagram

oy Example 8.13 : Delermine f, . for the 4-bit synchronous counter if by for each flip-flop
is 50 ns and bt for each AND gate is 20 ns. Compare this with f, .. for a MOD-16 ripple
counter.

Solution :  For a synchronous counter the total delay that must be allowed between input
clock pulses is equal to flip-flop t, + AND gate t,4. Thus Ty, 250 + 20 = 70 ns and so
the counter has
1
fmax = ‘?—ﬁ-—r; = 14.3 MHz
We know that MOD-16 ripple counter used four flip-flops. With flip-flop t,g = 50 ns,
the f,, for ripple counter can be given as,

1
frax (ipple) = GEgms - ° MHz

8.5.4 Synchronous Down and Up/Down Counters

1 1 1 1 We have scen that a ripple counter could be
11 01 o made to count down by using the inverted output
of each flip-flop to drive the next flip-flops in the
counter. A parallel/synchronous down counter
can be constructed in a similar manner that is, by
using the inverted FF outpuls to drive the
following JK inputs. For example, the parallel up
counter of Fig. 8.27 (a) can be converted to a
0 d_awn counter by connecting the 6‘\, 65, 6‘: and
Qp outputs in place of Qs Qp Q¢ and Qp
o0 10 respectively. The counter will then proceed
0
[

11 0 1
1 1 o o

LI through the following sequence as input pulses
oo are applied :
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To form a parallel up/down counter the control input (UP/DOWN) is used to control
whether the normal flip-flop outputs or the inverted flip-flop outputs are fed to the J and
K inputs of the following flip-flops. The Fig. 8.28 shows 3-bit up/down counter that will
count from 000 up to 111 when the up/Down control input is 1 and from 111 down to 000
when the Up/Down control input is 0.

A logic 1 on the Up/Down enables AND gates 1 and 2 and disables AND gates 3 and
4. This allows the Q, and Qg outputs through to the J and K inputs of the next flip-flops
so that the counter will count up as pulses are applied. When Up/Down line is logic 0,

Up/ Down

Logic 1 L> '
4 g, g, 2 N
> ® > > ©
x Ta K I K Gef—
cp

Fig. 8.29 3-bit synchronous/parallel up/down counter

AND gates 1 and 2 are disables and AND gates 3 and 4 are enabled. This allows the Qu
and Qp outputs through to the | and K inputs of the next flip-flops so that the counter
will count down as pulses are applied.

8.5.5 Synchronous Vs Asynchronous Counters
The Table 8.3 shows the comparison between synchronous and asynchronous counters.

Sr. | Asynchronous Counters ; . Synchronous Counters

No. . :

1. In this type of counter flip-flops are connected | In this type there is no connection between
in such a way that output of first flip-flop output of first flip-flop and clock input of the

| drives the clock for the next flip-flop. next fip-flop.

2. | Allthe flip-flops are not clocked All the flip-flops are clocked simultaneously.
simultaneously.

3. Logic circuit is very simple even for more Design involves complex logic circuit as
number of states. number of states increases.

4. Main drawback of these counters is their low As clock is simultaneocusly given to all
speed as the clock is propagated through flip-flops there is no problem of propagation
number of Mip-flops before it reaches last delay. Hence they are high speed counters
flip-flop and are preferred when number of fiip-flops

increases in the given design.

Table 8.3 Synchronous Vs asynchronous counters
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Pin Description

1. Data inputs : Dy, D,, D, and D, are the four data input lines with D;, is LSB and
D, is MSB. We can load data through these lines.

2. PL (Parallel Load) : On activation of this signal (active low) the data available on
data inputs (Dy. Dy, D,, D;) is loaded into the counter and it is then available on
output lines. The parallel load operation has higher priority than counting
operation.

3. Enable (G) Input : When this signal is low, counting is enabled and count is
incremented or decremented according to status of Down/UP signal on cach low
to high transition of clock pulse applied to clock input. High on this input disables
counting.

4. Outputs : Q;,Q,,Q; andQ; are the four output lines with Q, is LSB and Q, is
MSB.

5. DOWN/UP : This signal determines the direction of the counting . When this
signal is high counter acts as a down counter; otherwise it acts as a up counter.

6. CP (Clock) : This is the clock input for the counter.

7. Terminal Count : As soon as the counter reaches its maximum (1111) or minimum
(0000} count this signal goes high for one clock pulse.

8. Ripple Clock (RC) : This is an active low output signal. It is used as the clock

Direction

input for the next higher stage as shown in the Fig. 8.32.
control | I
/o RC Uip RC

—U/D RC
Enable —9 G —q4G G

CLOCK CLOCK CLOCK

Fig. 8.32 Ripple clock connections
Connection Diagram for Different Operating Modes
The Fig. 8.33 shows the connection diagram of 74191 for various operating modes.

Mo cannpctian + Ve No connection +Vee

UV A I VI

J'U'L_] CLOCK Dy By D, Dy Fp UP/DOWN Dy D, Dy Dy B[
UPDOWN IC74181 ARG —}No SUL - cLock  ICT4E [+ o
- TC connection TCl— connection
EG Q, 0, q, 0, _|_—E Q3 O &4 Qp

11 1T

{a) Connection for up counter {b) Connection for down counter
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Preset count
L1 1 |
D D, D, —
JUL - Jeoiock 3 Dp Dy Dy Rc—--} o
16 IC 74191 T b § connection
Direction —| UP/DOWN Q, Q, @, Q,
control
(c) Prasettable up/d
Preset count
I
My N g Dy D, Dy D

CLOCK

-

G IC 74191
P UP/IDOWN @, @, Q, Q,
= T T 11

(d) Programmable f

Fig. 8.33 Operating modes of IC 74191
TC and RC Function Table
The Table 8.5 shows TC and RC function table.

Inputs Terminal Count State | Outpuls
uo|]G el o, [, Ja; [ 7Cc]Re
1 1 X 1 1 1 1 0 1
1] 1 X 1 1 1 1 1 1
0 o ||t 1 1 1 i
0 1 X o 0 0 0 0 1
1 1 X o 0 0 0 1 1
1 0 || o 0 0 0 |- |

Table 8.5 Function table for TC and RC
Timing waveforms for 74191
Fig. 8.34 shows the timing waveforms for IC 74191.
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imep Example 8.15 : Design MOD-10 counter using IC 74191.

Solution : * Refer solution of example 8.14. Load 0110 instead of 0101 count.

mmp Example 8.16 : Design down counter, counting states from 1101 fo 0011 wusing 4-bit
synchronous counter IC 74L5191.

Solution :  The Fig. 8.36 shows the connections for 7415191 to get desire operation. We
can design the combinational circuit for such counter from the truth table shown in the
Table 8.6.

*Vee 11 0 1
L I
Omown 23 P2 D1 Po
& 7405191 Br
= | cLock Q, @, @ O
i o o IO
Y
9 @ 9 9 Y
o 0 0 0 0
o o6 0 1 0
o 0 1 0 0
o 0 1 1 1
o 1 0 0 1
o 1 0 1 1
o 1 1 o 1
o 1 1 A 1
1 o 0 o 1
1 o 0 1 1
1 o 1 o 1
1 0o 1 1 1
1 1 0 o 1
1 10 1 1
1 11 0 0
1 1 1 1 0

Table 8.6
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K-map simplification

Fig. 8.37
PL = Y=63 Q1Q0+63 Q2+Q3 G]"‘Qgﬁ!

Logic diagram for counter

Vee 11 0 1
1l 1 1 1
i — D, D, D
Upmown 03 B2 D1 Do
g 74LS191 PL

CLOCK  Q; Q, Q, Q,

| Do

Fig. 8.38

After switch ON, if the counter output is other than 1101 through 0011, the PL goes
low and count 1101 is loaded in the counter. The counter is then decremented on the
occurrence of clock pulses. When counter reaches 0010, the PL again goes low and count

1101 is loaded in the counter.

mmp Example 8.17 : How output frequency, f,,, and clock frequency, fry are related in case
of binary counter, IC 74191 in up and down counting mode ? If fo;, =500 Hz and
four = S0Hz, design the programmable frequency divider using IC 74191 in up counting
mode.
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Solution : The IC 74191 is a 4-bit binary counter, therefore f,, = fry /16 in up and
down counting mode. If fr, = 500 Hz and f,,, = 50 Hz we need mod 10 (500/50)
counter. The Fig. 8.39 shows the mod-10 counter using IC 74191.

00 00
1 1 1

JUL —elock Dy D; Dy Dy
g IC 74191 PL
P UPDOWN Qy Q, Q; Qg

Fig. 8.39

iy Example 8.18 : Design a counter to count from 1110 to 0011 using 74191 IC.

Solution : Refer similar example 8.16.

nmp Example 8.19 : Explain how IC 74191 can also be used as programmable frequency
divider.

Solution : IC 74191 is a 4-bit binary counter. Thus it divides the input frequency by 16.

However, we can design MOD-N counter using IC 74191. For MOD-N counter the output

frequency will be £, = fﬁ Thus by changing N we can change the output frequency. The
Fig. 8.40 shows the programmable frequency divider using IC 74191.

Count = (16— N)
L1 11
D. D, D, D —_— Where N is the
T — crock 272 5 PL 1 frequency divider
3 IC 74191 RC fout
E UPR/DOWN Q; Q, Q Q

L

Fig. 8.40 Programmable frequency divider

mp Example 8.20 : Design divide-by-2 for upcounting and divide-by-5 for down counting
using frequency divider IC 74191,
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Solution : Divide-by-2 for up counting

i1 10
Dy D Dy Dy PL
CLK ———— >
G Ic 74191 RC
DowVlp g, @, Q;  Q

GND

L b

Fig. B.41

Divide-by-2 is a mod-2 counter. Since, after preset above counter goes through 2 states
1110 and 1111, it is a mod-2 counter. Thus, above circuit is a divide-by-2 counter for up
counting mode.

Divide-by-5 for down counting mode :

Q 9 9 g Y Q,Q

0o o o o 0 Q@ 00 01 1 10
o o o 1 0 cojo|lofofo
0 ] 1 0 [ 01 0 0 o o
1] Q 1 1 4] =

Q 1 0 0 0

0 1 o 1 0

(1] 1 1 1] 0 Y= G302 * Q-Z!QIQD
0 1 1 1 0 Fig. 8.42 K-map simplification
1 0 0 0 0

1 0 o 1 0

1 0 1 o 0

1 0 1 1 1

1 1 0 0 1

1 1 0 1 1

1 1 1 1] 1

1 1 1 1 1

Truth table
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HIGH
44 Wl— s G % %l—
L glgly! ® _l b
g | Hre g8 e B
L i
OA
Q¢

Fig. 8.45 MOD-5 counter using RESET input
1 2 3 4 5 [ 7 8 9 10

Suplipigipigipipipinigh
S e P e P O e P e P

0 0 1 1 0 0 0 1 1 0
Qg

i

Fig. 8.46 Waveforms for MOD-5 counter

Any desired MOD number can be obtained by changing the NAND gate inputs. The
Table 8.7 shows the NAND gate inputs and corresponding MOD-N counter.

EEN

okt o _\"“” g
Qa-ED— MOD-1 Counter
Qg -ED— ' MOD-2 Counter
Qy
QB:D— MOD-3 Counter
Qe -ED— MOD-4 Counter
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Qu
Q¢ MOD-5 Counter
gg:D_ MOD-6 Counter

Qg MOD-7 Counter

Table 8.7 NAND gate inputs for MOD-N counter
iy Example B.22 : A ceriain counter is being pulsed by a 256 kHz clock signal. The output
frequency from the last flip-flop is 2 kHz :
i) b;lmnine the MOD number.
ii) Determine the counting range.
Solution : Clock frequency = 256 kHz
Output frequency = 2 kHz

256

__i_=128

n=

Mod number

» Counter is Mod-128 counter
Mod-128 counter can count the numbers from 0 to 127.

8.7 Decade Counters

The binary counler has maximum number of states equal to 2", where n is the number
of flip-flops in the counter. Counters can also be designed to have a number of states in
their sequence that is less than 2". In decade counters the sequence is truncated upto ten
states, 0000 {0 in decimal) through 1001 (9 in decimal). These type of counters are very
useful in display applications in which BCD numbers are used.

The truncation in the count sequence is achieved by resetting the counter at particular
count instead of going through all of its normal states. In case of BCD decade counter is
reset back to the 0000 state after the 1001 state. The resetting of counter is done with the
help of reset inputs of each flip-flop. These inputs are activated when desired state is
reached. In case of BCD decade counter, reset input is activated using NAND gate when
1010 state is reached. This is illustrated in Fig. 8.47 (a). Fig. 8.47 (b) shows the timing
diagram for circuit shown in Fig. 8.47 (a).



: unt lrlpul!
Roi) | Row) | Reeny |
H H L
H H X
X X H
X L X
L X L
L X X
X L L

Table 8.8 (c) Reset/Count function table
H : HIGH Level
L : LOW Level
X : Don't Care
Note 1 : Qutput Q, is connected to input B for BCD count.
Note 2 : Qutput Qp, is connected to input A for bi-quinary count.

hmp Example 8.23 : Draw basic internal architecture of IC 7490. Design a divide-by-20
counter using IC 7490.

Solution : Internal structure of 7490 ripple counter IC is as shown in Fig. 8.50.

TQa ] Q¢ TOD <= Outputs

Input _|
g > FF,

; Rm Rg Sy ém
——t
Reset Set
inputs inputs

Fig. 8.50 Basic internal structure of IC 7490

FFg FFg FFp

Mod-5 counter

We know that, one IC can work as mod-10 (BCD) counter. Therefore we need two ICs.
The counter will go through states 0-19 and should be reset on state 20. i.e.
QD Qc QB QA QD QC QB Q,\
o 0o 1 0 o 0 0 0
7490 (2) ’ 7490 (1)
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The diagram of divide-by-20 counter using IC 7490 is as shown in Fig. 8.51.

= [s[!} |SI?! |_R!l‘l_|R(?! = |3", S R Ry
A A

Clock —e]
1C 7490(1) 1C 7480{2)
[ “
10 l“a loc Co |_‘—<-0,\ ag |Gz |op
3
Units digit Tens digit

Fig. B.51 Divide-by-20 counter using IC 7430
i Example 8.24 : Design a divide-by-96 counter using 7490 ICs.

Solution : IC 7490 is a decade counter. When two such ICs are cascaded, it becomes a
divide-by-100 counter. To get a divide-by-96 counter, the counter is reset as soon as it
becomes 1001 0110. The diagram is shown in Fig. 8.52.

= |s!“|3m R [ = |sm|5m Ron [Rey
—{ A A

IC 7490{1) 1€ 7480(2)

[ :
10, |Qs |Qz [Qp E—ﬂy

Clock

QG |9

Qg

Fig. 8.52 Divide-by-96 counter
1mp Example 8,25 : Design divide-by-93 counter using the same IC.

Solution : IC 7490 is a decade counter. When two such ICs are cascaded, it becomes a
divide-by-100 counter. To get a divide-by-93 counter, the counter is reset as soon as it
becomes 1001 0011. The diagram is shown in the Fig. 8.53.%"

= o |Se |R(11|Rm = _ISm S [Rm|Ra
A

Clock —

1C 7490 (1) A IC 7480 (2)
B B
I;.OA as | o [Gp '[—.—-mala.,lcac

Fig. 8.53 Divide-by-93 counter
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3 L L H H
4 L H L L
5 H L L L
8 H L L H
T H L H L
8 H L H H
: H H L L

Table 8.8 (b) BCD Bi-quinary (5-2) (Note 2)

Ryt (6}
Roiz)
T e af—"2lq,
INPUT A 4 i >
K gr
v
) el ofLes
INPUT B P>
K R
®
d Q G
Lo
K
P aler+-lq,
TP
—{K r G
Ry 22 b
Ru:n%D

Fig. 8.49
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CLEAR: A LOW level at the CLEAR input sets all four outputs of the flip-flops
(Qa, Qp Qc, Qp) to LOW levels regardless of the levels at P, T and LOAD inputs.

Ripple carry output :

This output goes high when output of all flip-flops and T input are HIGH. This
indicates count overflow. This output remains HIGH for duration approximately equal to
the HIGH level output of Q4.

Timing waveforms :

CLEAR (ASYNCHRONOUS)
LOAD L]
A r
[m=—=—=——m——————————
paTA | BT ———— oo To-TToII-T-TTCT
weus | ¢ | [C------------:C iy
o (C--_-___-_-_--_-_-—-—-_----C
cLocK g gEgigupEgEgigigipgipip
ENABLE P ] [ I
|
ENABLE T —
Q LI LI
OUTPUTS
Q¢ |
Qp ]
RIPPLE CARRY
OUTPUT 2 [13 14 45 0 1 2
COUNT INHIBIT
CLEAR PRESET
Fig. 8.59

mmp Example 8.30 : Skeich the output waveforms of the counter circuit shown in Fig. 8.60.
What will be its modulus 7
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- +5V
A B c D RC |
————o>CLOCK
LOAD
+5V 74161
E P CLEAR
T Ga Q% Q¢ O
Fig. 8.60
Solution :
1 2 3 4 5 6 10 11 12 13

Fig. 8.61

The counter goes through states 0000 (Decimal 0) to 1011 (Decimal 11), i.e. through
12 states. Thus it is a MOD-12 counter.

immp Example 8.31 : Explain the operation of the circuit shown in Fig. 8.62.

HIGH ) . ) .
ABCD ABCD ABCD
] RN
CLEAR LOAD CLEAR  LOAD CLEAR  LOAD
¥ e ra1e11) Ref——&15 1c741812) Ref— |5 1c 74161(3) R
b CLOCK b cLOCK CLOCK
B [ 111 Pl
o Q, Q5 Qc Qp Q, Q3 Qc Oy QyQa QcQp

Fig. 8.62
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Solution : The Fig. 8.63 shows the cascaded connection of 4-bit binary counters. Let us
see the circuit operation. The counter IC; operates as a counter for counting in the UP
direction since CLEAR = LOAD = 1. When the count reaches the maximum value (1111)
its RC (Ripple Carry Output) goes HIGH which makes P and T (Enable) inputs of IC,
HIGH for one clock cycle advancing its output by 1 and making Q outputs of IC,, 0 at the

3 '
= (o1 g —c;
-] - — C©
Y3 £
"~
== Qg—é} po
g -
|_.n.r- 5
— 1] ]
Fon
£
T} :
- o o
o B [ 5
= I c =]
°"Q95—<5" s
°
’Bm-g X
} )
@
o
o — g -—-G“ §
P
of__| & "g 8
o S g
a2 8° o
2 3 g
9u..-A 3‘
T -[— py
-
| S
a
o & |5 E
ol® c - o
@ Eé—c’i’ i
]
o 990—6’
a |2 3
It O A
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next clock cycle. After this clock cycle P = T = 0 for IC, and IC; will go on counting the
pulses. When the outputs of IC; and IC; both reach the maximum count, RC outputs of
both of these ICs will go HIGH. This will make P = T of IC; HIGH and therefore, in the
next clock cycle IC, count will be incremented and simultaneously IC; and IC, will be
cleared. This way the counting will continue.

nmp Example B.32 : Design the divide-by-40,000 (modulus 40,000) counter using four
74161 ICs.

Solution : Cascading four 74161 (each 4-bit) counters we get 16 (4 x 4} bit counter as
shown in the Fig. 8.63.

Therefore, we get 216 = 65,536 modulus counter

However, we require divide-by-40,000 counter. The difference between 65536 and
40,000 is 25,536, which is the number of states those must be skipped from the full
modulus sequence. This can be achieved by presetting the counter to value 25,536 (63 CO
in hexadecimal). Each time when counter recycles it starts counting from 25,536 upto
65,536 on cach full cycle. Therefore, each full cycle of the counter consists of 40,000 states.

8.8.2 4-bit Synchronous Binary Counter (IC 74163)

The IC 74X163 is a synchronous 4-bit binary counter with active-low load and clear
inputs. The Fig. 8.64 shows the logic symbol of 74X163 and Table 810 summarizes the
function using state table. The Fig. 8.64 shows the internal logic diagram of IC 74X163.

T4X163

D CLK
TR
73]
ENP
ENT

14
% 13

o ||~ [ [3 ]~ g g |~

o0 >

12
Q|12
(o ¥ il
15

Fig. 8.64 Logic symbol for the IC 74X163
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Inputs Current State Next State

CLR LD ENT ENP | Q Q @ Q [ Qu Qp Q. Q
0 X x x X x X x 0 0 0 0
1 1] X x X x X X D c B A
1 1 ] x x X x % Qy Q, Q, Q,
1 1 x o x x x x Qy Q, Q Qq
1 1 1 1 o 0 o 1] 0 o o 1
1 1 1 1 4 0 0 1 0 0 1 0
1 1 1 1 [ 0 1 0 0 [ 1 1
1 1 1 1 0 0 1 1 0 1 0 0
1 1 1 1 0 1 0 0 0 1 0 1
1 1 1 1 0 1 0 1 0 1 1 "]
1 1 1 1 0 1 1 0 0 1 1 1
1 1 1 1 0 1 1 1 1 0 0 o
1 1 1 1 1 0 0 0 1 0 0 1
1 1 1 1 1 0 0 1 1 o 1 0
1 1 1 1 1 0 1 o 1 ] 1 1
1 1 1 1 1 0 1 1 1 1 0 0
1 1 1 1 1 1 o 0 1 1 "] 1
1 1 1 1 1 1 [} 1 1 1 1 1]
1 1 1 1 1 1 1 0 1 1 1 1
1 1 1 1 1 1 1 1 0 0 0 0

Table 8.10 State tabie for a 74X163 4-bit binary counter
The 74X163 uses D flip-flops to perform load and clear functions. Each D input is
driven by a 2-input multiplexer form by the combination of an OR gate and two AND
gates. The multiplexer output is 0 if the CLR input is asserted. Otherwise, the top AND
gate passes the data input (A, B, C or D) to the output if LD is asserted. If neither CLR nor
[D is asserted, the bottom AND gate passes the output of an XNOR gate to the
multiplexer output.

One input of XNOR gate corresponds of one count bit either Q, , Qp, Qc or Qp. The
XNOR gate gives complement output if and only if both enable ENP and ENT are asserted
and all of the lower-order count bits are 1. The ripple carry out (RCO) bit is 1 if all of the
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count bits are 1 and ENT is asserted. The RCO signal indicates a carry from the most

significant bit position.
K @ N
— (9 -
— I~
CLR = P
(14)
ﬁ] > o> CK Qe
(4)
B (13)
— D ar— 4
D :DPI > ->CK Qp—
5)
°{ (12)
— B
D> o
(6)
D
q 4 La>CK s
= (15)
Y 1
} RCO

ENT
(10)

Fig, 8.65 Logic diagram for the 74X163 synchronous 4-bit binary counter
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Connecting 74X163 in Free-Running Mode

The Fig. 8.66 shows the circuit diagram of 74X163 operating in free-running mode. In
this mode, enable inputs are enabled continuously. The Fig. 8.67 shows the resulting
output waveform in free-running mode. Looking at the waveforms, we can observe that
each signal has half the frequency of the preceding one. Thus, a free-running 74X163 can
be used as a divide-by-2, divide-by-4, divide-by-8 or divide by 16 counter.

T4X163

CLOCK——{ CLK

CLR

R LD
+5 VD—MM—E- ENP
ENT

e I Qp}—
—B Ql—
—c Qzf—
—D Q}—

RCO [—

Fig. 8.66 Circuit connection for the 74X163 to operate in a free-running mode

eu LML LU
A AN A AT

& / | |

Q,

Q; M

RCO—
I - - - 1
COUNT) 0 {1i2:3|4i516:7i8i0i1imi12113!1a!15] of

Fig. 8.67 Timing waveform in free-running mode

For 74X163, the clear function is'synchromxs. A low level at the CLR input sets all
four outputs of flip-flops (Qg -Q,) to low levels after the next positive-going transition on
the clock (CLK) input.

Counter ICs : 74X160, 74X161 and 74X162

The counter 74X160, 74X161, 74X162 and 74X163 have the same pinouts. However, they
have some differences in the operation. These are as follows.

* Counters 74X160 and 74162 are the decade counters.

s Counters 74X160 and 74X161 provides asym:!mwm clear function where as
counters 74X162 and 74X163 provides synchronous clear function. '

([ [Cc
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When IC 74X160 and 74X162 are connected in free running mode they count from
0 to 9. The Fig. 8.68 shows the timing waveform for free running divide-by-10 counter
using 74X160 and 74X162.

croek [T ML LI L L| LML LIt
S\ f [ \_f

COWNT | o | ¢+ | 23| afls]e|7]i8 9jo0

Fig. 8.68 Timing waveforms for divide-by-10 counter

immp Example 8.33 : Design the modulo-11 counter using 74X163.

Solution :  Although the 74X163 is a modulo-16 counter, it can be made to count in a
modulus less than 16 by using the CLR or LD input to shorten the normal counting
sequence. The Fig. 8.69 shows circuit connections for modulo-11 counter. Here, load input
is activated upon activation of RCO (ripple-carry-output). Since load input is adjusted to
state 5, counter counts from 5 to 15 and then starts at 5 again, for a total of 11 states per
counting cycle.

74X163
CLOCK—]» CLK
CLR
%)
ENP
ENT Qof—
1 Q' B
A Qp—
+5 VoA |_n B Qyf—
He
op
L RCO

Fig. 8.69 Modulo-11 counter using LD input
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We can also design modulo-11 counter using CLR input as shown in the Fig. 870

" Herg, NAND-gate.is used to detect state 10 and force the next state to 0. A 2-input gate is

used to detect state 10 (binary 1010) by connecting Q, and Q5 to the inputs of the NAND

gate.

R
+5 Vo-AMA-

T4X163

D CLK

CLR

LD

ENP

ENT  Qpf—

Q,

A Q,

B Qy

c

D T4X00
RCO

Fig. 8.70 Modulo-11 counter using CLR input

mmp Example 8.34 : Design an excess-3 decimal counter using 74X163.

Solution : An  excess-3 decimal
counter should start counting from
count 3 (binary 0011) and count upto
count 12 (binary 1100). Starting count
is adjusted by loading 0011 at load
inputs. To recycle count from 1100 to
0011, Q3 and Q, output are
connected as inputs for 2-input
NAND gate. Thus, NAND gate
detects state 1100 and forces 0011 to
be loaded as the next state. The
Fig. 872 shows resulting timing
waveform.

T4X163
CLOCK—— CLK
— CLR
ip
b—1 ENP
R v—: ENT
+5 VeAMN A Qpp——
—11 B Qp—
_ 0} c Q,
L 0] D ',
= RCO

Fig. 8.71 Excess-3 decimal counter using
T4X163
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+5V 74X163
> CLK
CLR
R _
o
ENP
ENT
CLOCK .l Py Q}——
RESET = Qp—
e al——
»—Q— D Qi
Go CNTEN — RCO
74X163
D CLK
CLR
[}
RELOAD ENP
L] ENT
_0 A Qu —
._G B Q| ——
e a,—
b Qa}—
= RCO MAXCNT

Fig. 8.73 Modulo-60 counter using two 74X163s
8.8.3 4-bit Bi-directional Synchronous Counter (IC 74169)
IC 74X169 is another 4-bit bi-directional synchronous counter. The Fig. 8.75 shows the
logic symbaol of 74X169. In 74X169, carry output and enable inputs are active low. Its
UP/DN input enables to count either up or down. When UP/DN input is logic 1, counter
count upwards; otherwise it count downwards.
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8.9 Counter Design as a Synthesis Problem

Let us sce the steps involved in design of synchronous counters.

1.
- Determine the number of flip-flops needed.

. Choose the type of flip-flops to be used.

. From the transition table, derive the circuit excitation table:

. Use K-map or any other simplification method to derive the circuit the flip-flop

o W

6.

Obtain the transition table from the given circuit information.

input functions.
Draw the logic diagram.

Note : The design procedure of sequential circuit involves few additional steps such as
state reduction and state assignment. For simplicity these steps are deliberately not
considered here.

8.9.1 Design of a Synchronous Mod-6 Counter using Clocked JK

Flip-Flops

The counter with n flip-flops has maximum mod number 2". For example, 3-bit binary
counter is a mod 8 counter. This basic counter can be modified to produce MOD numbers
less than 2" by allowing the counter to skip states those are normally part of counting

, sequence. Let us design mod-6 counter using clocked JK flip-flops.

Step 1 : Find number of flip-flops required to build the counter.

Flip-flops required are : 2" 2 N.

Here N=6 . n=3

i.e. Three flip-flops are required.

Step 2 : Write an excitation table for JK flip-flop.

Q, Q e J K
0 0 0 X
o 1 1 X
1 0 X 1
1 1 X 0

Table 8.11



Analog and Digital Electronics 8-54 Counters
Step 3 : Determine the transition table.
Present state Next state Fiip-flop inputs
Qp Qp Qc | Qasq | Daeq |Qceq| Ja Ka Js Kg Jc Ke
0 0 0 0 0 1 0 x 0 x 1 x
0 0 1 0 1 0 0 X 1 X X 1
o 1 0 0 1 1 0 X X 0 1 x
1] 1 1 1 0 0 1 X X 1 X 1
1 0 0 1 0 1 X 0 0 % 1 X
1 0 1 0 0 0 x 1 0 x x 1
1 1 0 X X X X X x X X x
1 1 1 x x x x x x X X X

Step 4 : K-map simplification for flip-flop inputs.

Qg0c ForJ,

Q00 01 11 10

ojo UE1§0[

1XXEX!]X|

110
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_ J Logie 1
Qg G
g D = PRGN S DR kG

Ky Ty Ks Tgf— YKo Gof—

Step 5 : Implement the

Clock
Fig. 8.78 Implementation of MOD-6 synchronous counter

Note : To avoid crossing of lines and to have better clarity the circuit can also be
represented as shown in Fig. 8.79. Here, instead of actual connections only signal names

are specified.

Logic 1
Qg T,
Qc:D_ b A OCZD_ b QI o Q-
> > S
Q—— K Guf— Q—¥%  Gaf— Ke  Qol—

Clock
Fig. 8.79 Simplified representation of Fig. 8.78
8.9.2 Design of a Synchronous Mod-6 Counter using Clocked D Flip-Fiop
Designing with clocked D flip-flop is slightly simpler process than designing with any
other flip-flop. Since Q output of D flip-flop follows D input, next state and flip-flop input
columns are same and it is not necessary to refer excitation table and determine the

flip-flop inputs column in the transition table.
Step 1 : Find number of flip-flops required to build the counter.
Flip-flops required are : 2" 2 N
HereN=6 .. n=3
ie. Three flip-flops are required.
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Step 2 : Determine the transition table.

Present state Next state
Qa Qg Qc Qi1 | Qs Qcaq
0 0 0 0 0 1
1] 0 1 0 1 0
0 1 0 0 1 1
[} 1 1 1 4] 0
1 0 0 1 0 1
1 0 1 0 [v] 0
1 1 0 x X x
1 1 1 X X X

Step 3 : K-map simplification for flip-flop inputs.

ForD, ForDg

Qs Q¢
A\ 00 01 11 10
ol o {13 o |1

1o |0} XRKX

Dg = Qx0s0c *+ Q50c

For D¢

00

01 11

Fig. 8.80
Step 4 : Implement the counter.

Note : Eventhough the procedure of implementing counters using D flip-flops is
simpler, it requires more circuitry to determine flip-flop inputs.
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Q Ga
—_— QB
™~ Dy, Qu— Qs D O~ Qc—Dc Qc|—
Qc > Qc D> >

G- Bl G|

Clock
Fig. 8.81

8.9.3 Design of a Synchronous Mod-6 Counter using Clocked T Flip-Flop

For designing of counter using clocked T flip-flop we have to follow a similar
procedure as that for the design using clocked JK flip-flop.

Step 1 : Find number of flip-flops required to build the counter.
Flip-flops required are : 2"z N

Here N=6

. n=3

- i.e. Three flip-flops are required.
Step 2 : Write an excitation table for T flip-flop.

Qn Qnyq T

0 0 0

0 1 1

1 0 1

1 1 0

Step 3 : Determine the transition table.

Present state Next state Flip-flop inputs
Q, Qg Qc Qrs1]Qae1|Qcus| Ta B 1:
1] 0 L] 0 0 1 0 o 1
1] 1] 1 0 1 0 0 1 1
'] 1 0 0 1 1 0 0 1
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0 1 1 1 0 0 1 1 1
1 0 0 1 0 1 0 0 1
1 0 1 ] 0 0 1 0 1
1 1 0 x x X X x x
1 1 1 x x x x x x

&
BE

Ta=0a0c+0sQc Teg=
Step 5 : Impl t the t
Qu
Q
© Logic 1
Th QG l— 6":D, Ts  Qgl— T
QB A A OC B B OG [
Qc > > b
Qy |— [} . Qg
Clock

Fig. 8.83
8.9.4 Design of a Synchronous Mod-6 Counter using Clocked SR Flip-Flop

For designing of counter using clocked SR flip-flop we have to follow a similar
procedure as that for the design using clocked JK and T flip-flops.

Step 1 : Find number of Flip-Flops required to build the counter.
Flip-flops required are : 2" = N

Here N=6 . n=3

i.e. Three flip-flops are required
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Step 2 : Write an excitation table for SR flip-flop.

Q, Qp 44 s R

0 0 x
0 1 1 0
1 0 o 1
1 1. H 0

Step 3 : Determine the transition table.

Present state Next state Flip-flop inputs

QG | Q% | 9% | Q4| %aeq| 9| Sa Ra | S8 R | & Re
1] 0 0 0 0 1 1] x 0 x 1 0
1} 0 1 0 1 0 1] x 1 [+] /] 1
0 1 0 0 1 1 4] x x /] 0
0 1 1 1 0 0 1 0 0 1 0
1 0 1] 1 1] 1 x 0 ] x 1 1]
1 0 1 1] 1] 0 0 1 0 X 0 1
1 1 [+] x x x x x x x x x
1 1 i x x x x X x x x x

Step 4 : K-map simplification for flip-flops.

Qa0 For Sy

QN 00 01 11 10
ol o nE1§u|

1 X u!xaxl

Sp=0g0c

ForR For
QsQc A Q59 Re
QA 0 01 11 10 QA 0 01 11 10

o X {{xyj 0| X UXOE1!O|
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Step 5 : Implement the count
Qg Q, —

5 Q S, Q.—15
D D S
3 — o b >

B ~ o — _
Qg | } Ra Q@ Q¢ Re Qg Q Re Q¢
Clock

Fig. 8.85
8.9.5 Design of Synchronous Decade Counter

We know that in the decade counters we have to truncate normal counter sequence.
Therefore, it is also called MOD-10 counter. Let us design the synchronous decade
counter. Here, we will not use clear input to reset the counter after state 1010. Table 8.12
shows the excitation table for synchronous decade counter using T flip-flops.

Excitation table
% 5+ 1|9 4]0 s 11 OAs1| To | Te | Ta |

0 0 0 0 0 [} 1 0 0 0

0 0 1 0 0 1 0 0 0 1

0 1 0 0 0 1 1 0 0 0

0 1 1 0 1 0 0 [ 1 1

0 0 0 0 1 0 1 1} ] 0 1
0 0 1 [} 1 1 0 [ 0 1 1
0 1 1 0 0 1 1 1 [ 0 0 1
0 1 1 1 1 0 0 0 1 1 1 1
1 0- 0 0 1 0 0 1 0 0 0 1
1 0 0 1 0 0 ] 0 1 [+ 0 1
1 0 1 0 X X X X X X X X
1 0 1 1 X X X X X X X X
1 1 0 0 X X X X X X X X
1 1 0 1 X X X X X X X X
1 1 1 0 X X X X X X X X
1 1 1 1 X X X X X X X X

Table 8.12
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K-map simplification

For Ty ForTg
_ 3nQ, Qy :
WUD 01 11 10 Q 00 01 1110
ofololo]o of oo il o
olfojop1jo 01yojogKIgo
1l x X X 1) x| x fixi x
10| 0 rb X4 X wojlo §Xﬂ X
Tp=Q,Qp+ 0y Qs Q¢ Tc=0Q,0p
For Ty ForT,

x| x|x|x x| x| x xﬂ
10fo]o|x|x it |1 x
Ta=Q, Ty Ty=1
Fig. 8.86

Logic Diagram

MT: T.n@na -l:D' Ta.on Tc@% T"@%
> > (B) < s
- r a, r s r a8 r Tp ~|

Fig. 8.87
Fig. 8.88 shows the timing diagram for the synchronous decade counter.

Timing diagram

cp— LIZL I3 [#]_Js1 61 71 Tel Is] o] _
0 1 0 1 i

Qs ! : . I
0 i 0 T: 1 Lo i o

Qg(LSB) : i : :

0 0 0 0 1T 1 : 1 ;1 0 i 0

Qc *

Q0 i o i ol o 0 0 0 0 1 E]

Count 5500 | 0007 | G070 | GOT1 | G700 | 0707 | 0770 | 67177 | 7000 1007 ]
Fig. 8.88
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Excitation table
1] o 4] 0 1 1 1 1 1 1
0 0 1] 1 1] 0 0 1] 0 1
0 0 1 0 0 V] 1 0 1 1
1] 0 1 1 0 1 0 0 0 1
1] 1 0 1] 0 1 1 1 1 1
0 1 0 1 1 0 0 0 0 1
0 1 1 (1] 1 ] 1 0 1 1
0 1 1 1 1 1 0 0 0 1
1 0 [+] 0 1] 0 1 0 0 1
1 0 1] 1 0 1 0 1] 1 1
1 1] 1 1] 1] 1 1 0 0 1
1 4] 1 1 1 0 0 1 1 1
1 1 1] 1] 1 0 1 1] [} 1
1 1 0 1 1 1 0 0 1 1
1 1 1 0 1 1 1 0 0 1
1 1 1 1 [+] 0 0 1 1 1
Table 8.14
K-map simplification
For T¢ ForTg ForT,

UDQS:Q&! 011110 mo&uau 01 1110 UDGQBQ&J 01 1110

1) o | oo oof o]0 }0*1 T3 w

ofilfofo]o ot 1 ofofls ofir [ 1] 1]

11jo|off1} o ot 1y o 1151 101 1§

wlofofi1ll o |uu§|I1in 1& 1 1_@

Te=UDTa Tx+UDQ 0, Tg=TU0 T UDQy Tas1

Fig. 8.89
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mmp Example 8.39 : Design mod-5 synchronous counter using T flip-flop.

Solution : For mod-5 counter we require 3 flip-flops.

Excitation table

Present state Next state Flip-flops inputs
Q, Qg Q¢ Qv | Qau | Qcn Ta T8 Tc
0 0 o 0 0 0 1 0 0 1
1 0 ] 1 0 1 ] 0 1 1
2 0 1 1] 0 1 1 0 o 1
3 0 1 1 1 0 1 1 1
4 1 0 0 0 0 1 o ]

K-map simplification

Logic Diagram
G
Qe
Q, Ta O — — 2 Ts Qs — 2 Te Qc—
> ® > > ©
Gy |—
CLK

Fig. 8.92



Analog and Digital Electronics 8-67 Counters

mp Example 8.40 : Design MOD-4 down counter using JK flip-flop.

Solution : The excitation table for mod-4 down counter is as shown in Table 8.15.

Present state Next state Flip-flop inputs

A B A+ B+ Ja L Jg Kg
] 0 1 1 1 * 1 x
0 1 0 0 0 x » 1

1 0 ] 1 ® 1 1 x

1 1 1 o x 0 S 1

K-map simplification
ForJ,

Logic Diagram

—Jn O ;—JB Qg B
L ® |- b ® |-
— Ka EAL LKB aﬂfl

Fig. 8.94
mmp Example 8.41 : Design a MOD-12 synchronous counter using D flip-flop.

Solution : Mod-12 synchronous counter using D flip-flop :
Let Number of flip-flop required = n
' ™ > 12
n =4
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Excitation table
Present state Next state
Qp | Qc | Q3 | Q4 | Qpyy | Qo | Qg | Qun
[} 0 0 0 [} 0 o 1
0 0 0 1 0 0 1 0
0 0 1 0 0 0 1 1
0 0 1 1 0 1 0 0
0 1 0 0 0 1 o 1
0 1 0 1 0 1 1 0
0 1 1 0 0 1 1 1
0 1 1 1 1 0 0 0
1 0 0 0 1 0 0 1
1 0 0 1 1 0 1 0
1 0 1 0 1 0 1 1
1 0 1 1 0 0 o 1]
K-map simplification
ForD, ForD
QaQa A Qg0 8
Q%N 00 01 1 10 QN 00 01 11 10
ool t{ o]0 M1 0] o H1d0§E1
o] 14 o otlofi1do f1
11 X X hhl X X X X
0] 14 o0
jy - S
Dy = Ty Dg = TgQ, + 040
=Q,® Qy
ForDg ForDp
QgQy QaQy
00011110 QN 00 01 11 10
ow| oo
ot o] o1}

D= Qc @5 + Qcly
+QpTc0pQ,

1

Dp= Qp@ + Qa4
+Qp T,
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Logic Diagram

[

&

%

&8

Qe

Qn

Fig. 8.95

8.11 Ring Counter

Fig. 8.96 shows the logic diagram for four-bit ring counter. As shown in the Fig. 8.96,
the Q output of each stage is connected to the D input of the next stage and the output of
last stage is fed back to the input of first stage. The CLR followed by PRE makes the
output of first stage to '1' and remaining outputs are zero, i.e. Q is one and Qp, Qc, Qp

are zero.

PRE —
PRE
D, Q, Dy Qg De Q Dp Qp

CcP
Fig. 8.96 Four-bit ring counter

" The first clock pulse produces Qg = 1 and remaining outputs are zero. According to
the clock pulses applied at the clock input CP, a sequence of four states is produced. These
states are listed in Table. 8.16.
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ﬁ!
-
=
p:
2R 74X194
"L .
CLOCK D CLK
11—
CLR Connected
10 5 asa
9 1 shift-feft
I Sy shift register

Fig. 8.98 (b) State diagram for self correcting ring counter

The ring counter shown above has a single circulating 1. The ring counter with a
single circulating 0 can be designed using NAND gate instead of NOR gate in Fig. 8.98 (a).

mmp Example 8.42 : Design a 4-bit, 4-state ring counter using 74X194.

Solution :  The Fig. 8.99 (a) shows the circuit diagram for a 4-bit, 4-state ring counter
with a single circulating 1. Here, 74X194 universal shift register is connected so that it
normally performs a left-shift. However, when RESET is asserted it loads 0001. Once
RESET is negated, the 74194 shifts left on each clock pulse. The Dg serial input is
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immp Example 8.43 : Assume that 1011 input data pattern is loaded into a 4-bit ring counter.
Sketch the resulting flip-flop Q output waveforms (Assume positive edge triggering).
Solution :

o LA FLFLPLL

1] ] ]
1] | ]
s8ya, 11 1 0 1 10 0 1
1] 1 1 1
1 1 1
]
LE
Q 11 1 1 0 1 1 1 0 1
] 1 1}
[] ] ] ]
L L 1 L
Q: o 1E1 1 0 10 1 01 o
| H r : | o ——
[] ] 1 )
i
L}
H
!

g
o
.

Fig. 8.100

8.12 Johnson or Twisting Ring or Switch Tail Counter

In a Johnson counter, the Q output of each stage of flip-flop is connected to the
D input of the next stage. The single exception is that the complement output of the last
flip-flop is connected back to the D-input of the first flip-flop as shown in Fig. 8.101.

LDAQA Dg Qg De Qg Op ap

o] o] o] e

Fig. 8.101 Four-bit Johnson counter

Note : Johnson counter can be implemented with SR or JK flip-flops as well.

As shown in Fig. 8.101, there is a feedback from the rightmost flip-flop complement
output to the leftmost flip-flop input. This arrangement produces a unique sequence of
states.

Initially, the register (all flip-flops) is cleared. So all the outputs, Q,, Qp, Qc, Qp are
zero. The output of last stage, Qp is zero. Therefore complement output of last stage, Qp
is one. This is connected back to the D input of first stage. So D, is one. The first falling
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clock edge produces Q=1 and Qg = 0,Q¢ = 0, Qp = 0 since Dy, D¢, Dpy are zero. The next
clock pulse produces Q=1 ,Qp =1, Qc = 0, Qp = 0. The sequence of states is summarized
in Table 8.17. After 8 states the same sequence is repeated.

o 4 5 a2 a2 000
e - =]

= = N ]

- Ot W N = O
O 0 @ 2 A a A

Table 8.17 Four-bit Johnsen sequence
In this case, four-bit register is used. So the four-bit sequence has a total of eight
states. Fig. 8.102 gives the timing sequence for a four-bit Johnson counter.

& | L
Fig. 8.102 Timing sequence for a four-bit Johnson counter

If we design a counter of five-bit sequence, it has a total of ten states, as shown in
Table 8.18.
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L = T S =

O 2 O C 4 a4
= - I T S
L I T R
T = T = I = T = = |

© W NO M B W N = O

Table 8.18 Five-bit Johnson sequence

So in general we can say that, an n-stage Johnson counter will produce a modulus of
2xn , where n is the number of stages (i.e. flip-flops) in the counter. As shown in tables,
the counter will 'fill up' with 1s from left to right and then it will 'fill up’ with 0s again.

Lnaoﬂ Dy Q Dc Q¢ by G

40] 20) b © > @
A
. . . i o

D- o
D-c"
|—-—D'GF3
"_D.Cﬂ
D-cn
-cr
',__D-CP,

Fig. 8.103 Johnson counter with decoder

One advantage of this type of sequence is that it is readily decoded with two input
AND gates. Table 8.19 gives the count sequence and required decoding.
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0 0 0 0 0 Q,Q,
1 1 0 0 0 Q, Gy
2 1 1 0 0 Qg Qc
3 1 1 1 0 Q.Qp
4 1 1 1 1 Q, Qp
5 0 1 1 1 Q, Qg
6 0 0 1 1 Qg Q¢
7 0 0 0 1 Qg Qg

Table B.19 Count sequence and required decoding
mmp Example 8.44 : Design a 4-bit, 8-state Johnson counter using IC 74X194. Show how
same counter can be modified as self correcting Johnson counter.
Solution : Johnson counter is basically a twisted ring counter. The Fig. 8.104 (a) shows
the basic circuit for a Johnson counter and Fig. 8.104 (b) shows its timing diagram. The
Table 8.20 shows the states of a 4-bit Johnson counter.

R
74X194
1
CLOCK P CLK
S s
RESET CLR Connected
10 s asa
o™t shift-left
b a— Sy shift register
- 7
D,
SL
(5] D Q 12
5 c Q, 13
—41B Q, |14
a1 o s
=i 7 74%04
1 2
[

Fig. 8.104 (a) 4-bit Johnson counter
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RESET [
i
i

STATE

H

S¢ | S5 1 S

Fig. 8.104 (b) Timing diagram for a 4-bit Johnson counter

0 0
0 1
1 1
1 1
1 1
1 0
0 0

O|l=|lalsls|lolo|a]

&[40 |0 1.0 [0 | §0 0

0 0

Table 8.20 States of a 4-bit Johnson counter
This counter can be modified to have self correcting Johnson counter as shown in the
Fig. 8.104 (c). Here, the connections are mgde such that circuit loads 0001 as the next state
whenever the current state is 0XX0.

T4X184
CLOCK ————— CLK
BV o W CLR Connected
! s, ¥ asa
Sg shift register
Dg
o %
c Q,
8 Q,
A
D % T4X02
=1 SR
- 7404
3
LOAD

Fig. B.104 (c) Self correcting 4-bit, B-state Johnson counter
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i Example B.45 : How many flipflops are required to implement each of following in a

-]

Johnson counter configuration :

i) Mod 10
i) Mod 16

Solution : Johnson counter will produce a modulus of 2x n where n is the number of
stages (ie. flip-flops) in the counter. Therefore, Mod 10 requires 5 flip-flops and Mod 16
requires 8 flip-flops.

Review Questions

1
2. What is the primary disadpantage of an asynchronous counter?
. A four-bit asynchronous counter comsists of flip-flops each of which has a clock to Q

. Design the following ripple counters using JK flip-flops :

5. Draw the complete timing diagram for the five stage synchronous binary counter.
6. A synchronous counter with three JK flip-flops has the following connections :

7. Draw and explain the working of 4-bit UP/DOWN synchronous counter.
. How synchronous counters differ from asynchronous counters ?

. Write a short note on counter applications.

10.
11.

Explain the working of 4-bit asynchronous counter.

propagation delay of 12 ns. How long does it take the counter to recycle from 1111 to 0000
after the triggering edge of the clock pulse?

4) Divide-by-5 b) Divide-by-11
Ja = K4=Q Ip = Kg =Qy, Jo = QaQp Ke=Qc

Determine its a) Modulus and b) the count sequence .
[Ans:a) 5 b) QcQpQ, = 000,001,010,011,100]

Draw the four bit Johnson counter and explain the operation.
Draw a four stage ring counter and explain its operation.

aaa



Op-amp Applications

9.1 Introduction

The operational amplifier, most commonly referred as ‘op-amp’ was introduced in
1940s. The first operational amplifier was designed in 1948 using vacuum tubes. In those
days, it was used in the analog computers to perform a variety of mathematical operations
such as addition, subtraction, multiplication etc. Due to its use in performing mathematical
operations it has been given a name operational amplifier. Due to the use of vacuum
tubes, the early op-amps were bulky, power consuming and expensive.

Robert J. Widlar at Fairchild brought out the popular 741 integrated circuit (IC)
op-amp between 1964 to 1968. The IC version of op-amp uses BJTs and FETs which are
fabricated along with the other supporting components, on a single semiconductor chip or
wafer which is of a pinhead size. With the help of IC op-amp, the circuit design becomes
very simple. The variety of useful circuits can be built without the necessity of knowing
about the complex internal circuitry. Moreover, IC op-amps are inexpensive, take up less
space and consume less power. The IC op-amp has become an integral part of almost
every clectronic circuit which uses linear integrated circuit. The modern linear IC op-amp
works at lower voltages. It is so low in cost that millions are now in use, annuaily.
Because of their low cost, small size, versatility, flexibility, and dependability, op-amps
are used in the fields of process control, communications, computers, power and signal
sources, displays and measuring systems. The op-amp is basically an excellent high gain
d.c. amplifier. :

9.2 Op-amp Symbol and Terminals
The symbol for an op-amp along with its various terminals, is shown in the Fig. 9.1.
The op-amp is indicated basically by a triangle which points in the direction of the
signal flow.

9-1)
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Noninverting input terminal

° Vee
Negative
supply voltage
Fig. 9.1 Op-amp symbol
All the op-amps have atleast following five terminals :
i.  The positive supply voltage terminal V. or + V.
ii.  The negative supply voltage terminal — Vg or - V.
iii. The output terminal.
iv.  The inverting input terminal, marked as negative.
v.  The noninverting input terminal, marked as positive.

The input at inverting input terminal results in opposite polarity (antiphase) output.
While the input at noninverting input terminal results in the same polarity (phase) output.
This is shown in the Fig. 9.2 (a) and (b). The input and output are in antiphase means
having 180° phase difference in between them while inphase input and output means
having 0° phase difference in between them.

oulput with
respect to input
(a) Input applied to inverting terminal

{b) Input applied to ing




Analog and Digital Electronics 9-3 Op-amp Applications

The op-amp is fabricated on a tiny silicon chip and packaged in a suitable case. Fine
gauge wires are used to connect the chip to the external leads.
9.2,1 Power Supply

The op-amp works on a dual supply. A dual supply consists of two supply voltages
both d.c., whose middle point is generally the ground terminal.

The dual supply is generally balanced i.e. the voltages of the positive supply +V,- and
that of the negative supply — Vi are same in magnitude. The typical commercially used
power supply voltages are + 15 V. But if the two voltage magnitudes are not same in a
dual supply it is called as unbalanced dual supply. The balanced and unbalanced types of
dual supply are shown in the Fig 9.3 (a) and (b) respectively.

Wee=+5V W =+15V

+

iy i

T T

Vge=-15V Veg=-12V

+

(a) Balanced (b) Unbalanced

Fig. 9.3 Types of dual supply

Practically in most of the op-amp circuits balanced dual supply is used. The other
popular balanced dual supply voltages are 29V, £12 V, £ 22 V etc.

9.3 Ideal Op-amp

The ideal op-amp is basically an amplifier which amplifies the difference between the
two input signals. In its basic form, the op-amp is nothing but a differential amplifier. To
understand the characteristics of an ideal op-amp, let us discuss the operation of an ideal
differential amplifier which is a basic building block of an op-amp.

9.3.1 Ideal Differential Amplifier

The differential amplifier amplifies
the difference between two input voltage
signals. Hence it is also called difference
amplifier.

Consider an  ideal differential
amplifier shown in the Fig. 9.4.

Fig. 9.4 Ideal differential amplifier
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V; and V, are the two input signals while V, is the single ended output. Each signal is
measured with respect to the ground.

In an ideal differential amplifier, the output voltage V, is proportional to the difference
between the two input signals. Hence we can write,

V, = (- V) e (1)

9.3.2 Differential Gain A 4
From the equation (1) we can’ write,
Vo = Ag (-

o

Where Ay is the constant of proportionality. The Ay is the gain with which differential
amplifier amplifies the difference between two input signals. Hence it is called differential
gain of the differential amplifier.

Thus, A4 = Differential gain

The difference between the two inputs (V, — V,) is generally called difference voltage
and denoted as V.

Hence the differential gain can be expressed as,

v
Ag= 2

¢
Va

Generally the differential gain is expressed in its decibel (dB) value as,

Ay = 20Log,, (Ay) in dB

9.3.3 Common Mode Gain A
If we apply two input voltages which are equal in all the respects to the differential
amplifier i.e. V| = V, then ideally the output voltage V, = (V| - V,)A,, must be zero.

But the output voltage of the practical differential amplifier not only depends on the
difference voltage but also depends on the average common level of the two inputs. Such
an average level of the two input signals is called common mode signal denoted as V.

- i+ Y,
¢ 2

Practically, the differential amplifier produces the output voltage proportional to such
common mode signal, also. The gain with which it amplifies the common mode signal to
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produce the output is called common mode gain of the differential amplifier denoted as

Ac

V, = A,

Thus there exists some finite output for V; = V, due to such common mode gain A,
in case of practical differential amplifiers.

So the total output of any differential amplifier can be expressed as,

| Vo= Ay Vyt+AL Vc| ... total output

This shows that if one input is + 25 uV and other is =25 pV then the output of the
amplifier will not be same, with the inpuls as 600 pV and 650 pV, though the difference
between the two sets of the inputs is 50 pV.

For an ideal differential amplifier, the differential gain Ay must be infinite while the
common mode gain must be zero. This ensures zero output for V; = V,.

But due to mismatch in the internal circuitry, there is some output available for
V;=V, and gain A_ is not practically zero. The value of such common mode gain A_ is
very very small while the value of the differential gain A, is always very large.

At this stage, we can define one important parameter of the differential amplifier
known as common mode rejection ratio (CMRR).

9.3.4 Common Mode Rejection Ratio (CMRR)

When the same voltage is applied to both the inputs, the differential amplifier is said
to be operated in a common mode configuration. Many disturbance signals, noise signals
appear as a common input signal to both the input terminals of the differential amplifier.
Such a common signal should be rejected by the differential amplifier.

The ability of a differential amplifier to reject a common mode signal is expressed by a
ratio called common mode rejection ratio denoted as CMRR or p.

It is defined as the ratio of the differential voltage gain Ay to common mode voltage

gain A_
CMRR = p = Al
IAC

Ideally the common mode voltage gain is zero, hence the ideal value of CMRR is
infinite.

For a practical differential amplifier Ay is large and A_ is small hence the value of
CMRR is also very large.
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Many a times, CMRR is also expressed in dB, as

CMRR in dB = 20 log dB

' |
Ac

wmp Example 9.1 : Determine the output voltage of a differential amplifier for the input
voltages of 300 uV and 240 uV. The differential gain of the amplifier is 5000 and the value
of the CMRR is i) 100 and ii) 107

Solution : The differential amplifier is represented as shown in the Fig. 9.5.
i) CMRR = 100
Vo= V=V, =300-240

= 60 pVv
V= Vi+V,
V=300 pv ¢
o
_ 300+240
- 2
V=240 pv =270 pV
Fig. 9.5
A
CMRR = 4
Ag
5
100 = ——
AC
A, = 50

Vo = Ay Vy+A, W, = 5000 x 60 + 50x270
= 313500 pV = 313.5 mV
ii) CMRR = 10°

Ay 5000

Vo = AV +AN = 5000 x 60 + 0.05x270
= 300013.5 pV = 300.0135 mV
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Ideally A_ must be zero and output should be only Ay V4 which is 5000x60x107° i.c.
300mV. It can be seen that higher the value of CMRR, the output is almost proportional to
the difference voltage Vy, rejecting the common mode signal. So ideal value of CMRR for a
differential amplifier is .

9.4 Saturable Property of Op-amp

The open loop gain of op-amp is very high. While every op-amp has a property that
its output can swing between two levels decided by the supply voltages ie. + V- and
~Vgg- Thus if output tries to rise more than +V- or less than -V then it gets clipped
and gets saturated at the levels almost equal to +V and —Vgg, on positive and negative
side respectively.

Key Point : The property by which op-amp output saturates at the two saturation levels
(V. ). decided by the supply voltages, is called saturable property of an op-amp.

v +15Y Consider an op-amp shown in the
1 PLENE— Fig. 9.6. The value of A ( is very high.
V,,Th Ao A E‘c;ls:; be 10°. And supply voltages are
PUN— +15V.
Va 15y Now V, = VyxAqy
Flg. 9.6 f V=
Ao
Va
(Input) As the supply voltages are +15V,

“mv the op-amp has property to saturate the
output at about *15V. Output cannot
be produced exceeding the saturation
voltage levels.

Key Point: Thus V, = £V, in ideal

=1my condition.

. - i\'rzinl = 1_15 =

.V, F vemere +£150 pv
Quiput
+15V Thus only for the differential input
of few uV, the output saturates to
+Vg or =V, depending on which
input V; or V, is dominating. So if a
sine wave of 1 mV is applied as the
input then the output will be sine wave
which is clipped at =V, =+15V, for

=15V

Clipping of output N the op-amp considered. This is shown
ws;n;aeun:wa in the Fig. 9.7.

Fig. 9.7 Effect of saturable property
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The exi:cctcd amplitude of output sinc wave is 10°x1mV = 100 V but it gets clipped
at 15 V due to saturable property of the op-amp.

Key Point :  Practically the saturation voltage levels are about 90 % of the supply voltage
levels.

Thus for an op-amp of supply 15V the saturation voltage levels are 90 % of (+15V)
ie 135V

9.5 Parameters of Ideal Op-amp

With the background of an ideal
differential amplifier and CMRR, let us
study the ideal op-amp characteristics.

The Fig. 9.8 shows an ideal op-amp. It
has two input signals V, and V, applied to
non-inverting and inverting terminals,
respectively.

Fig. 9.8 Ideal op-amp

The following things can be observed for the ideal op-amp shown in the Fig. 9.8.

1) An ideal op-amp draws no current at both the input terminals i.e. I, =1, = 0. Thus
its input impedance is infinite. Any source can drive it and there is no loading on
the driver stage.

2) The gain of an ideal op-amp is infinite (=), hence the differential input V, =V, -V,
is essentially zero for the finite output voltage V,.

3) The output voltage V,, is independent of the current drawn from the output
terminals. Thus its output impedance is zero and hence output can drive an
infinite number of other circuits.

These properties are expressed generally as the characteristics of an ideal op-amp. The
various characteristics of an ideal op-amp are :

a) Infinite voltage gain : (Ag_ = =)

It is denoted as A, . It is the differential open loop gain and is infinite for an ideal
op-amp.

b) Infinite input impedance : (R, = =)

The input impedance is denoted as R, and is infinite for an ideal op-amp. This
ensures that no current can flow into an ideal op-amp.
c) Zero output impedance : (R, = 0)

The output impedance is denoted as R, and is zero for an ideal op-amp. This ensures
that the output voltage of the op-amp remains same, irrespective of the value of the load
resistance connected.
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d) Zero offset voltage : (Vi = 0)

The presence of the small output voltage though V; = V, = 0 is called an offset
voltage. It is zero for an ideal op-amp. This ensures zero output for zero input signal
voltage.

e) Infinite bandwidth :

The range of frequency over which the amplifier performance is satisfactory is called
its bandwidth. The bandwidth of an ideal op-amp is infinite. This means the operating
frequency range is from 0 to o This ensures that the gain of the op-amp will be constant
over the frequency range from d.c. (zero frequency) to infinite frequency. So op-amp can
amplify d.c. as well as a.c. signals.

f) Infinite CMRR : {p = =)

The ratio of differential gain and common mode gain is defined as CMRR. Thus
infinite CMRR of an ideal op-amp ensures zero common mode gain. Due to this common
mode noise output voltage is zero for an ideal op-amp.

g) Infinite slew rate : (S = =)

This ensures that the changes in the output vollage occur simultaneously with the
changes in the input voltage.

The slew rate is important parameter of op-amp. When the input voltage applied is
step type which changes instantaneously then the output also must change rapidly as
input changes. If output does not change with the same rate as input then there occurs
distortion in the output. Such a distortion is not desirable. Infinite slew rate indicates that
output changes simult ly with the changes in the input valtage.

The parameter slew rate is actually defined as the maximum rate of change of output
voltage with time and expressed in V/ps.

- = o
Slew rate = 5 T

maximum

Its ideal value is infinite for the op-amp.
h) No effect of temperature :

The characteristics of op-amp do not change with temperature.
i} Power supply rejection ratio : (PSRR = 0)

The power supply rejection ratio is defined as the ratio of the change in input off set
voltage due to the change in supply voltage producing it, keeping other power supply
voltage constant. It is also called power supply sensitivity.
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Fig. 9.9 Equivalent circuit of an op-amp
V; = Noninverting input voltage with respect to ground.

'V, = Inverting input voltage with respect to ground. -
R; = Input resistance of op-amp
R, = Output resistance of op-amp
The output voltage is directly proportional to the difference voltage V.
It is to be noted that the op-amp amplifies difference voltage and not the individual

input voltages. Thus the output polarity gets decided by the polarity of the difference
voltage V.

The voltage source Ay V, is the Thevenin's equivalent voltage source while R, is the
Thevenin's equivalent resistance looking back into the output terminals.

The equivalent circuit plays an important role in analysing various op-amp
applications as well as in studying the effects of feedback on the performance of op-amp.

9.7 Parameters of Practical Op-amp

The characteristics of an ideal op-amp can be approximated closely enough, for many
practical op-amps. But basically the practical op-amp characteristics are little bit different
than the ideal op-amp characteristics.

The various characteristics of a practical op-amp can be described as below.

a) Open loop gain : It is the voltage gain of the op-amp when no feedback is applied.
Practically it is several thousands.

b) Input impedance : It is finite and typically greater than 1 MQ. But using FETs for the
input stage, it can be increased upto several hundred MQ.
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mp Example 9.3 : For a particular op-amp, the input offset current is 20 nA while input bias
current is 60 nA. Calculate the values of two input bias currents.

Solution : T, = 20 nA, T, = 60 nA
Now ligg = Iy =Tz =20

L = ’m?hz - 60

Tpy + Ly = 120
Uy, = 140
Iy = 70mA, I, =50nA

h} Power supply rejection ratio :

The Power Supply Rejection Ratio (PSRR)
is defined as the ratio of the change in input
offset voltage due to the change in supply
voltage producing it, keeping other power
Ve supply voltage constant. It is also called power
supply sensitivity (PSV).

Fig. 912 Now if Vg is tant and due to certain
) ow if Vi is cons ue
change in V., there is change in input offset voltage then PSRR is defined as,

<

AV,

AVee constant Ve - @

For a fixed Vg, if there is a change in Vi then

_ AV ’
A Vet | constant Voo - @)

As input offset voltage is very small, PSRR is expressed in mV/V or pV/V.
The typical value of PSRR for IC 741 op-amp is 30 pV/V.

i) Slew rate :

The slew rate is defined as the maximum rate of change of output voltage with time.
The slew rate is specified in V/p sec. Thus

dv,
Slew rate = § = d_;-i B
max
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Thus the practical voltage transfer curve is as shown in the Fig. 9.14.

.

...vd

R Y

e

Fig. 9.14 Practical voltage transfer curve
Thus, .
i) If V4 is greater than corresponding to b, the output attains + V.
ii) If V4 is less than corresponding to a, the output attains — Vg, .
iii) Thus range a-b is input range for which output varies linearily with the input. But
as Aqy, is very high, practically this range is very small.

9.9 Open Loop Configuration of Op-amp

The simplest possible way to
use an op-amp is in the open loop
mode. The Fig. 9.15 shows an
op-amp in the open loop condition.

We know that the d.c. supply
voltages applied to the op-amp are
Vec and —Vge and the output varies
linearily only between V- and
Vg

Since gain is very large in open
loop condition, the output voltage V, is either at its positive saturation voltage (+V,, ) or
negative saturation voltage (- V,,, ) as V;>V, or V,>V, respectively. This is shown in the
Fig. 9.16.

Thus very small noise voltage present at the input also gets amplified due to its high
open loop gain and op-amp gets saturated.

Fig. 9.15 Open loop operation of an op-amp
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9.11 Realistic Simplifying Assumptions

We can make two assumptions which are realistic and simplify the lysis of op-amp
dircuits to a great extent.

9.11.1 Zero Input Current

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

In practice, the current drawn by the input terminals is very small,of the order pA or
nA. Hence the assumption of zero input current is realistic.

9.11.2 Virtual Ground

This means the differential input voltage Vy between the noninverting and inverting
input terminals is essentially zero.

This is obvious because even if output voltage is few volts, due to large open loop
gain of op-amp, the difference voltage V4 at the input terminals is almost zero.

eg. if output voltage is 10 V and the A, i.e. open loop gain is 104 then

v, = V:r AgL

= o
K AoL
10
10%

= 1mV

Hence V, is very small. As Ay - =, the difference voltage V; — 0 and realistically

assumed to be zero for analyzing the circuits.

V,
V, = =2
¢ Ag
W,
M-V = =20
vV, =V, - (1)
R, R Thus we can say that under linear range of
——VAWW—2 V, operation there is virtually short ecircuit
— ] — ° Y
between the two input terminals, in the sense
vy \ﬂrlual—'llnu that their voltages are same. No current flows
short from the input terminals to the ground. The
j_ - Fig. 9.18 shows the concept of the virtual

Fig. 9.18 Concept of virtual ground
in an op-amp
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ground. The thick line indicates the virtual short circuit between the input terminals.

Now if the noninverting terminal is grounded, by the concept of virtual short, the
inverting terminal is also at ground potential, though there is no physical connection
between the inverting terminal and the ground. This is the principle of virtual ground.

Key Point: Thus from the equation (1), the voltage at the noninverting input terminal

of an op-amp can be realistically assumed to be equal to the voltage at the inverting
input terminal.

The realistic simplifying assumptions are always used to analyse the practical op-amp
applications. The steps of analysis based on the assumptions are,

Step 1 : Input current of the ideal op-amp is always zero. Using this, the current
distribution in the circuil is obtained.
Step 2 : The input terminals of the op-amp are always at the same potential. Thus if

one is grounded, the other can be treated to be virtually gmunded From this, the
expressions for various branch currents can be obtained.

Step 3 : Analyzing the various expressions obtained, eliminating unwanted variables,
the output expression in terms of input and circuit parameters can be obtained.

9,12 Op-amp Applications

The countless simple circuits using one or more operational amplifiers, some external
resistors and the capacitors can be constructed. Such op-amp applications are classified as
linear and nonlinear type of applications.

In the linear applications, output voltage varies linearily with respect to the input
voltage. The negative feedback is the base of linear applications. Some of the linear
applications are voltage follower, differential amplifier, instrumentation amplifier, inverting
amplifier, noninverting amplifier etc.

In the nonlinear applications, a feedback is provided from the output to the input
terminal. The feedback may be provided to the inverting input terminal using nonlinear
elements like diodes, transistors etc. The nonlinear input to output characteristics is the
feature of nonlinear applications. The typical nonlinear applications are precision rectifiers,
comparators, clampers, limiters, schmitt trigger circuit etc.

While deriving the expressions and analysing such circuits, the realistic assumptions
can be conviniently used. The op-amp input current is zero while the potential difference
between inverting and noninverting terminals is zero. Thus if one terminal is grounded,
then potential of other terminal can be assumed zero ie. it is also at ground potential. This
is the concept of virtual ground, which plays an important role in analysing the op-amp
application circuits.
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9.13 Basic Op-amp Applications

The basic op-amp applications can be the part of the complicated op-amp applications.
Thus it is necessary to revise the circuits and expressions of output voltages of these basic
applications. Such basic applications are given in Table 9.3.

‘| Application Circuit Diagram Output Voltage Waveforms

Inverting
amplifier

Vo= [1+ :f]v,n

Vollage Vg = Vin
followar Unity gain or
buffer amplifier A\

Input impedance i very
H egh hance used for
Voo 1! pmwding soiaton
{1 ond reducing loating eflects

Table 9.3 Basic op-amp applications

9.14 Op-amp as a Comparator

The op-amp in open loop configuration can be used as a basic comparator. When two
inputs are applied to the open loop op-amp then it compares the two inputs. Depending
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upon the comparison, it produces output voltage which is either positive saturation voltage
(+ V) or negative saturation voltage (- V).

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, and produce either a high or a
low output voltage, depending on which input is higher. As comparator output has two
voltage levels, either high or low, it is not linearly proportional to input voltage.

There are two types of comparator circuits which are,

1. Non-inverting comparator

2. Inverting comparator.

9.14.1 Basic Non-inverting Comparator
) In this comparator, the input voltage is applied to the non-inverting terminal and no
reference voltage is applied to other terminal. So inverting terminal is grounded. The input
voltage is denoted as V;, while the voltage applied to other terminal with which V, is
compared is denoted as V. In the basic comparator, Vref 0 V. The basic non-inverting
comparator is shown in the Fig. 9.19.

V=0 *Vee

—

V‘_'[_ Vee 1

+

Fig. 9.19 Basic non-inverting comparator

In the non-inverting comparator, if V, is greater than V. then output is + V, ie.
almost equal to + Ve While if Vi is less than V¢ then output is - V,,, i.e. almost equal
to - Vgg.

Thus for Fig. 9.19, as V ¢ = 0 V when V;; is positive then V, = + V,; = + V¢ while
when V;, is negative then V, = - V, = - Vgg. This is because, as open loop gain op-amp
(Apy) is very very high even for very small V;, the op-amp output saturates.

Thus the two possible output levels of the comparator are + V,;, and - Vy,,, indicating
whether the input voltage is greater than or less than the reference voltage. Such type of
the comparator, in which the operation is at saturation level is known as saturating type
of comparator. Assuming symmetrical conditions, the two possible output levels of the
saturating type comparator are + Vg, and = V.

Note that no feedback is applied to the op-amp and it is operated in open loop
conditions, because of which the op-amp is operating in saturating conditions.
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The point at which the transfer characteristics is straight line is called a trip point. The
trip point is the input voltage at which the output changes its states from low to high or
high to low. In the basic comparator this trip point is zero as at V;;, = 0, the output
changes its states.

Key Point: So we can say that when V, is greater than trip point, the output is high
while if V;, is less than the trip point the output is low.

As this change over occurs at Vi, = 0, the basic comparator can be used to detect
occurrence of zero in the input voltage. Hence this circuit is called zero crossing detector.
But int practice it is possible to change the trip point from zero to other voltage. This is
achieved by some modifications in the basic comparator circuit.

Moving a Trip Point

By application of a reference voltage to the inverting input rather than grounding it,
the trip point can be moved.

The Fig. 9.22 shows the application of reference voltage to the inverting input of a
basic comparator using a potential divider consisting of resistors R; and R,.

+Veo

v,
Vino— out
Ry Vg Vout
+Veeo. AN Wea
Ve
Vin

N ": | . 0 \me
_:i_ ]_: i ‘an: [ .
(a) Positive trip point circuit ({b) Transfer characteristics
Fig. 9.22
The reference voltage V. is derived using supply + Vo and potential divider R, and
R,. Mathematically V,; is expressed as,
+V,

- cC .
Viet R,+R,

R,

Now as long as input voltage Vy, is less than V., the output is low ie. - V. When
Vin becomes slightly greater than V. the op-amp output becomes high ie. + V. Thus
the trip point is moved from Vi, = 0 to Vi, = V¢ due to reference voltage applied to the
inverting input terminal.

A bypass capacitor is used on the inverting input to reduce the amount of power
supply ripple and noise appearing at the inverting input of op-amp. For effective
bypassing of ripple and noise, the critical frequency of the bypass circuit must be much
lower than the ripple frequency of power supply.
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9.14.2 Inverting Comparator

The Fig. 9.25 shows inverting comparator in which the reference voltage V. is applied
to the non-inverting (+) input and signal voltage (V,,) is applied to the inverting (-) input
of the op-amp. The V _; can be set using a battery and potential divider as discussed
earlier for non-inverting comparator.

+Vep

[ —

..f:f[ ..

“Vee

Fig. 9.25 Baslic inverting comparator with Vi, =0V

When V,, is less than V., the output voltage V, is at +V,, (= +V ) because the
voltage at the inverting input (-) is less than that at the non-inverting (+) input. On the
other hand, when V, is greater than V., the non-inverting (+) input becomes negative
with respect to the inverting (-) input, and V, goes to ~V,;; (= —-Vgg). The Fig. 9.26 shows
the input and output waveforms for inverting comparator.

Vin Vi
Ve Ve
AN : Pa\
Vot h. p— {
ov]! t oV 11
o \ I\ LN I
:VP.: 1NV ! N I_VP L1397

ot V< Vg t V, T Vin® Viat

N

f| <
1
i
7K} v
_Eé

Vi =V, e =
™ Tref. Vin* Veer

Fig. 9.26 Input and output waveforms for inverting comparator
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Transfer characteristics for inverting comparator with +V,; is shown in the Fig. 9.27.
. v,

Vln‘vmf —

Vret

—=V;> VIBI

Fig. 9.27 Transfer characteristics for inverting comparator
9.14.3 Practical Comparator

Voo The Fig. 928 shows
practical comparator circuit. It
v \ consists of protective diodes
ne—vi * and potentiometer to adjust
L, B Lz Vo the reference voltage.
rel

o vl Re As shown in Fig. 9.28
diode D; and diode D, are
~Veg connected to protect the
op-amp from damage due to
excessive input voltage V. .
Because of these diodes, the difference input voltage Vjg is always less than 0.7 V or 0.7
V. In case of excess input voltage, the difference input voltage Vi, of the op-amp is
clamped to either 0.7 V or — 0.7 V due to the forward biasing of one of the diodes. Hence,
these diodes are also called as clamp diodes. Some op-amps have built-in input protection
circuitry; they don’t require external clamp diodes. The resistance R in series with V, is
used to limit the current through D, and D,. The potentiometer acts as a voltage divider
and allows reference voltage to set any value between + Vo to =Vi.

AN,

%

Fig. 9.28 Practical comparator circuit

9.15 Schmitt Trigger (Regenerative Comparator)

We have seen that in a basic comparator, a feedback is not used and the op-amp is
used in the open loop mode. As open loop gain of op-amp is large, very small noise
voltages also can cause triggering of the comparator, to change its state. Such a false
triggering may cause lot of problems in the applications of comparator as zero crossing
detector. This may give a wrong indication of zero crossing due to zero crossing of noise
voltage rather than zero crossing of input wanted signal. Such unwanted noise causes the
output to jump between high and low states. The comparator circuit used to avoid such
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unwanted triggering is called regenerative comparator or Schmitt trigger, which basically
uses a positive feedback.

9.15.1 Basic Inverting Schmitt Trigger Circuit

The Fig. 929 shows the basic
Schmitt trigger circuit. As the input is
applied to the inverting terminal, it is
also called inverting Schmitt trigger
circuit. The inverting mode produces
opposite  polarity output. This is
fedback to the non-inverting input
which is of same polarity as that of
output. This ensures positive feedback.

= When V;, is slightly positive than
V. the output gets driven into
Fig. 9.29 Inverting Schmitt trigger negative saturation at -V, level.

When V;,, becomes more negative than -V, ;, then output gets driven into positive

saturation at + V, level.

Thus output vnltage is always at + V,, or — V,, but the voltage at which it d'la.nges
its state now can be controlled by the resistance R, and R,. Thus V,; can be obtained as
per the requirement.

Now R, and R, forms a potential divider and we can write,

+V Yo X * Voot x R iti turati
ol R +K, 5= R +R 5 - positive saturation

V. = VYo X R, = Vaur % R, ... negative saturation
el ~ Ri+R, "R *R, +R C ve

+V is for positive saturation when V,=+V,, and is called upper threshold
voltage denoted as Vip. -V, is for negative saturation when V, = - V,, and is called

lower threshold voltage denoted as V| 1. The values of these threshold voltage levels can
be determined and adjusted by selecting proper values of R; and R,.
AVt Ry
Th Vur =
o T (Ry*Ry)
—Vaat RZ
and VLT = TR AR Y
(R, +R;)




Analog and Digital Electronics 9-30 Op-amp Applications

vl |
Vo f ot
v, i R -
ur 1 ]
Schmitt tnigger 9 ) !
; Vi = ./
converts sine S :\* SN :\
wave into a 125274 ' <1 ; i
square wave TV, + 4
1}
+Veai
u 1
-—-—-—_vw
H

Fig. 9.31 Input and output waveforms of inverting Schmitt trigger

Design steps : Let the current through R, and R, is I,. The op-amp input current is
assumed zero.

Trigger voltage

R, = 5

Where I, is selected much higher than op-amp input bias current.

V, - (Trigger voltage)

While R, = I,

v Vo = Ve

For BiFET op-amps, select largest of the two resistors as 1 M(Q and then calculate
other.

mmp Example 9.4 : Design an inverting Schmitt trigger to have trigger voltages of + 4 V. Use
op-amp 741 with supply of £ 15 V.

Solution : Vur =+4V, Vip =-4V, Supply =+15V
£V, = 09x[Supply]=+135V=V,
For op-amp 741, Iye. ., =500 nA

I, = 1001y, =50pA ...I, must be high
V 4
R, = 4L =— = = 80kQ (Use 82 kQ standard)
27 L s50x107°
Recalculate I,, 1, = Vor .4 4878 pA
v 2 R,y 82x 1
R - YoVur _+Ver-Vir | 135-4
! I I 48.78x 10~ 6

1]

194.75 k (Use 180 k<2 standard)
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Now V, = Voltage at point A =I;\R,
= VUT
As op-amp input current is zero, I;;, entirely passes through R;.
o= YoMV
mn Rl Rl
K - R
Vur = lin Ky R, (+Vear) = Vit R,
Ry R,
and Vir = 'ii;'(“ at)= "Vt ]—1';’
R
and H=vm-v,_r=zvm-ﬁ‘-:+

If sinusoidal input is applied to the noninverting Schmitt trigger, the input and output
waveforms can be shown as in the Fig. 9.35.

v'n
Vin>Vur
Vur [/ X ' . Vo ?ar‘z&s Lrorn
o ! T _ +
vLT ':' S IL N / = -
T 3 1
v,
+W,
| o Vin< Vit
] o t V,, changes from
— Voo + Vg 10— Vg
I

Fig. 9.35 Input and output waveforms

vy Example 9.5 : For a Schmitt trigger shown in the Fig. 9.36, calculate threshold voltage
levels and hysteresis. Assume V_,, =09 Voo

+15V

Vin




: Analog and Digiﬁl Electronics 9-33 Op-amp Applications

Solution : Ve = + 15V
Var = 09 Vo= 09%15= 135 V

sat
R, = 51kQ, R,=1200Q

+ Ve Ry _ 135x120

= 0.03169 V
ur R +R; 51x10% +120

H = Vy; -Vyp = 0.03169 - (- 0.03169)
= 006338 V=63.38 mV

msp Example 9.6 : For a non-inverting regenerative comparator shown in the Fig. 9.37,
calculate tripping voltages. Assume V,,, =+ 135 V.

100 k2

AAAA
ViV

Vin o— AN ——4

. Fig. 9.37
Solution :  As input is applied to the non-inverling terminal, the circuit is non-inverting
Schmitt trigger.

R; = 100kQ, R, =1 kQ
R, 1
Vur =+ Ve g, = 185 g =035 V
R, - 135x1
Vit = =V R—I=T=-— 0135 V

9.16 Schmitt Trigger Applications

We have already seen one important application of Schmitt trigger as sine to square
wave converter. It can be used to eliminate comparator chatter in signal shaping and in
ON/OFF control. It is a building block of relaxation oscillators.
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9.16.1 Schmitt Triggers for Eliminating Comparator Chatter

Chattering can be defined as production of multiple cutput transition as the input
signal swings through the threshold region of a comparator. This happens due to the fact
that a.c. noise is present in the practical circuits. Fig. 9.38 shows input signal with a.c.
noise and how comparator output chatters. Even if noise is very less, it takes a very small
noise spike to cause chatter due to high comparator gains.

v,

e

Fig. 9.38

This problem can be solved by using Schmitt trigger circuits. This is because they
exhibit Hysteresis. In case of Hysteresis, as soon as the input signal crosses the present
threshold level once, the output changes its state and activates the other threshold level, so
that the input signal must swing back to the new threshold in order to make the output of
the circuit to change its state again. Refer Fig. 9.39. By making Hysteresis width greater
than the maximum peak amplitude of noise, a dead zone is created such that noise within
this zone no longer causes multiple output transitions.

v,

L N A

Fig. 9.39
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sy Example 9.8 : A Schmitt trigger with Hysteresis width 2 V and LTP of - 15 V
converts a 1 kHz sine wave of 5 V peak into a square wave, Calculate the time duration of
the negative and positive portion of the output waveform.

Solution :  Let us draw the input and output waveforms as shown in the Fig. 9.43.

Vin
LTP = -15V and
+5V
/\ H=2V
UTPO5V Ay ' Now H =UTP-LTP
H=2V ]
LTP 1.5V 2 = UTP - ( -1.5)
5V - UTP =05V
—Hﬁ-— -
Vou Vp=5V
+Vea b In the Fig. 9.47, the angle @
can be obtained from equation
oV . of sine wave. Sine wave is
T T, represented as,
Fig. 9.43 Vi'n = Vp sin (r:+6} when
T <2n
At LTP, -1.5 = 5sin(n+8)
= ~-5sin®
sin® = 03
6 = 1745°

The time period of sine wave is,

T= % zlxiuflms
At UTP, 05 = VP sin @
05 = 5sin®
sin @ = 0.1
8 = 5.739°

The time T, for output is from 5.739° to (180° + 17.45%
Ty = 19745°-5739° = 191.71°
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. 191.71°x1
ie. T = — e = 05325 ms

T-T;=1-05325

and T,

0.4674 ms

imp Example 9.9 :  For the circuit shown in the Fig. 9.44 calculate the values of R, and R,
if saturation voltages are +12 V and —12 V. Assume hysteresis width = 6 V.

Fig. 9.44
=-12V Vy =6V
We know that Hysteresis width is given as

Solution : Given +V, =12V -V

R
2
Vi = grR, Vs ~Vead
R, - Vi
Ri+R; [+ =Vl
R, _ &
R,+R, ~ [12-(-12)]
R
i S
R, +R, 025

R, = 025R,+025 R,
075R, = 025R,

== = 03333

Assuming R, = 10 k2

10000
R, = m—aﬂm
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iy Example 9.10 : ‘For the Schmitt trigger shown in the Fig. 9.45, calculate the trip points
and hysteresis, if Vo, = * 13.5 V. If the resistances have a tolerance of * 5%, what is the
minimum Hysteresis?.

+15V
Vino—— {1 —
—0 Vo
+
-15V
‘V""‘Y
s BB k2
15 Itﬂi
Fig. 9.45
Solution : From the Fig. 945, R, = 68 kQ, R, = 15 k2 and V,,; = 135 V
R, -5
Vior = R R, VetT mxlSﬁ =02913 V
-R
Vi = — 2 =-
= Ry Ve =T 0BV

H = Vyr- Vi = 02913 - (- 0.2913) = + 0.5628 V

2R,

Now H'—'W‘Vﬂt

For minimum H, R, must be minimum and R, must be maximum

Rymin = Ry=5% Ry =15x10°-0.05 x15 x 10° = 1.425 k

and Rymax = Ry +5% Ry =68 x10° + 0.05 x 68 x 10° = 714 k2
2x1.425%10°
o = | ooy x10 X135 = 0528 V
71.4x10% +1.425%103

mmp Example 9.11 : Design a Schmitt trigger whose Vip and Vyp are £ 5 V. Draw its
waveforms.
Solution :  Choose op-amp LM318 with V, as + 13.5 V with supply voltage + 15 V.

VUT=+?{V
- 2

Now VUT_T?:,TR?V’"
R

5 = 2 % 135

R, +R,
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Ry+R, = 27R,
R, = L7R, (1)
Choose R, = 10kQ
R; = 1.7x10
= 17 K

The designed circuit is shown in the Fig. 9.46 (a) while its waveforms are shown in the
Fig. 9.46 (b).

vl’l
45V
Vi \ / \ jl' \, .
5V
Vout,
*Vear= 4135V
10kQ S Ry
- |
= Veat=-135V
Fig. 9.46 (a) Fig. 9.46 (b)

9.18 Schmitt Trigger with Different UTP and LTP Levels

Uptill now the Schmitt trigger circuits with equal magnitudes of trigger levels are
discussed . But for many practical application, the Schmitt trigger with different UPT and
LTP levels are necessary. By using diodes in the basic circuits, modified Schmitt trigger
circuits can be achieved.

9.18.1 Modified Inverting Schmitt Trigger
By using single diode in series with the resistance Ry, any positive level of UTP with
zero LTP level can be achieved as shown in the Fig. 9.47.
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Vi

+Vee

When the output is
negative  saturation  voltage
Vo (-V,,y). the diode D is reverse
biased and current I, is almost

_I_ zero. Thus the drop across R;
D1 ‘“ gﬂd“iuf‘lﬂ which decides Vm, is zero. This

|||—o

iode gives,
R1l|2 VLT = LTP = 0V
When the output is
v / R positive  saturtion  voltage
ref 2 (+Vy) the diode D; s
= forward biased.
Fig. 9.47 Modified inverting Schmitt trigger Then the drop across R,

due to I, decides the V. ie.

UTP level of the circuit.

Let Vg = The drop across forward biased diode = 0.7 V.

Vo Ve
L =
R, +R,
V, =V,
UTP = Vyr = R‘:+R: xR, Where V, = +V,

The diode Dy must have peak inverse voltage rating more than the supply voltage.
PIV of D; > Supply voltage

The maximum reverse recovery time (t) of the diode must be very much smaller than

the minimum pulse width of the input signal.

Minimum pulse width
tr 10

Key Point: By reversing the direction of the diode Dy, any negative level of LTP with zero
UTP level can be achieved.

By using two diodes, in series with two different resistances, two different UTP and

LTP levels can be achieved. This is shown in the Fig. 9.48.
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Vin \*i-'c
o Vg
+
l / gumn| D1 f07 cONrOlling UTP
~Vee D, for controlling LTP
> 1

Ry

Vit = Drop across Ry

in,

Fig. 9.48 Achieving different UTP and LTP levels in an inverting Schemitt trigger
When the output is poesitive , D; is forward biased and drop across R, decides UTP

levels.
Vv, -V
e R2

~ R;+R,
When the output is negative , D, is forward biased and drop across R, decides LTP

levels,
LTP = ~o v
R, +R3

%R,
By varing the values of R, and R; , any desired UTP and LTP levels can be achieved.

9.18.2 Modified Noninverting Schmitt Trigger

Similar to an inverting Schmitt trigger, a diode in series with resistor Ry, can be used
to achieve any desired positive UTP level with zero LTP level. The circuit is shown in the

Fig. 9.49.



Analog and Digital Electronics 9-44 Op-amp Applications

When the output is positive,
the diode D; is reverse biased.
Thus the voltage of node A is V.
The output switches from positive
to negative saturation level, when
Vin just goes negative. When the
output is negative, the diode is
forward biased and UTP level is
then decided as,

+ .=
——:VF}-—

— L

- Ve

.||_o

Fig. 9.49 Modified noninverting Schmitt trigger

Vol Vi
UTP:I,R2=—[°}|EI =

xR,

Where Vg is the drop across the forward biased diode.

Key Point: By reversing the direction of diode Dy, any negative levels of LTP with zero
UTP level can be achieved.

By using two diodes , in scries with two different resistances R; and R; , two different
UTP and LTP levels can be achieved. This is shown in the Fig. 9.50.

— D2y

o, Ry D, for controlling UTP
-— D, for controlling LTP
R

Vin - auazn
VWV J: +

| 1 —1-

= = Vge

| L -

Fig. 9.50 Achieving different UTP and LTP levels in noninverting Schmitt Trigger
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The UTP and LTP levels are given by,

- V|-V
UTP = % FxR, and LTP:""IL—FXRZ

3

9.19 Another Method of Obtaining Different UTP and LTP Levels

+15V

Eig. 9.51

Uptill now Schmitt trigger with
equal positive and negative values of
UPT and LTP values is studied. In
practice, it is required to have
different UTP and LIP levels for the
Schmitt trigger. '

In such a case, the basic Schmitt
trigger circuit is modified as shown
in the Fig. 9.51.

An additional voltage source of
'x' wvolts is connected in series
between R, and ground. The voltage
V, now depends on 'x' and decides
the UTP and LTP levels. For £V,
two different values of V; can be
obtained. Thus the circuit acts as a
Schmitt trigger with different UTP

and LTP levels. For designing such circuit, apply KVL to the output circuit, neglecting

op-amp input current.
R, -IR; -x+V, = 0

_ Vo—x
R, +R,
And Vi = IR;+x
v, (Vo —x)} R,
R, +R,
For Vi o= Vur Vo = Vg
(+V =X Ry
Yor T TR,

For Vi = Vi, Vo=-Vy

()

(2
e (3)

)
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(Vg —x) R‘l
Vi = —— Ly e (5
LT RI “Rz (5)
Subtracting (5) from (4),
2V, Ry
Vyr ~Vir) = f}%‘ﬁ; e (6)

This gives the relation between R, and R,. Substituting (R, +R,) interms of R, in
equation (4), the value of x can be obtained. Then by choosing Ry, the value of R, can be
obtained.

Finally, Reomp = RylIR,

If value of 'x' is negative, it should be connected with opposite polarity in the circuit,
compared to what is shown in the Fig. 9.54.
mmp Example 9.12 : Design an op-amp Schmitt trigger with the following specifications :

UTP =2 V, LTP = — 4 V and the output swings between + 10 V.
If input is 5 sin wt, plot the waveforms of input and output.
Solution :  For the Schmitt trigger

Vor =2V, Vip=-4V, 4V, =%10V

For unequal UTP and LTP values, 2 modified circuit is required as shown in the
Fig. 9.52. .

The voltage V| decides the UTP and LTP levels. Applying KVL to the output circuit
and neglecting op-amp input current we can write,

~IR, ~IR, =x+V, = 0

Vo—x
=g - @)
And V) =IR +x (8
Rey = Vo -
mo Vi= gl Ritx - O)
Vin For +V, =10V,

V1=VUT=ZV-'
Vo=10V

10-x

2= X
R; +R,

Ry+x .. (10)

For =V, =-10V,
= V=V =-4V,
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The diode D; is clamping diode connected across C. The diode clamps the capacitor
voltage to 0.7 V when the output is at +V,,;. A narrow negative triggering pulse V, is
applied to the noninverting input terminal, through diode D,.

Let us see the operation of the circuit.

To understand the operation of the circuit, let us assume that the output V,, is at +V,
i.e. in its stable state. The diode D; conducts and the voltage across the capacitor C i.e. V¢
gets clamped to 0.7 V. The voltage at the non-inverting input terminal is controlled by
potentiometric divider of RjR, to BV, i.e. + B V,, in the stable state.

Now if V,, a negative trigger of amplitude V, is applied to the non-inverting terminal,
so that the effective voltage at this terminal is less than 0.7 V (+ BV, + (-V})) then the
output of the op-amp changes its state from + V,, to - V..

The diode is now reverse biased and the capacitor starts charging exponentially to
-V, through the resistance R. The time constant of this charging is T = RC.

The voltage at the non-inverting input terminal is now — f V.. When the capacitor
voltage Ve becomes just slightly more negative than - B V,;, the output of the op-amp
changes its state back to + V.

The capacitor now starts charging towards + V;; through R until V- reaches 0.7 V as
capacitor gets clamped to the voltage.

The waveforms are shown in the Fig. 9.55.

I

(Trigger)
v |
Aorencd Vb
\f{;ltaga I 0
i
B Vea :
i
W !
v
Output 0 !
voltage
T
_V“

Fig. §.55 Waveforms of monostable multivibrator
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9.21.1 Expression for Pulse Width T

For a low pass RC circuit let,
V; = Initial value of the voltage
V¢ = Final value of the voltage

Then the general solution is given by,

V, = Vi (V, -V )e VRC e (1)
Now for the monostable multivibrator discussed above, the values of V; and V; are,

V¢ = =V, and V; = V, (diode forward voltage)

while V, = Output = Capacitor voltage = V¢

Ve = = Vg + (Vpp = [= Vgl ) e7VRC e @
att=T, Ve = —BVgy )
“B Vet = = Vgar + (V) + Vi J e T/RC e (4)

(Vpy + Ve )€ 7TRE = Vg (1-B)

oTRe - Ve (1-B)

(Vpy + Vaur)
T = RCin [_-____” f"-‘_'évm] 6

This is obtained by absorbing negative sign inside the natural logarithm.
The potential divider decides the value of § given by,
R2
b= R )

If Vg, >> Vyy and Ry = R, so that f = 0.5, then

T = 069 RC -

For monostable operation, the trigger pulse width T, should be much less than T, the
pulse width of the monostable multivibrator.

The diode D, is not essential but it is used to avoid malfunctioning if any positive
noise spikes are present in the triggering line. It can be seen from the waveform that the
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voltage V- does not reach its quiescent value Vpy; until time T' > T. Hence it is necessary
that a recovery time T - T be allowed to elapse before the next triggering signal is
applied.

9.22 Astable Multivibrator using Op-amp

In this section we are going to study astable multivibrator operation using op-amp.
Fig. 9.56 shows astable multivibrator circuit using op-amp. It looks like a comparator with
Hysteresis (Schmitt trigger), except that the input voltage is replaced by a capacitor. The
circuit has a time dependent elements such as resistance and capacitor to set the frequency
of oscillation.

[¢]

AARA
VWY

1

Fig. 9.56 Astable multivibrator using op-amp
As shown in the Fig. 9.56 the comparator and positive feedback resistors R and R,
form an inverting Schmitt trigger.
When V, is at +V,,, the feedback voltage is called the upper threshold voltage Vi,
and i3 given as
— R'I -+ Vsm)
Yo T TR
When V, is at ~V,,,, the feedback voltage is called the lower-threshold voltage Vi1 and
is given as

. (1)

= Ry A=Voa)

ir = URAR, - @
When power is turn ON, V, automatically swings either to +V;, or to —V, since these

are the only stable states allowed by the Schmitt trigger. Assume it swings to +V,,,. With
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R V,= +V, we have Vp‘ = Wy and
pALLSS capacitor starts charging towards

I— Voo +V,,, through the feedback path
- Vo provided by the resistor R, to the
I ° inverting (-) input. This is
I illustrated in Fig. 9.57 (a). As long
Y EERE Vo=Vea*  as the capacitor voltage V.- is less
EE 9 than Vj;;, the output voltage
1 remains at +V,.
+ ::R = As soon as V. charges to a
Vyr =™ value slightly greater than V.,
- the (-) input goes positive with

Fig. 9.57 (a) When V, = +V,,, capacitor

charges towards V

respect to the (+) input This
switches the output voltage from
#Vy to =V, and we have V, =
Vyr, which is negative with

respect to ground. As V, switches to —V,,,, capacitor starts discharging via Ry, as shown in

the Fig. 9.57 (b).

=

initially V. = Viyr

Finally Vg = Vi

‘U.'.V‘v -

_i i

+\.F°c
b——o +
< v

~Vep E.Rz ]
e
sk

Fig. 9.57 (b) When V,, = —V__,, capacitor charges towards V1

The current I~ discharges capacitor to 0 V and recharges capacitor to V.. When V.
becomes slightly more negative than the feedback voltage Vi, output voltage V,, switches
back to +V,,. As a result, the condition in Fig. 9.57 (a) is reestablished except that
capacitor now has a initial charge equal to V; . The capacitor will discharge from Vi1 to
0 V and then recharge to Vj;;, and the process is repeating. Once the initial cycle is
completed, the waveforms become periodic, as shown in the Fig. 9.57(c).
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Ve — Y

— UT
R Ve - Wir ]

- R Ca‘n[

V)

7‘—1'] ... (5)

an - VLIT

i}

v,
R, C Iu[j
The time taken by capacitor to charge from V;; to V|, is same as time required for
charging capacitor from Vi to V. Therefore, total time required for one oscillation is
given as
T = 2T, ... (6)

T

Vo = Vix
2R, Cln [W ]

The frequency of osdillation can be determined as f,= 1/T, where T represents the
time required for one oscillation.

Substituting the value of T we get,

+Vou ~Vir . (8
ZR’- C fﬂ[m— { }

=

o

Substituting the values of Vi and Vi1 we get,

[+Vgy —(Ryx=V )R + R,
_+Vm =Ry x+Vy,)/R; +R,

T = 2R Cln

If magnitudes of + V,, and - V,,, are equal,

T = 2R C In

9.22.2 Non-symmetrical Square Wave Generation

The astable multivibrator can be used to obtain non-symmetrical square wave by
modifying the circuit as shown in the Fig. 9.58.
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imep Example 9.13 : For the circuit shown in Fig. 9.66'# R, =100 k2,
Ry =86k, +V_, =15V, -V, =-15V,Rf=lﬂammdc=ﬂ,1ul-',ﬁmi
a) Vi B) V1 and c) frequency of oscillation

Solution : a) We know that,

Ryx+V, 86 Kx 15
vV, = =l =t = 6.
ur R, ¥R, ~86K+100K =~ oV

b) We know that,

_ORx=V _ 86Kx(-15) _
“ur = RFR, Cs6K+i0K - oMV

¢) We know that,
1 1

f, = =
+ Ve - V] . 15 - (- 6.94)
2R, Cin| —t___LT 2><100kx0.1;1F><!n[—]
f [H’m— ot 15— (6.94)
1
= ﬁ —SUHZ.

nmyp Example 9.14 : For circuit shown in Fig. 9.56 show that T = ZR!C when R, =0.86 Rz-
Solution : We know that,

Vi -V
T = 2R Cln| 2 LT
Ve = Vur

Substituting the values of Vj;; and Vir we get,

T - . Cin Vi - (R XV ) / R, +R;)
- f
Vi = Ry x4 V) /R, *R)
If the magnitudes of +V,,, and -V, are equal, the term in parentheses simplifies to
R1
T = 2R, Cl el BT
= f n R
S
-tvm[l Rl"'RZJ
IR, +R,
R, *K, 2R, +R
= 2R, Cln|— "2 |=2R, Cln[ L2
f R2 T ( Rz
\R|+R2
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Dy
>
SRy
<

- L

>
$h

D,

b
+

AARA
VY
.

Fig. 9.61
AndV, =tV =+15 V. When V,=+V,, =+15V then C will charge through R,
due to forward biased diode D,.

And when V, =-V_,, =-15V. C will discharge through R, due to forward biased
diode D,. Sl.']cchng different combinations of R, and R,, charging and discharging time
can be varied and non-symmetrical square wave can be obtained.

Now

_ Ry(#Ve)
R, +R,

05x15=75V

Vip = Ri(-Vsa)
LT R, +R,

05%x-15=-75V

Choose C = 01pF
The charging equation is,

W,

Ut = #Vaar +(Vip ~ Ve ) eTTON/RIC

75 = 15+(-7.5-15)e ToN/R3C
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TDN
~Ro¢ = In03%)

Now assume 50 % duty cycle and design hence Ry =R, and,

1. 1.1
TON = ET_E,‘?
= 1x—1-—=2x1[l"’sec
2" 2.5%103
-2x1074
S R Sprapp—
01%107" x In(0.333)
= 1.8203kQ
R, = 1.8203 k&

Now to vary the duty cycle from 30% to 70% divide Ry +R, in the ratio 3: 4 : 3 as
shown in the Fig. 9.62. The modified circuit will give f = 2.5 kHz with variable duty cycle
from 30 % to 70 %.

a——

Fig. 9.62
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iy Example 9.17 : Design an op-amp circuit to g te a pulse waveform of frequency 2 kHz.

Solution : The monostable multivibrator using op-amp produces the pulse waveform.
The pulse width is given by,

T = RC M{M}
1-p
where Vor = 07V, Vg, =%12V for op-amp 741
R, : -
B = R, +K, =05withR; =R,
= Yo 1 5010 sec
£ ax10?
Choose C = 01pF
“ 6. [1+(0.7 /12)
5%10™ = Rx0.1x10 In[——l_ﬂ.5

R = 666 kQ =67 k2
Choose Ry = R=10kQ
The designed circuit is shown in the Fig. 9.63.

6.7 k2

AAAA

vy
_L s2v R
0.1yF :

1 °Vy

Ry= 10k

%’
%Rz-wm
¥

Fig. 9.63



Analog and Digital Electronics

Op-amp Applications

9.23 Block Schematic of Timer

The Fig. 9.64 shows the block schematic of timer. It consists of three input signals, one
output signal and three unils : charging unit, comparator and output unit.

Tigge—— o

-

+

v

Qutput
unit

output

!

Reference

Fig. 9.64 Block schematic of timer

The charging unit consists of RC circuit as shown in the Fig. 9.65. It is associated with
trigger input. The trigger input is activated by pressing switch (push to ON). Pressing this
switch momentarily, the capacitor can be discharged completely so that voltage across

Fig. 9.65 Charging Unit

capacitor can be made zero volt.
Immediately after the switch is
released capacitor starls charging
through resistance R, with time
constant RC. The voltage across
capacitor is applied to the +ve input of
the comparator. The comparator
compares this voltage with reference
voltage applied at the reference input.

When the voltage across capacitor
is greater than reference voltage;
output is low; otherwise output is
high. Immediately after trigger, output
jumps to its high level and remains
high until capacitor charges above

level of reference voltage, as shown in the Fig. 9.66.
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9.24.2 Basic Timing Circuit
The Fig. 9.69 shows the basic timing circuit, which uses R-5 flip-flop along with some
other elements.

+ VCC =+15V
[
Comparator R.S. flip flop
250 Threshold L
< I_ +
5 Q
- -
210k m o~ R Gf—Vou
"I’
AAAA
Yy
Q R
Threshold vollage is same
as capacilor voltage

Fig. 9.69 Basic timing circuit

To understand the operation, consider that the output Q is high. This drives the base
of Q; and as it is high it drives Q into saturation. It makes the capacitor voltage zero and
as other end of capacitor is grounded, the capacitor is shorted. In this condition it can not
be charged.

The circuit uses a comparator. The noninverting input of comparator is called
threshold voltage. While its inverting input is called control voltage. The'R; and R,
forms a potential divider which maintains control voltage constant at +10 V. As Q is high
and transistor Q, is in saturation, the threshold voltage is zero.

AsR; =5kQ and R; = 10 k2

R
Control voltage = p—2—x Ve = 0 15=10 V constant
2

R, + 5+10

Now if high voltage is applied

Charging of C wough R |0, ON— to the reset (R) input of flip-flop
+10V Control voltage then it resets R-S flip-flop and

output Q goes low. This drives the

L é Threshold voliage transistor Q; in cut-off. Now the
GON |, g ofF—of =, C capacitor is free to charge and starts
15V quicky charging through resistance R. The

ov Output  threshold voltage thus starls
= Puise —={V,, voltage increasing. When it becomes just

waot Tow greater than +10 V which is the

control  voltage, the comparater
Fig. 9.70 Waveforms of basic timing circuit utput goes high. This high signal



Analog and Digital Electronics 9-65 Op-amp Applications

is driving the set (S) input of R-S flip flop. This changes the state of output Q back to
high. This drives transistor Q, into saturation which quickly discharges the capacitor C.

The Fig. 9.70 shows the waveforms of threshold voltage and output voltage V. The
charging of capacitor is exponential hence the threshold voltage is also exponential in
nature. When Q goes low, the Q becomes high and positive going pulse appears at V.
Similarly when capacitor voltages increases more than the control voltage, Q becomes high
and Q becomes low. This brings V,,, to zero instantly. Thus a rectangular output gets
produced.

It can be observed that output remains high for the time which is required by
the capacitor to charge upto control voltage, through R. Thus by varying R or C,
the output pulse width can be varied. This is the working principle of timer IC
555.

9.25 Block Diagram of IC 555

The Fig. 9.71 (a) and (b) show the pin diagram and the block diagram of the IC NE
555 timer. This is 8 pin IC timer.

o U/

Ground 1 E +Vee
Trigger E Ic El Discharge
555
Output 3 E Threshold
Reset E E Caontrol voltage

Fig. 9.71 {(a) Pin diagram
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Two comparators, potential divider,
S-R flip-flop, transistor Qg

Comparator 1 -—-oDischalge

Thresholdo— Q4
Control
voltage P -
@ SmEE
> Oulput
= Vee
Trigger
b
5k
o Caomparator 2
Ground . Resat

Fig. 9.71 (b) Block diagram of IC 555 timer

9.25.1 Functions of Pins

The pin numbers of IC 555 and their functions are discussed below :
Pin 1 : Ground

All the voltages are measured with respect to this terminal.
Pin 2 : Trigger

The IC 555 uses two comparators. The voltage divider consists of three equal
resistances. Due to voltage divider, the voltage of noninverting terminal of comparator 2 is
fixed at Ve / 3. The inverting input of comparator 2 which is compared with Vee/3, is
nothing but trigger input brought out as pin number 2. When the trigger input is slightly

less than Ve /3 the comparator 2 output goes high. This output is given to reset input,
of R-5 flip-flop. So high output of comparator 2 resets the flip-flop.

Pin 3 : Output

The complementary signal output (Q) of the flip-flop goes to pin 3 which is the
output. The load can be connected in two ways. One between pin 3 and ground while
other between pin 3 and pin 8.

Pin 4 : Reset

This is an interrupt to the timing device. When pin 4 is grounded, it stops the working
of device and makes it off. Thus, pin 4 provides on/off feature to the IC 555. This reset
input overrides all other functions within the timer when it is momentarily grounded.
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8
J 9 + Ve
-

AAAM
L

|

i - Comparalor 2

Fig. 9.72 Monostable operation of 555

The circuit has only one stable state. When trigger is applied, it produces a pulse at
the output and returns back to its stable state. The duration of the pulse depends on the
values of R and C. As it has only one stable state, it is called one shot multivibrator.

9.26.1 Operation

The flip-flop is initially set i.e. Q is high. This drives the transistor Q, in saturation
The capacitor discharges completely and voltage across it is nearly zero. The output at
pin3 is low.

When a trigger input, a low going pulse is applied, then circuit state remains
unchanged till trigger voltage is greater than 1/3 Ve When it becomes less than
1/3 Ve, then comparator 2 output goes high. This resets the flip-flop so Q goes low and
Q goes high. Low Q makes the transistor Qg4 off. Hence capacitor starts charging through
resistance R, as shown by dark arrows in the Fig. 9.72.

The voltage across capacitor increases exponentially. This voltage is nothing but the
threshold voltage at pin 6. When this voltage becomes more than 2/3 Ve , then
comparator 1 output goes high. This sets the flip-flop i.e. Q becomes high and Q low. This
high Q drives the transistor Qg  in saturation. Thus capacitor C quickly discharges through
Qy as shown by dotted arrows in the Fig. 9.73.

So it can be noted that V,,, at pin 3 is low at start, when trigger is less than 1/3 V¢
it becomes high and when threshold is greater than 2/3 V¢ again becomes low, till next
trigger pulse occurs. So a rectangular wave is produced at the output. The pulse width of
this rectangular pulse is controlled by the charging time of capacitor. This depends on the
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time constant RC. Thus RC controls the pulse width. The waveforms are shown in the
Fig. 9.73.

Pulse width

re—Ton—"
@ ®
Fig. 9.73 Waveforms of monostable operation
9.26.2 Derivation of Pulse Width
The voltage across capacitor increases exponentially and is given by

Vo = V(1-etCR)

If Vo = 2/3 Ve
2 -
then 5Vec = Vo (-7
2 4 -ijer
3 1 =-¢
1 _  —yer
3 =°¢
- L = ~10986
CR
t = + 1.0986 CR
t = 1.1CR
where Cin farads, R in chms, t in seconds.

Thus, we can say that voltage across capacitor will reach 2/3 Ve in approximately
1.1 times, time constant i.e. 1.1 RC

Thus the pulse width denoted as W is given by,

W = 11RC
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Ve Output
Vee
Ll
t t
o @ @ @
Makes R=1, Q=Low
Initial stage Q = High, Qq OFF Vg becomes 2y,
Output low Qutput high. Capacitor Makes S=1, R=0,"Q=High,
Q= High. 0= Low starts charging (o Voo, [PEiii] G=Low Output low, Gy ON
Qy ON, C discharged Though trigger becomes capacitor discharges to
zero R=0, S=0 so no zero through Qg
change in output

Trigger applied with trigger
voltage less than

1 | | 1
FVecm -2k 7 Ve

Fig. 9.74 Summary of monostable operation

9.26.3 Schematic Diagram

0 + Ve

Trigger
input

Fig. 9.75 555 timer as monostable
multivibrator

Generally a schematic diagram of the
IC 555 circuits is shown which does not
include comparators, flip-flop etc. It only
shows the external components to be
connected to the 8 pins of IC 555. Thus,
the schematic diagram of IC 555 as a
monostable multivibrator is shown in the
Fig. 9.75.

The external components R and C are
shown. To avoid accidental reset, pin 4 is
connected to pin 8 which is supply +Vc.
To have the noise filtering of control

voltage, the pin 5 is grounded through a small capacitor of 0.01 pF.

9.26.4 Applications of Monostable Muitivibrator

9.26.4.1 Frequency Divider

We know that, in monostable multivibrator, application of trigger pulse gives a
positive going pulse on the output. The same monostable circuit can be used as a
frequency divider if the timing interval is adjusted to be longer than the period of the

input signal, as shown in the Fig. 9.76.

The Fig. 9.76 shows monostable multivibrator as a divider-by-2 circuit. Here, timing
interval ‘t" is kept slightly larger than the time period T of the trigger input signal.
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Input triggar Output triggers
3utou1 Ingger I No change again
! |
( : |
| Veel oo gdeaecd i -t
| 3
1
! i
! i !
! outout H i
AR i
Vg b==i-=-
t
g ]

Fig. 9.76 Input and output waveforms of the monostable multivibrator

as a divide-by-2 circuit

The monostable multivibrator will be triggered by the first negative going edge of the
trigger input, which will make output to go in its high state. The output will remain high
for the period equal to ‘timing interval’. As timing interval is greater than time period of
the trigger input, output will still be high when the second negative going pulse occurs.
The monostable will, however, be re-triggered on the third negative-going pulse. Therefore,
monostable triggers on every other pulse of the trigger input, so there is only one output
for every two input pulses, thus trigger signal is, divided by 2. In this way, by adjusting
the timing interval, the monostable circuit can be made integral fractions of the frequency
of the input trigger signal.

9.26.4.2 Pulse Width Modulation

Wee

f——a Trigger

—o Output

o

Sy

T

|——o Modulating signal /\/

Tl

The Fig. 977 shows
pulse width modulator. It
is basically a monostable
multivibrator with a
modulating input  signal
applied at the control
voltage input (pin 5).
Internally, the control
voltage is adjusted to the
2/3 Vee: Externally

A"

Fig. 9.77 Pulse width modulator

applied modulating signal
changes the control
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voltage, and hence the threshold voltage level of the upper comparator (comparator 1). As
a result, time period required to charge the capacitor upto threshold voltage level changes,

giving pulse width modulated signal at the output as shown in the Fig. 9.77 (a).

R Spr— p—

NN

T
Trigger input

Al

Modulating signal

t

RN

Pulse width modulated

oulpul

=t

-
="
Eﬂ

Fig. 9.77 (a) Pulse width modulator waveforms

It may be noted from the output waveform that the pulse duration varies according to
the modulating signal level, but the frequency of the output pulses is same as that of the

trigger input signal.
The width of the output pulse is given by,

W = -RCln[1-go=
cC

Due to modulating signal, the upper threshold level is,

2Vee
UTP = —3== + Vg

The time period of output is same as that of the trigger input clock.

(1)

- (2)

. (3)
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While the duty cycle is given by,

D= — - (4}

mp Example 9.18 : Design @ monostable for a pulse width of 10 ms by using IC 555.

Solution :  The required pulse width is,

W = 10ms
The pulse width is given by,
W = L1IRC

10x10™* = 11RC
RC = 90909x1073
Choose C = 01pF
R = 90909 kQ ~ 91 kQ
The designed circuit is shown in the Fig. 9.78.

+Vee
+15V

- —

%0‘01 WF

Fig. 9.78

Iy Example 9.19 :  Design a timer, which should turn ON heater immediately after pressing
a push button and should hold heater in ‘ON-state’ for 5 seconds.
Solution :  Fig. 9.79 shows monostable circuit used to drive the relay.

This relay should be energized for 5 seconds to hold heater “ON’ for 5 seconds. Thus,
Ty, for monostable is 5 seconds.
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l +12V
R
? Qutput
Discharge
Trigger, I‘ oL Thvesnoid

Relay contact
“ normally off
Relay =
i o Heating
coil
230V, AC 50 Hz
Fig. 9.79 Monostable multivibrator used to switch 'ON' relay for specific time
We know that the pulse width is given by,
W = 11RC
5 = 11RC
Now, there are two unknowns. In this case, we have to select value for capacitor and
with the selected value we have to find the value of resistance from the formula.
»~ If capacitor value is 10 pF
then 5 = 1.1xRx 10 pF
5
. LIx10u F
= 45454545 Q = 45454 kQ
variable resistance i.e. potentiometer.

component values if the controlled door should remain open for 15 secs after a trigger signal
mode with a pulse width of 15 sec.

w
Now

is recefved. The dc voltage available is either 10 or 15 volts.

trigger signal and then gets shut down automatically. This requires IC 555 in a monostable
15 sec.

W =

The calculated value is not standard value, but we can adjust this value by connecting
15

1.1 RC

sy Example 9.20 : Draw the circuit diagram of Timer using IC 555. Calculate the
11 RC

Solution : The requirement is that the door must be open for 15 sec after receiving a
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Choose C = 100 pF
R = 136363 kQ
The designed circuit is shown in the Fig. 9.80.
Door
operating
circuit

Trigger =

vee AT

Fig. 9.80

The supply voltage 10 or 15V has no effect on the operation of the circuit or the
values of R and C selected.

9.26.4.3 Linear Ramp Generator

When a capacitor is charged with a constant current source then linear ramp is
obtained. This concept is used in linear ramp generator. The circuit is shown in the
Fig. 9.81.

I Voo

caJ— 10 uF
Decoupling
4 8 — capacitor
* —7 oV
= Ig
Qutput
ramp 555
= 1] 5-1—
2 1 0.01 uF
c= ]

Fig. 9.81 Linear ramp generator
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The circuit is used to obtain constant current I is a current mirror circuit, using
transistor Q and diode D. The current I, charges capacitor C at a constant rate towards
+Vee. But when voltage at pin 6 ie. capacitor voliage V- becomes (2/3V.) the
comparator makes internal transistor Q; ON within no time. But while discharging when
V¢ becomes (1/ 3V ), the second comparator makes Q; OFF and C starts its charging
again. As discharging time of capacitor C is very small, the time period of ramp is
assumed practically same as that of charging time of capacitor.

The waveforms are shown in the Fig, 9.82.

The time period of the ramp is approximately given by,

Vee €
T = 587 sec
3.
Vee =V, Vee =V
where I = Charging current=-—-——-———ccR D =7CCR BE

Hence the frequency is given by,

1 31
f = = = HZ
T Ve C
Vou
Qutput
atpin 3
oV t
I 1 1
c P I I
g';:’é ' :I_Lfnaar Vot HE
ram|
2y /-_ p
3 CC
1
- 1 : 1
=V,
m L} L} 13 1 ] ]
[ HE o
ov i t
I-..—Tc—a-l Ty b
T
f— 7 —

Fig. 9.82 Waveforms of ramp generator
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9.26.4.4 Missing Pulse Detector

The Fig. 9.83 (a) shows the circuit
diagram for missing pulse detector.
When signal input is at ground level
8 4 (0V), the emitter diode of transistor
T, forward biases and clamps
7 capacitor voltage Vo to 0.7 V. This
forces output voltage to stay in its
high state. When signal input goes

Input ]

signal K high, the transistor cuts off and

o o= Ve 2 8 4 capacitor C begins to charge. If input
- signal again goes low before the 555

completes its timing cycle, the
voltage across C is reset to 0.7 V. If,
however, input signal does not go
low before the 555 completes its
timing cycle, the 555 enters its normal
state and output voltage goes low. This is illustrated in Fig. 9.83 (b).

For this circuit timing interval is adjusted such that it is slightly longer than the period
of input signal. The continuous low going pulses of the period less than the timing
interval do not allow capacitor lo charge upto 2/3 V. As a result, output voltage
remains high. In case of missing pulse (pulse 4), capacitor charges upto 2/3 V- and
forces output voltage in to its low state, as shown in the Fig. 9.83 (b). This type of circuit
can be used to detect a missing heart beat.

Ry

@
Tt
a

a3

D<I

L
+

Wl

Fig. 9.83 (a) Missing pulse detector

vl VA .
1 2 3 1

Ve

o :/\_/-L/L,/
0V

ov 1

v, _—

L

- t
Fig. 9.83 (b) Waveforms for missing pulse detector
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9.26.4.5 Pulse Position Modulation (PPM)

In pulse position modulation, the amplitude and width of the pulses are kept constant,
while the position of each pulse with reference to the position of a reference pulse, is
changed according to the instantaneous sampled value of the modulating signal.

The Fig. 9.84 (a) shows the pulse position modulator.

+Vee

7 ] E—
L
R, = c
22 555
Cy
6 5 f——]}-——e
Mwui;}r{g
c

2 1 ¢
signal
T — |
Fig. 9.84 (a) Pulse position modulator
With this type of circuit, the position of each pulse changes. Both width and period of

pulses vary with the modulating signal. Due to modulating signal at pin 5, the UTP level
changes to,

2V, :
UTP = vy - o ()

when v . increases, the UTP level increases and hence pulse width also increases. If
Vmoq decreases, UTP level decreases and pulse width also decreases. Thus Lhe pulse width
varies as shown in the Fig. 9.84 (b). e

" .—~ Pulse widlh is variable

Space between
pulses is constant

Fig. 9.84 (b) Output of PPM
The pulse width is given by,

W = —(R1+RZ)CIn[ Vee -UTP ] o (6)

Ve -05 UTP
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The period is given by,

T = W+0.693R,C A7)

The space between the pulses which is constant is given by 0.693 R,C.
The circuit is used in communication applications for transferring voice or data.

9.27 Astable Multivibrator using IC 555

The Fig. 9.85 shows the IC 555 connected as an astable multivibrator. The threshold
input is connected to the trigger input. Two external resistances Ry, Ry and a capacitor C
is used in the circuit.

Charging E==3 8

*+Veo

AAAA
VWY

Comparator 1

Comparator 2

Fig. 9.85 Astable operation of 555

This circuit has no stable state. The circuits changes its state alternately. Hence the
operation is also called free running nonsinuscidal oscillator.

9.27.1 Operation )

When the flip-flop is set, Q is high which drives the transistor Q in saturation and
the capacitor gets discharged. Now the capacitor voltage is nothing but the trigger voltage.
So while discharging, when it becomes less than 1/3 V¢, comparator 2 output goes high.
This resets the flip-flop hence Q goes low and Q goes high.

The low Q makes the transistor off. Thus capacitor starts charging through the
resistances Ry, Rg and V. The charging path is shown by thick arrows in the Fig. 9.85.
As total resistance in the charging path is (R, + Ry), the charging time constant is
(Ry +Rp) C.
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Now the capacitor voltage is also a threshold voltage. While charging, capacitor
voltage increases ie. the threshold voltage increases. When it exceeds 2/3 Ve, then the
comparator 1 output goes high which sets the flip-flop. The flip-flop output Q becomes
high and output at pin 3 ie. Q becomes low. High Q drives transistor Qg in saturation and
capacitor starts discharging through resistance Ry and transistor Qy. This path is shown by
dotted arrows in the Fig. 9.85. Thus the discharging time constant is Ry C. When capacitor
voltage becomes less than 1/3 Vi, comparator 2 output goes high, resetting the flip-flop.
This cycle repeats.

Thus when capacitor is charging, output is high while when it is discharging the
output is low. The output is a rectangular wave. The capacitor voltage is exponentially
rising and falling. The waveforms are shown in the Fig. 9.86.

2
+T Vee

o T —tea-T

.
Ton OFF

Fig. 9.86 Waveforms of astable operation

9.27.2 Duty Cycle _

Generally the charging time constant is greater than the discharging time constant.
Hence at the output, the waveform is not symmetric. The high output remains for longer
period than low output. The ratio of high output period and low output period is given
by a mathematical parameter called duty cycle. It is defined as the ratio of ON time i.e.
high output to the total time of one cycle. As shown in the Fig. 9.86.

W = Time for output is high = Ty
T = Time of one cycle

D = Duty cycle = 3
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%D = %xlﬂﬂ%

The charging time for the capacitor is given by,

T, = Charging time = 0.693 (R, + Rg) C

While the discharge time is given by,

T, = Discharging time = 0.693 Ry C

Hence the time for one cycle is,

T = T.+Ty =0693 (R, + Rg) C +0.693 Rz C

0693 Ry +Rp)C |
0.693 (R, +2Rg)C .

T = 0.693[Ra+2RB]C
while w:Tc=U.693(RA+RB]C
- W =
%D = -.f-xlDU =
_ Ry+Ryp)
%D = me

While the frequency of oscillations is given by,

£ =4

T~ 0693, +2R,)C

1.44

= W r2R,C *

00

If R, is much smaller than Ry, duty cycle approaches to 50% and output waveform

approaches to square wave.

9.27.3 Schematic Diagram

v

Flg. 9.87 555 timer as astable muiltivibrator

The Fig. 9.87 shows the schematic
diagram of astable timer circuit. It
shows only the external components
Ry, Ry and C. The pin 4 is tied to pin
8 and pin 5 is grounded through a
small capacitor. '

The important application of
astable multivibrator is  voltage
controlled oscillator (VCO).



Analog and Digital Electronics 9-82

Op-amp Applications

mp Example 9.21 : A 355 timer is configured to run in astable mode with Ry = 4 kQ,
Rg=4k2and C = 0.01uF. Determine the frequency of the output and duty cycle.

Solution : The frequency of output is given by,
1.44 144

® (R, +2Rp)C = {(4+2x4)x103 % 0.01x1078

= 12 kHz
The duty cycle is given by,
R, +Ry 4+4

R, +2R,  d4+(2xD)

D = = 0.6667

Thus the duty cycle is 66.67 %.

9.27.4 Applications of Astable Multivibrator

9.27.4.1 Square Wave Generator

It can be observed from the expression of duty cycle that in astable operation exact

0 Vg timer circuit,

0.01 yF
v the Fig. 9.88.

charges through

© *Veg 50% duty cycle is not possible to achieve. To
get exactly 50 % duty cycle i.e. square wave
output it is necessary to modify the astable

The modified astable circuit used to
obtain the square wave output is shown in

In the modified circuit, the capacitor C

R, and diode D and

Fig. 9.88 Square wave generator  discharges through Ry To obhin square

L] )

Fig. 9.89 Waveforms of square wave generator

wave (50 % duty cycle)
resi e Ry is adjusted
such that it is equal to
the summation of
resistance R, and the
forward resistance of
diode D. Usually,
potentiometer is used for
exact adjustments of
resistors.

The waveforms of

square wave generator
are shown in the Fig. 9.89.
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This relay should be energized for 3 seconds and then de-energize by 1 seconds.
Hence charging time of capacitor is 3 seconds which is a pulse width W.

W = 3 seconds
While total time of one cycle is,

T = 3+ 1 =4seconds

E.:}.:Dutch]e

D T 4

]

0.75

R, +Rg

But D= ——0__=%_
R, +2Ry

R,+R
075 = ﬁ
R, +2R, = 133R, +133Ry
0667 Ry = 0333 R,
R, = 2Ry (D)
Now the charging time is given by,

T, = 0.693 Ry + Rg) C

3 = 0693 Ry +Rp) C
Choose C = 10yuF
3
Ry + Ry = o
At Re = e 10%100
R, +Ry = 4.329x10° (@

Solving (1) and (2) we get,
Ry = 2886 kQ, Ry = 1443 kQ
The values are not standard but can be adjusted using the potentiometers.

hmp Example 9.23 : Design a 555 based square wave generator fo produce a symmetrical
square wave of 1 kHz. If Vo = 12 V, draw the voltage across timing capacitor and the
output. (UPTU : 2004-05)

Solution : The circuit used for the square wave generator is shown in the Fig. 9.94.
For square wave, charging and discharging resistors must be equal.
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Using (1) and (3),
432x10%+ R,
70 = _—14400 x 100
R, = 576k
Using (1) R; = 43210

Thus the various component values are,
C = 014F, R, = Ry= 432 k0, R,= 576 k.

9.28 555 Timer as a Schmitt Trigger

. 6 alo——coupu
v, i Veo
input " = 58
il 2

.97 555 as a schmitt trigger

Fig. 9
Input f——T ——!
%Vcc
NN
JARR
% Vee
Output T—

Fig. 9.98

A

1}|:
J
)

time

The Fig. 997 shows the
use of 555 timer as a schmitt
trigger.

The input is given to the
pins 2 and 6 which are tied
together. Pins 4 and 8 are
connected to supply voltage
+Vee. The common point of
two pins 2 and 6 is externally
biased at V¢ /2 through the
resistance network R; and
R,. Generally R; =R, to get
the biasing of Vc/2 . The
upper comparator will trip at
2/3 Ve while lower
comparator at 1/3 Vee. The
bias provided by R, and R,
is centred within these two
thresholds.

Thus when sine wave of
sufficient amplitude, greater
than V../6 1s appiied to the
ciruit as input, it causes the
internal flip-flop to
alternately set and reset.
Due to this, the circuit
produces the square wave at
the output, as shown in the
Fig. 9.98.
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imp Example 9.26 : Draw the circuit diagram of an astable multivibrator to generate the
output signal with frequency of 1 kHz and the duty cycle of 75%.

Solution : f =1kHz
D =75%=075
1.44
Now f= ® g 2
1.44
3 _
X107 = ®waR;)c
(Ry +2Ry) C = 144x1073 (1)
- (R, +Rg)
. while %D = —A B’ 100
R, +2Rp)
R, +R
075 = A B
R, +2Rg
_ Ry +Ry)
Ra+2Rg = —G75—
Ry + 2Ry = 133 (R, + Rp)
066 Ry = 033 R,
Ry = 05R, (2)
Choose C = 01pF
Substituting in (1),
Ry +2Rg) x 0.1x107% = 144x107
Ry + 2Ry = 14400 ..(3)
Substituting (2) in (3),
Ry +2(05R,) = 14400
Ry, = 72kQ
Ry = 3.6k
and C = 01pF
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Hence the circuit diagram is as shown in the Fig. 9.100.

- Voo

36k

Fig. 9.100

mmp Example 9.27 : An astable multivibrator is to be designed for gefting rectangular
waveform with toy, =0.6 ms. Draw the circuit dingram with various component values. Alse
calculate frequency of oscillations and duty cycle. Assume total time period (T) to be 1 ms.

Solution : Toy=06ms, T=1ms

ton _ 0.6
D= N2 =60%

Now D =

Ry+Rg = 06R, +12Ry
04R, = 02Ry

Ry = 2R, e (1)
1.44 1
f = mamgye =7 =100

Choose C = 0.1 F
R, + 2R = 14400
Using (1),  5R, = 14400
R, = 288k0, Rg=577ka
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The circuit is shown in the Fig. 9.101.

288 m:éa,h

577kQ3 Ry

0.1 pF

Fig. 9.101

nsp Example 9.28 : Draw the circuit diagram of IC 555 used as the astable mode to generate
square wave of 1 kHz frequency, giving output equal to 5 V for % msec and output equal to
oV for mt%msec. Connect one red lamp and one green Iampso!kat)‘irr%m.m red lamp
is ON and green is OFFmdfcrrmxt%msecgﬂmhmpis ON and red is OFF. Lamps
have ratings of 5 V and 50 mA.

Solution : Ton = Topp = 0.5 msec

T = Tgy +Tgp = 1 msec

ie. f=T=1kHz
Now Ty = T = 069 RyC
Choose C = 01pF

05x1073 = 0.69 Ryx0.1x1076

Ry = 7246 kQ
Now duty cycle is 50% so R, =Ry =7.246 k2
Practically a modified circuit is required for 50% duty cycle where diode is connected
across Ry and charging takes place through R, and diode. And Ry must be equal to sum
of R, and diode forward resistance. So to have perfect square wave, R, is kept variable

ie. pot of say 10 K, in this case. It is then adjusted to obtain precise square wave. The
resistance required in series with LED to be connected is,
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R = Yo~Viep
Iep
Assuming Vigpp = 07V
Current limiting R = ——2/ _ -850 =100Q
50x10°

The waltage of R is

P

2
(50x10%) " x 100
= 025W
Both resitors R can be of % w.

The required circuit is shown in the Fig, 9.102.

Vee=45V
| I 1000, 1
R ooa.‘w
4 8
Ra Zrsakn Green LED
7 3

555 1
DY/ RgS7.24k0 1000, 2 w

vﬂlﬂ
R
8
; 1
2 1 0.01uF Red LED
c I 0.01uF J_ I

Fig. 9.102

immp Example 9.29 : Design a ramp generator using 555 timer having output frequency of
5 kHz, with Vo =+5V.

Solution :  f=5kHz, Vo =+5V

Assume Vp = Vg =07V
1. = YoecVp _ Ve Z07 43 (D)
c R R R
31
- C
and f = VoE
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10x107% = 11Rx022x107¢

R 414 kQ

Now the output of timer is given as,

Vo = Veo=2Vae ~Veg s

Let Vee = 15V, Vg =07V and Vg, =02V
15-2x07-02

<
n

134 V
Now the drop across LED is 1.4 V. There must be resistance in series with LED say

R gp- The LED current is 20 mA.

Vo-Vigp _ 134-14 _

= = 600 Q
Lien 20x1073

Rigp =

To improve the noise immunity, connect a 0.01 pF capacitor between pin No.5 and
ground. The designed circuit is shown in the Fig. 9.105.

ce=15V
P ) +
R2 414 k0
4 8 v, l
o 7 3 0 —'LED
6
¢ o022 555 %
Lw
: 2 1S Riepg 60002
I _{_ 0.01
Trigger = == uF
Fig. 9.105
The second circuit is an astable with frequency 1 kHz and 95% duty cycle.

f = 1.44

R, +Ry)C
1.44

1x10% = ——T

(R, +2R5)C
Let C = 0.01pF

R,+2R, = 144

1x103 x001x107°
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R, +2R, = 144x10° - (1)
. RatRy
Dul‘y cycle = m
095(R, +2Rg) = R, +Ry
09R; = 005R,
Ry = 00555 R, -2
Substituting in (1),
R, +2x0.0555R, = 144x10°
R, = 1296 kQ
and R, = 719kQ
The designed circuit is shown in the Fig. 9.106.
Vee =15V
4
3 —o———o0 Output
555
5
4
i -} 0.01 pF
Fig. 9.106
9.32 D/A Converters
A DAC (Digital to Analog Converter) accepts an n-bit input word by, b,, bs, ... by, in

DAC

by b, by, by, = Digital inpuls

Fig. 9.107 (a) DAC circuit symbol

V, = Analog output

binary and produce an analog signal
proportional to it Fig. 9.107 shows circuit
symbol and input-output characteristics of
a 4-bit DAC. There are four digital inputs,
indicating 4-bit DAC. Each digital input
requires an electrical signal representing
either a logic 1 or a logic 0. The b, is the
least significant bit, LSB, whereas b, is
the most significant bit, MSB.
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Fig. 9.107 (b) shows analog output voltage V, is plotted against all 16 possible digital

input words.

Vors —=15 |- y 15
14— Dashed envelope of 14
13 outpul vollage vs. 13
digital input
12— 12
o

= |

z M p 1"

o

% 10+ -1 10

i oL 7

=] 8- — 8

o 7

g 7

g 5 -6
51— -15
4r Culput value for 14
ir 1LSB input -13
2 -2
1 ral l — 1
0 a

t;|4 —_—0 - O - O - 0O O - O (=T -

b3 —,.—.l O e e 08 e e OO - o o —

by—seo o000 - - - -0 oo - -

bhh—o oo o0 000 -~ — — - -

Fig. 9.107 (b)

9.33 Performance Parameters of DAC

The various performance parameters of DAC are,

Resolution

Resolution is defined in two ways.

* Resolution is the number of different analog oulput values that can be provided
by a DAC. For an n-bit DAC

Resolution = 2"

V, Value in LSBs

(1)

* Resolution is also defined as the ratio of a change in output voltage resulting
‘from a change of 1 LSB at the digital inputs. For an n-bit DAC it can be given as

where,

Resolution

Vors

‘{rFS

-1

Full scale output voltage

]
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Settling Time

This is the time required for the output of the DAC to settle to within = 1/2 LSB of
the final value for a given digital input ie. zero to full scale.

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. These
parameters represent the stability of the converter.

mmp Example 9.32 : An 8 bit DAC has an output voltage range of 0 - 2.55 V. Define its
resplution in two ways.

Solution :  For the given DAC,

n = Number of bits = 8

i) Resolution = 2" = 2% =256
ie. the output voltage can have 256 different values including zero.
i) Vops = Full scale output voltage
= 255V
2.55 10mV
= —oFs - 20 o
Resolution = o1 o8 TLSB

Thus an input change of 1 LSB causes the output to change by 10 mV.

1y Example 9.33 : The digital input for a 4bit DAC is 0110. Calculate ifs final output
voltage.

Solution :  For given DAC,

n =4
Vs = 15V
v
Resolution = —9F_ = 15 _ 1y 1B
o1 284

V, = Resolutionx D
Now D = Decimal of (0110), = 6
V, = 1V/LSBx6=6V
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mmp Example 9.34 : An 8 bit DAC has resolution of 20 mV/LSB. Find Vypg and V, if the
input is (10000000),.

Solution : Resolution = i’ﬁs—
2" -1

20 = VnFS

28 -1

VI}PS = 51V

D = Equivalent of (10000000) = 128
V., = Resoluionx D =20x 128 =256 V

o

iy Example 9.35 : Find out stepsize and analog output for 4-bit R-2R ladder DAC when
input is 1000 and 1111. Assume Vi =45V
Solution :©  For given DAC, n=4, Vyg=+5V
v
s 5 _ 1y /LSB
-1 241 37
- V, = Resolution= D
For D = Decimal of (1000), = 8

Resolution

n

v, = %xszz,sae:rv
For D = Decimal of (1111), = 15
1
Vo = 3x15=5V.

mmp  Example 9.36 : A 12-bit DAC has a step size of § mV. Determine the full scale output
voltage and percentage resolution. Also find the output voltage for the input of
0101011011017
Solution : For 12-bit DAC, step size is 8 mV.
Vops = 8mVx22-1=3276 V

. §mV _
% Resolution = meo_ 0.02442

The output voltage for the input 010101101101 is = 8mVx(138%);, = 11112 V

9.34 Basic Conversion Techniques

There are mainly two techniques used for analog to digital conversion
* Binary weighted resistor D/A converter
» R/2R ladder D/A converter
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R
VR/2 = Vg o—Ap\—1

VD
= _;_‘

Fig. 9.113 (b)
Therefore, the output voltage is Vp/2, which is equivalent to binary input 100.
In general, the expression for V,, can be obtained as,

Let Iy = OQutput current
R; = Feedback resistance of op-amp
Vo = =T Ry .
Now Iyt = Current resolution x D

V, = = (Current resolution x D) Ry
V, = - (Current resolution x Ry) x D ... (8)

The coefficient of D is the voltage resolution and can be called as simple resolution.

V, = - Resolutionx D e (9)
In terms of actual circuit elements, output can be written as,
vy = -[Ry L 10
o = = T*Z—nRr D ...(10)
The resolution of R/2R ladder type DAC with current output is,
. 1 Ve
Resolution = Fx? e (11)

while the resolution fo R/2R ladder type DAC with voltage output is,

V;
Resolution = [Z—LXTR R, ..(12)

Immp Example 9.37 : Suggest the values of resistors and reference voltage if resolution required
is 0.5 V for 4 bit R/2R Iadder type DAC.

. 1 Va
Solution : Resolution = | ——x—= xR
. 2“ R

Let Vg = 10 V, n = 4 and resolution = 0.5
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1wy Example 9.38 : An 8-bit ADC outputs all 1's when \, = 5.1 V. Find its a) Resolution
and b) Digital output when V, = 1.28 V.

Solution :  a) From equation (1) we have,
Resolution = 2% = 256
and from equation (2) we have,
Resolution = ‘z—sﬂi = 20 mV/LSB

Therefore, we can say that to change output by 1 LSB we have to change input by
20 mV.
b) For 1.28 V analog input, digital output can be calculated as,
128V

D= ——_=64L5SB
20mV /1SB ¢

The binary equivalent of 64 is 0100 0000,.

hisp Example 9.39 : Calculate the quantizing error for 12-bit ADC with full scale input voltage
4095 V.

Solution :  From equation (3) we get

4095 4095

Q = a 12_1)x2'(4ﬂ96—l)x2=n'5mv

9.37 Basic Conversion Techniques

Analog to digital converter are classified into two general groups based on the
conversion techniques. One technique involves comparing a given analog signal with the
internally generated reference voltages. This group includes successive approximation,
flash, delta modulated (DM), adaptive delta modulated and flash type converters. The
another technique involves changing an analog signal into time or frequency and
comparing these new parameters against known values. This group includes integrator
converters and voltage-to-frequency converters.

In this section we are going to discuss following types of ADCs using various
conversion techniques :

1. Single ramp or single slope 2. Dual slope

3. Successive approximation 4. Flash

5. Delta modulation 6. Adaptive delta modulation
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9.37.1 Single Slope ADC
It consists of a ramp generator and BCD or binary counters. The Fig. 9.119 shows the
single slope ADC.
Clock

Anaiog iN
input
Vip ° 1
- AND
gate
Comparator

Ramp Timing and
genarator Ramp contral

rasel

Fig. 9.119 Single slope ADC
At the start, the reset signal is provided to the ramp generator and the counters. Thus
counters are resetted to 0's. The analog input voltage V;, is applied to the positive
terminal of the comparator. As this is more positive than the negative input, the
comparator output goes high. The output of ramp generator is applied to the negative
terminal of the comparator. The high output of the comparator enables the AND gate
which allows clock to reach to the counters and also this high output starts the ramp.

The ramp voltage goes positive until it exceeds the input voltage. When it exceeds V;,,
comparator output goes low. This disables AND gate which inturn stops the clock to the
counters. The control circuitry provides the latch signal which is used to latch the counter
data. The reset signal resets the counters to 0's and also resets the ramp generator. The
latched data is then displayed using decoder and a display device.

Let us consider the practical example to understand the working. Assume that the
clock frequency is 1 MHz. There are four BCD counters and the input Vy, is 2.000 V.

Now let ramp has a slope of 1 V/ms as
shown i\ the Fig. 9.120. As the input is
2000V, the ramp will take 2 ms to reach to

Vol v 2V and to stop the clock to the counters.
|*-1—«| Now how many pulses will reach to the
ms counters during 2 ms 7 It can be calculated
ms from the frequency of the clock. The number
of pulses reaching to the counter in 2 ms is
2
Fig. 9.120 “M%__ _ 2000. The comparator output

(17 1MHz)
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1
ll IL |
TIME
™~ v,
/ Slope = HJE‘
Slope 1<
VI RC,

Volts

Fig. 9.122 Integrator output voltage
At time t = 0, analog switch S is connected to the analog input voltage V;, so that the
analog input voltage integration begins. The output voltage of the integrator can be given
as,

-1
Vo = i,“ﬁ{"-““
-Vt
= ot
= R G, . (1)

where R, C| is the integrator time constant and V, is assumed constant over the
integration time period. At the end of 2V clock periods MSB of the counter goes high. At a
result the output of the flip-flop goes high, which causes analog switch S to be switched
from V; to -Vg. At this very same time the binary counter which has gone through its
entire count sequence is reset.

The negative input voltage (-Vg) connected to the input of integrator causes the
integrator output to ramp posilive. When integrator output reaches zero, the comparator
output voltage goes low, which disables the clock AND gate. This stops the clock pulses
reaching the counter, so that the counter will be stopped at a count corresponding to the
number of clock pulses in time t,.

The integrator output ramp down to a voltage V and get back upto 0. Therefore, the
charge voltage is equal to discharge voltage and we can write,

Vit _ %t
KRG - R
iy = Bt

Vot

ty = : @
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The above equation shows that t, is directly proportional only to the V;, since Vg and
t, are constants. The binary digital output of the counter gives corresponding digital value
for ime period t, and hence il is also directly proportional to input signal V;.

The actual conversion of analog voltage V,, into a digital count occurs during t;. The
control circuit connects the clock to the counter at the beginning of t,. The clock is
disconnected at the end of t;. Thus the counter contents is digital output. Hence we can
write,

L _ ( Counts
Digital output = [3;2:?:35&]'3 _ )}
But from equation (2) we can write,
. _ { Coumts v
Digital output = [-S;cm]l, [-\7“-} )

The counter output can then be connected to an appropriate digital display.
The advantages of dual slope ADC are

1. It is highly accurate.

2. Tts cost is low.

3. It is immune to temperature caused variations in R, and C,.

The only disadvantage of this ADC is its speed which is low.

mmp Example 9.40 : For a particular dual slope ADC, t; is 83.33 ms and the reference voltage
is 100 mV. Calculate t, if i} V; is 100 mV and ii) 200 mV.

Salution : We know that,

V.
= (i,-i‘]_‘l
i) Yy = [%](83.33)
= 8333 ms
ii) V, = 200 mV
200
= [Eﬁ](&i:ﬂ)
= 166.6 ms

mup Example 9.41 : Find the digital output of an ADC having t; as 83.33 ms and Vy as
100 mV for an input voltage of + 100 mV. The clock frequency is 12 kHz.

Solution :  The digital output is given as,

it i
Digital output = [§Eb_n5}l1 [‘.;.]
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New Clock frequency = 12 kHz
ie. = 12000 S9N
second

Digital cutput = 12000 x 83.33 x[%g—g ]>< 107°

= 1000 counts.

9.37.3 Successive Approximation ADC

In this technique, the basic idea is to adjust the DAC's input code such that ils output
is within £ ¥ LSB of the analog input V; to be A/D converted. The code that achieves this
represents the desired ADC output. It uses very efficient code searching strategy called
binary search. It completes scarching process for n-bit conversion in just n clock periods.

Fig. 9.123 shows the block diagram of successive approximalion A/D converter. It
consists of a DAC, a comparator, and a successive approximation register (SAR). The
external clock input sets the internal timing parameters. The control signal start of
conversion (SOC) initiates an A/D conversion process and end of conversion signal is
activated when the conversion is completed.

Start of End of
conversion (SOC) conversion (EOC)
Viee— 1+
Anallcg input | SAR
- Clockin—s+ by by Dyewemby,
b
by
by
—bs
i
b
by by byeemub,
Output of DAC / "

DAC

Fig. 9.123 Block diagram of successive approximation A/D converter

Operation :

The searching code process in successive approximation method is similar to weighing
an unknown material with a balance scale and a set of standard weights. Let us assume
that we have 1 kg, 2 kg and 4 kg weights (SAR) plus a balance scale (comparator and
DAC). Now we will see the successive approximation analogy for 3-bit ADC.
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Refer Fig. 9.123 and 9.124. The analog voltage V,, is applied at one input of
comparator. On receiving start of conversion signal (SOC) successive approximation
register sets 3-bit binary code 100, (b, = 1) as an input of DAC. This is similar process of
placing the unknown weight on one platform of the balance and 4 kg weight on the other.
The DAC converts the digital word 100 and applies it equivalent analog output at the
second input of the comparator. The comparator then compares lwo voltages just like
comparing unknown weight with 4 kg weight with the help of balance scale. If the input
voltage is greater than the analog output of DAC, successive approximation register keeps
b, =1 and makes by = 1 (addition of 2 kg weight to have total 6 kg weight) otherwise it
resets b, = 0 and makes by = 1 (replacing 2 kg weight). The same process is repeated
for by and by,. The status of by, b, and b, bits gives the digital equivalent of the analog
input.

Fig. 9.124 illustrates the process we have just discussed.

| | Start of conversion (SOC)
Start
End J I

Clock 1 =1 &1

Compare Compare Compare

MSB b, by by by by by
=000
No
=0
V=17 bﬂi
Yes
No -
=0 by=1

V,»a7?
Vi=562Y

Fig. 9.124 lllustration of conversion process
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The dark lines in the Fig. 9.124 shows setling and resetting actions of bits for input
vollage 5.2 V, on the basis of comparison. It can be seen from the Fig. 9.124 that one clock
pulse is required for the successive approximation regsiter to compare each bit. However
an additional clock pulse is usually required to reset the register prior to performing a
conversion.

The time for one analog to digital conversion must depend on both the clock’s period
T and number of bils n. It is given as,

Te = Tn+1) {5}
where Te = Conversion time

T = Clock period

n = Number of bits

nmp Example 9.42 : An 8 bit successive approximation ADC is driven by a 1 MHz clock.
Find its conversion time.

Solution : f=1MHz
1 1
T = = — =1 psec
110 b
n =28

Te = Tin+1)=1(8 + 1) =9 psec.
9.37.4 Flash ADC

When system designs call for the highest speed available, flash-type A/D converters
(ADCs) are likely to be the right choice. They get their names from their ability to do the
conversion very rapidly. Flash A/D converters, also known as a simultaneous or parallel
comparator ADC, because the fast conversion speed is accomplished by providing 2" - 1
comparators and simultaneously comparing the input signal with unique reference levels
spaced 1 LSB apart.

Fig. 9.125 shows 3-bit flash A/D converter. For this ADC, seven @ - comparators

are required. As shown in the Fig. 9.125, one input of each comparator is connected to the
input signal and other input to the reference voltage level gencrated by the reference
voltage divider. The reference voltage (V) is equal to the full scale input signal voltage.
The manner in which the flash A/D converter performs a quantization is relatively simple.

The comparators give output “1" or “0" state depending on whether the input signal is
above or below the reference level al thal instant. Those comparators referred above the
input signal, remain turned-off, representing a “0" state. The comparators at or below the
input signal conversely become a “1” state. The code resulting from this comparator is
converted to a binary code by the encoder.
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- Example 9.43 : For a particular 8-bit ADC, the conversion time is 9 ps. Find the

maximum frequency of an input sine wave that can be digitized.

Solution :  The maximum frequency is given by,
f 1 _ 1
M 2n(Te)2  2nx9%1078 %28
= 69.07 Hz
9.37.5 Comparison between Flash, Dual Slope and Successive
Approximation Techniques
The comparison of ADCs is given in the tabular form as below :
Parameter Flash Successive Dual slope
approximation
Speed Fastest Fast Slow
Accuracy Less Medium More
Resolution Upto 28 Upto 28 2'8 or even more
Input hold Very less Depend on number of It is maximum, hence
time bits. 1t is more than flash sample and hold circuit is
A/D converter. required.
Cost Very costly Medium Less
Applications High speed fiber optic The successive These are used when high
communication, Digital approximation A/D accuracy and resolution is
torage oscill p has the required and speed is not
Imaging and many mere | disadvantage of requiring | the important criteria.
where high speed A/D DIA converter, but it has
r ion is required the advantage of high
speed wilh excellent
resolution. Hence these
are most popular and
used In data acquisition
systams.
c Reso- | Con- Ic Resolu-| Conver- | 1o Resolu-| Conver-
lution | version tion sion rate i sion rate
rate
ICs ADBD20KD | & 50 MHz | ADC1103| 8 1 MHz ADC141 14 25 Hz
ADB00OSD | & 75 MHz | ADCSD | 10 670 kiz | 7109 12 30 Hz
™IOT0 |7 15 MHz | ADC1103| 12 300 kHz | ADB1200 | 12 28 Hz
TDC10183 | 8 25 MHz | ADCTZ | 18 20kHz | LF13300 |12 28 Hz
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9.37.6 Counter Type ADC
Principle of operation :

This ADC uses DAC for A to D conversion. The output of the DAC is continuously
compared with the analog input to the ADC which is to be converted into digital ouput.
When the output of the DAC becomes greater than this analog input, the corresponding
digital input to the DAC is noted which represents the analog input to the ADC.

Fig. 9.126 shows the circuit diagram of counter type ADC.

Reset
Clock Jiur Binary
counter
—o MSB
: }Digitai
output
Comparalor . { o LSB
Vo
DAC
+
Analog
input
voltage
Va

Fig. 9.126

As shown in the Fig. 9.126, the counter type ADC consists of a binary counter, DAC,
comparator and AND gate. The operation of the circuit is explained below.

i) Initially, the counter is reset, i.e. its output is set to zero by applying a reset pulse.
The output of the counter is given as digital input to DAC. Since input to DAC is
zero, its output Vi, is zero.

ii) When the analog input voltage V, is applied to ADC, it becomes greater than V,.
V, acts as input voltage for non inverting terminal and Vj, acts as input voltage
for inverting terminal of the comparator. Since V, is greater than Vi , the
comparator output goes high.

ili) For an AND gate, one input is clock pulses and another input is the output of the

comparator. Because of the high output of the comparator, the clock pulses are
allowed to pass through the AND gate.

iv) The counter starts counting these close pulses. According to the number of clock
pulses, the output of the counter goes on increasing. This increases the output of
the DAC.
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v) The above steps are continued till Vy, is less than V, .

vi) As soon as DAC output V, becomes greater than V, , the comparator output goes
low. This disables AND gate. So the clock pulses are not allowed to pass through
the AND gate. The counting process of the binary counter is stopped.

vii) The output of the binary counter which is in digital form is noted which
represents the digital equivalent of the analog input voltage V, .

viii) For the next A to D conversion, the input voltage to ADC, V, changes. The
binary counter is cleared by applying a second reset pulse and all the above steps
are repeated to obtain the digital equivalent of V, .

Reset

1 Inactive
|
i
]
] 1 e
cm_:_l_u_u-u-l_l—umn_i_ :
! :1 :2 3 14 15
DAC oulput Vp [ ==F==T=-T
Analog input V, i -
I
1 1 1] i
1 1 ' ]
1 ] ] ]
Voo :
i ] 1 ]
[] ] ] 1] ]
H 1 ' 1 1 [
] ] ] + ] 1]
[] ) ] ] 1 ] 1
oo ' P
] ) ] ] ] ]
] I i ] ] ] ]
[ ] ] 1 NI ] ]
H [ T S T
H [ T N T
N T T
0 1 2 3 4 5 6 7 8 9 .10

Fig. 8.127 Waveforms for counter type ADC
Disadvantages

e It is necessary to give enough time for DAC conversion and comparator to
respond. Therefore, there is a limitation on the clock frequency. As clock
frequency is low, the speed of conversion is less.

= Conversion time is not constant. It increases with increase in input voltage. In
other words, we can say that conversion time is high at high input voltage.

9.37.7 Delta Modulation (DM)

The delta modulation technique for analog to digital conversion is used in digital
communication. In this technique, the analog signal is converted into pulses which can
represented by digital data.
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The Fig. 9.128 (a) shows the basic circuit for delta modulator. It consists of comparator,
one bit quantizer and integrator. The comparator compares the input analog signal m(t)
with the feedback signal m’(t), which is the integrated form of the output signal py(t). The
comparator output produces the difference signal. If the difference signal is positive, it is
encoded as a binary 1, whereas if the difference signal is negative, it is encoded as a
binary 0. A binary 1 is transmitted as a positive voltage pulse and binary 0 is transmitted
as a negative voltage pulse.

— T

NS
Clock pulses, p1)

m{t) One-bit quantizer

Plt)

Il

Fig. 9.128 (a) DM transmitter
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U000 U 0 O0EdTs
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Fig. 9.128 (b) DM waveforms
According to difference signal the positive and negative pulses are generated with the
help of multiplier. One input of the multiplier is a difference signal e(t) and the other
input of the multiplier is a periodic train of unipolar impulses (very short pulses) p;(t) at
the sampling frequency f,. Therefore, the output of multiplier is a sequence of impulses
Po(t) whose polarity depends on the difference signal. This is illustrated in Fig. 9.128 (b).
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As mentioned earlier, sequence of impulses p,(t) can be encoded as binary output by
encoding positive impulse as a binary 1 and negative impulse as a binary 0.

In the reverse process, the encoded binary data is converted into impulses and then
integrated to produce staircase approximation m'(t) as shown in Fig. 9.128 (b). Finally, the
analog output m*(t) is generated from the integrator output through the use of a low-pass
reconstruction filter.

Advantages of Delta Modulation

1. It is a simple technique.
2. It represents each analog sample by only one bit.

Disadvantages of Delta Modulation

1. Granular noise : As shown in the Fig. 9.128 (b), the m'(1) waveform is a staircase
approximation to the analog signal m(t). For this staircase waveform, there will be
an initial transient period labelled A. When modulator reaches steady state, the
staircase waveform "hunts” around the analog waveform as shown at B. This
hunting produces granular noise. The granular noise occurs when the step size is
two large compared to small variations in the input signal. This can be observed at
point B. Here, input is slowly increasing but the staircase waveform remains
horizontal. The granual noise can be reduced by keeping step size small.

2. Slope overload distortion : The slope overload distortion occurs when the rate of
change of the analog waveform is too high for the staircase waveform to follow.
The slope overload causes a large error between the staircase approximated signal,
m’(t) and the original input signal, m(t). At point C and D waveform suffers from
slope overload distortion. Since the step size of delta modulator remains fixed, its
maximum or minimum slopes occur along straight lines. In case of horizontal line
slope overload distortion is minimum, and it is maximum along the vertical line.
The slope overload distortion can be minimised by increasing the step size. But
increase in step size increases granular noise. To solve this problem the delta
modulation process is modified and known as adaptive delta modulation.

9.37.8 Adaptive Delta Modulation (ADM)

To overcome the quantization errors due to slope overload and granular nuise, the step
size is made adaptive to variations in the input signal m (t). Particularly in the steep
segment of the input signal m(t), the step size is increased. When the input is varying
slowly, the step size is reduced. This method is called Adaptive Delta Modulation. The
adaptive modulators can take continuous changes in step size or discrete changes in step
size. The Fig. 9.129 shows the circuit for generation of adaptive delta modulated signal.
The logic for step size control is added in the diagram. The step size increases or decreases
according to certain rule depending on one bit quantizer output. For example if one bit
quantizer output is high (1), then step size may be doubled for next sample. If one bit
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2. Because of the variable step size, the dynamic range of ADM is wide.

3.

Utilization of bandwidth is better than delta modulation.

27

28.

2,
3.
4.
5.
6.
8

9.

Review Questions

Draw the circuit diagram of a comparator using 1C741 op-amp. Explain its working.
How to move a trip point in a basic non-inverting comparator?

Explain how an op-amp can be used as comparator.

Draw and explain inverting and non-inverting comparator circuits.

Explain op-amp as a Schmitt trigger.

What is the most important applications of Schmitt trigger circuit.

Explain the working of Schmitt trigger.

Design Schmitt trigger having upper and lower thresholds of 120 mV. Input to this circuit is
1V peak to peak triangular wave of 100 Hz. Draw the Hysteresis loop.

Design a Schmitt trigger for UTP = + 0.5 Vand LTP = - 0.5 V.

How to obtain different UPT and LTP levels in a Schmitt trigger ?

. What is a multivibrator circuit ? What is ifs use ? Stale ifs types.

Draw and explain the operation of tably [tivibrator using op-amp.
Derive the expression for pulse width of monostable multivibrator.

Draw and explain the operation of astable multivibrator using op-amp.
Derive the expression for frequency of oscillations in astable multivibrator.

. Which are the basic elements of IC 555 ?

. How transistorised R-S flip flop circuit works ?

3 Dwmdaﬂdulhchﬁclimbsdmﬂofﬂﬁibuwﬁ:wm,
. Explain the principle of RC timer in IC 555.

. Draw and explain the functional block diagram of IC 555.

. Explain in bricf the functions of pins 2, 3, 4, 5, 6 of IC 555.

Draw and explain block diagram of IC 555.
Explain the imporiance of control voltage pin 5 of timer 555.

. Derive the expression for the pulse width of a monostable multivibrator using IC 555.
. State any two applications of monostable multivibrator.

Determine the output pulse width of the monostable multivibrator using IC 555, if R = 12 kQ and
C=01pF {Ans. : 1.32 ms)
A IC 555 timer used as a monostable has R = 20 k2 and C = 0.01 pF. What is the duration of
output pulse 7 {Ans. : 0.22 ms)
Estimate the values of timing elements to generate a time delay of 1 ms using IC 555 timer as a
monostable multivibrator.
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29,

30.

g 8

37.

39.

41,
42,

&8GR S

49.

Describe the monostable mode of operation of IC 555. Does the same circuit work as timer ?

Justify. Draw the necessary waveforms and expressions.
Mention various practical applications of IC - 555 timer. Explain any one monostable application.

. Define duty cycle. Derive the expression for the duty cycle of an astable multivibrator using 555.
. Derive the expression for the frequency of the output of an astable multivibrator.
. How astable mode of 555 can be modified to get a square wave generator 7

A 555 limer is configured to run in astable mode with Ry = 20 k) and Ry = 8 K} and
C=0.1pmF. Determine the output frequency and duty cycle. (Ans. : 400 Hz, 77.77 %)

. State the applications of astable multivibrator using IC 555.

Draw and explain astable multivibrator using IC 555. Draw the output and capacitor voltage
waveforms. What is the range of duty cycle we can have with astable circuit 7

Draw the circuit diagram of an astable multivibrator for 50% duty cycle output using IC 555, and
explain its operation. Give any two applications of astable multivibrator.

. State the application of astable multivibrator using IC 555 and explain any one.

List the features of IC 555.

. Which are the two ways of connecting load to IC 555 ?

What is the difference between A/D and DJA converters 7
Define the following terms for D/A converters : Resolution, accuracy, icity, and conversion
time.

. Explain the binary weighted resisior technique of DA conversion.

Explain the R/2R ladder technique of D/A conversion ?

. Explain the advantages of R/2ZR ladder technique over binary weighted resistor technique.

List the drawbacks of binary weighted resistor technique of D/A conversion.

. What are different source of errors in DACs 7
. Explain the operation of a 4 bit R-2R type DAC and derive the expression for the output voltage.

Explain following with reference to DAC :
1. Linearity ii. Accuracy ifi. Settling time
Obtain an expression for the output voltage of RZR DAC.

. For the Rf2RIadder 4 bit type DAC, find the ouiput voltage and resolution if digital input is 1111

Assume Vg =10 Vand R = 10 k2 = R (Ans. :9.375 V, 0.625 V}
Find out stepsize and analog output when input is 1000 and 1111. Assume Vpg= 45V

(Ans. : Stepsize = 03125V, 1000 — 2.5 V, 1111 -34.6875)
List the various specifications of ADC.
List various A/D conversion techniques.
What do you mean by quantization error ?
Explain the digital ramp A/D converter with the help of neat block diagram.
Explain the successive approximation A/D) converler technigque with the help of block diagram.
Explain the operation of flash A/D converter.
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59.
60.
61
62.
63.

Which is the fastest ADC and why ?
Explain the dual slope A/D converter technique with the help of block diagram.

What s Delta modulation ? [April-2004, 5 Marks]
Draw block diagram of delia the modulation circuil. [April-2005, 5 Marks]
Explain ADM. [April-2003, April-2004, 6 Marks)

Qoa
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Voltage Regulators

10.1 Introduction

The voltage regulator circuit keeps the output voltage constant inspite of changes in
the load current or input voltage. Its input is unregulated pulsating d.c. voltage obtained
from filter and rectifier. Its output is constant d.c. voltage which is almost ripple free. The
basic block diagram of voltage regulator is shown in the Fig. 10.1.

VII'I —_— ] v, Jul
o—: 0 L
Constant
:'> Vti;ul Load
g t . et
Unregulated d.c. -

Fig. 10.1 Concept of voltage regulator
10.2 Block Schematic of Regulated Power Supply

A typical d.c. power supply consists of various stages. The Fig. 10.2 shows the block
diagram of a typical d.c. power supply consisting of various circuits. The nature of
voltages at various points is also shown in the Fig. 10.2.

Primary Secondary
Rectifier |- Filer 5= Regulator | R L
-—-—l Transformer arcoit. 1.2C-] areuit it | smooth D.C.supply
AL A.C. Pulsating Unregulated To load
;"‘;6"3 e voltage type

Fig. 10.2 Block Schematic of regulated power supply with waveforms
{10 - 1)




Analog and Digital Electronics 10-2 Voltage Regulators

The a.c. valtage (230 V, 50 Hz) is connected to the primary of the transformer. The
transformer steps down the a.c. voltage, to the level required for the desired d.c. output.
Thus, with suitable turns ratio we get desired a.c. secondary voltage. The rectifier circuit
" converts this a.c. voltage into a pulsating d.c. voltage. A pulsating d.c. voltage means a
unidirectional voltage containing large varying component called ripple in it. The filter
circuit is used after a rectifier circuit, which reduces the ripple content in the pulsating d.c.
and tries to make it smoother. Still then the filter output contains some ripple. This voltage
is called unregulated d.c. voltage. A circuit used after the filter is a regulator circuit which
not only makes the d.c. voltage smooth and almost ripple free but it also keeps the d.c.
output voltage constant though input d.c. voltage varies under certain conditions. It keeps
the output voltage constant under variable load conditions, as well. The output of a
regulator is called d.c. supply, to which the load can be connected. Now a days, complete
regulator circuits are available in the integrated circuit (IC) form.

Key Point : Thus a voltage regulator circuit is the one which is designed to keep the
output voltage of a power supply nearly constant, under varying input voltage conditions and
varying load conditions.

10.3 Factors Affecting the Load Voltage
The various factors which affect the load voltage in a power supply are,

a) The load current () : An ideal power supply maintains a constant voltage at its
output terminals, inspite of changes in load current. But practically in a power supply
without regulator the load voltage decreases as the load current I; increases. For a
practical power supply with regulator load voltage must be constant though load changes
from no load condition to full load condition. But with regulator circuit also the load
voltage gets affected by the load current in a power supply.

b) The line voltage : The input to the rectifier which is a.c. line voltage decides the
level of the output voltage. Hence any change in the line voltage, changes the load voltage
and affects the performance of the power supply. Ideally the d.c. output voltage must
remain constant irrespective of any changes in the line voltage.

c) The temperature : In a power supply, the rectifier circuit uses the p-n junction
diodes. The diode characteristics are temperature sensitive. The other semiconductor
devices used in power supplies have their characteristics, temperature dependent. Hence
the temperature is an important factor responsible for the changes in the load voltage.

The wvoltage regulator circuit in a power supply, has to consider these factors and
provide constant d.c. output voltage.
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10.4 Power Supply Performance Parameters

The performance of the overall power supply is judged by specifying some parameters,
based on the factors discussed above. Let us see in detail the various power supply
performance parameters.

10.4.1 Load Regulation

The load regulation is the change in the regulated output voltage when the load
current is changed from minimum (no load) to maximum (full load).

Consider the block diagram of regulator circuit shown in the Fig. 10.3.

Load Voltage
Vi

Vi

1deal
laeal

w=p Load Vollage
decreases
VFL as load

I

Load Current

Block diagram of regulator Regulation characteristics
Fig. 10.3 Fig. 10.4
The load regulation is denoted as LR and mathematically expressed as,

LR

Ve - VR

where Vyr = load voltage with no load current
VgL = load voltage with full load current

The load regulation is often expressed as percentage by dividing the LR by full load
voltage and multiplying result by 100.

Var =Y

% LR = FL. % 100

FL

The graph of load current against load voltage is called regulation characteristics of a
power supply. The ideal value of load regulation is zero. Less the regulation, better is the
performance of regulator. The regulation characteristics is shown in the Fig. 10.4.
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10.4.2 Line Regulation or Source Regulation

The input to the unregulated power supply ie. rectifier circuit is 230 V a.c. supply.
This line voltage may change, under the different load conditions. This affects the output
voltage of rectifier which is V,, for a regulator circuit. Hence the characteristics which
gives source effect on regulator performance is defined.

The line regulation is also called source regulation and denoted as SR.

The SR is defined as the change in the regulated load voltage for a spec:tﬁcd range of
line voltage, typically 230 V £ 10 %.

Mathematically it is expressed as,

SR = Vg - Vo

where Vi = load voltage with high line voltage
Vi = load voltage with low line voltage
The percentage source regulation is defined as,

% SR = oo x 100
nom
where Voom = nominal load voltage

10.4.3 Output Resistance

To understand the effect of output

Femmmmmmmmmeo . resistance on the load voltage, consider the

Row | I ’ representation of power supply in terms of

no load voltage Vpy and output resistance
Rgyt @5 shown in the Fig. 10.5.

When no load is connected to the

output terminals, the current I is zero.

Hence load voltage Vy is equal to no load

VvV
]
-

—i|IF
it

Power supply voltage V.
But when a certain load resistance Ry is
Fig. 10.5 Concept of R, connected then,

VL = Vou = Ve =T Ron
Thus ideally for a power supply R, must be zero and V,,; must be equal to Vi,
whatever may be the load current drawn.
Practically the output resistance of a power supply is very small and it can supply
different loads with a constant load voltage. For a regulated power supply, the output
resistance is in the range of milliohms.
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Vou The value of Ry, is obtained by
AV, finding the slope of a load regulation
Ro= 30 characteristics, ~ Consider  the  load
regulation characteristics as shown in the
Fig. 10.6.
The slope of this characteristics is the
0 L output resistance.

Fig. 10.6 Load regulation characteristics Hence mathematically the output
resistance can be expressed as,

Avﬂul
Ruul T TAl L

Vin and temperature constant

10.4.4 Voltage Stability Factor (S,)

Another way of specifying the dependence of output voltage on line voltage is
defining voltage stability factor denoted as Sy. It is the percentage change in the output
voltage which occurs per volt change in the input line voltage, with load current and the
temperature are assumed constant. Mathematically it is expressed as,

avﬂul
Sv = AV,

in 1y and temperature constant

Smaller the value of this factor better is the performance of power supply.

10.4.5 Temperature Stability Factor (S;)

As mentioned earlier, the semiconductor devices having temperature dependent
characteristics cause change in the output voltage as temperature changes. Thus the
temperature stability of power supply will be determined by temperature coefficients of
various temperature sensitive semiconductor devices. By selecting low temperature
coefficient devices, the output voltage of a power supply can be fairly independent of
temperature.

For example, zener diodes having breakdown voltages in the range of 5 to 8 V have
very low temperature coefficient and hence are always preferred and used in the power
supply circuits.

Mathematically temperature stability factor is expressed as,

Vout

A
5= AT

Vin and I} constant

The value of this factor must be as small as possible ideally zero, for a power
supply.



Analog and Digital Electronics 10-7 i Voltage Regulators

Each type, provides a constant d.c. output voltage which is regulated. Let us discuss
the functional block diagram and working principle of each of these two types of regulator
circuits.

10.6.1 Shunt Voltage Regulator

The heart of any voltage regulator circuit is a control element. If such a control
element is connected in shunt with the load, the regulator circuit is called shunt voltage
regulator. The Fig. 10.7 shows the block diagram of shunt voltage regulator circuit.

I+ gy

v, i — I (Load current) v (=Vy)
Unregulated | Lsn L Regulated
de output

—_— Sampling
- Control - circuit
“element .
inshunt>
willi load
[:“ f »-] komparamrl
voltage f v | circuit Feedback L.
- signal =
Fig. 10.7 Block diagram of shunt voltage regulator
Operation :

The unregulated input voltage V,, tries to provide the load current. But part of the
current is taken by the control element, to maintain the constant voltage across the load. If
there is any change in the load voltage, the sampling circuit provides a feedback signal to
the comparator circuit. The comparator circuit compares the feedback signal with the
reference voltage and gencrates a control signal which decides the amount of current
required to be shunted to keep the load voltage constant. For example, if load voltage
increases then comparator circuit decides the control signal based on the feedback
information, which draws increased shunt current L, value. Due to this, the load current
I, decreases and hence the load voltage decreases to its normal. Thus control element
maintains the constant output voltage by shunting the current, hence the regulator circuit
is called voltage shunt regulator circuit.

As seen from the block diagram, only part of the load current required to be diverted,
passes through the control element. Thus the control element is low current, high voltage
rating component. The efficiency depends on the load current I;. Hence shunt regulators
are not preferred for varying load conditions.
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Process flowchart of shunt regulator is,

If output . Feedback 3 Control ~» Curent = Load Output
i i signal Tan cumrent I voltage
above increases through d di
regulated control to its
value element original
i value
f oulput o3 Feadback 3 Control =p Cument .3 Load =3 Output
d d signal Len current I voltage
bleow decreases thought i i
regulated control to its
value element orignial
decreaes value

10.6.2 Series Voltage Regulator

If in a voltage regulator circuit, the control element is connected in series with the
load, the circuit is called series voltage regulator circuit. The Fig. 10.8 shows the block
diagram of series voltage regulator circuit.

i i
Drop across

1 Vg 1+ conlrol element
V(= V,
Vin Control L(=Vo)
Unregulates | Siement l d.c. output
C‘_’m"?’ Sampling
- i signal i i
withload . il
= Vier [Comp
vollage circuit Feedback signal

Fig. 10.8 Block diagram of series voltage regulator
Operation :

The unregulated d.c. voltage is the input to the circuit. The control element, controls
the amount of the input voltage, that gets to the output. The sampling circuit provides the
necessary feedback signal. The comparator circuit compares the feedback with the
reference voltage to generate the appropriate control signal.

For example, if the load voltage tries to increase, the comparator generates a control
signal based on the feedback information. This control signal causes the control element to
decrease the amount of the output voltage. Thus the output voltage is maintained constant.

Thus, control element which regulates the load voltage, based on the control signal is
in series with the load and hence the circuit is called series voltage regulator circuit.

In series regulators, the entire current passes through the control element and hence
control element is high current, low voltage rating component. As input current and load
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current are same, the effidency depends on output voltage. It provides good regulation
than shunt regulators. It can be used for fixed voltage as well as variable voltage
requirements. To compensate for the drop across the control element, input voltage V;,
must be at least 2 to 3 V more than output voltage.

Process flowchart of series regulator is,

If output =p Feedback 3  Control signal %  Voltage across .3  Output

increases the control voltage
above element decreases
regulated increases back to its
value original value
If output =p Feedback .3  Control signal .3  Voltage scross 3  Output

dh d d the control voltage
bleow element increases
regulated decreases back 1o its
value orignial value

10.6.3 Comparison of Shunt and Series Regulators

Serles Regulator

Sr. Shunt Regulator
No.
1. 1. The control element is in parallel with the
load.
lin I
! P !
Control
Vin element Load| V,

I |

The contral element is in seriés with the load.

Y [contral L

T
l signal

2. Bnly small current passes through the eonlrol
which is required to be di i to
keep output constant,

The entire load current I always passes
through the control element.

3. Any change in output voltage is P i

Any change in oulput voltage is compensated

by changing the current I I:hrnngh the control
element as per the eontréh

by adjusting the voltage across the conlrol
element as per the control signal.

4, The control element is low cument, high
voltage rating component.

The control element is high current, low
voltage rating component.

5, The regulation is poor.

The regulation is good.

6. Efficiency depends on the load current.

Efficilency depends on the output voltage.

7. Mot suitable for varying load conditions.
Preferred for fixed voltage applications

Preferred for fixed as well as variable voltage
applications.
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8. Simple to design. Complicated to design as compared to shunt
regulators.
8. Examples are : Zener shunt regulator, Examples are : Series feedback type regulator,
istorised shunt regulater ete. series regulator with preregulator and foldback
limiling etc.
Table 10.1

10.7 Shunt Regulator using Op-amp

The op-amp can be used as a voltage comparator. The circuit diagram is shown in the
Fig. 10.9. The potential divider formed by the resistances R, and R,, provides the part of
the output voltage as a feedback. The op-amp compares this with the reference voltage
generated by zener diode. The op-amp provides the control (signal) current to shunt
control element which is the transistor Q. The current through the resistance R is thus
controlled to drop a voltage across R so that the output voltage is maintained constant.

Fig. 10.9 Shunt regulator using op-amp

The shunt regulator is generally suffered with the following limitations :

i} The maximum load current that can be supplied is limited.

ii) A large amount of power is wasted in the zener diode and the series resistance R,
in comparison with the load power.

iii) The performance factors like stability factor and the output resistance are not very
low, as desired for a good regulator circuit.
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10.8 Voltage Follower Regulator using Op-amp

The voltage follower d.c. regulator is nothing but fixed voltage series regulator using
op-amp. It is shown in the Fig. 10.10.
Service pass

Q transistor
p-ral -
_l

o=
AMAN
Vil

Fig. 10.10 Voltage follower regulator

The op-amp is used as a comparator. The supply of op-amp is derived from input
supply terminals. Hence op-amp supply voltages are +V;, and ground. The inverling
terminal of op-amp is connected to the output terminal.

Vg =V,

o
While the voltage of noninverting terminal i.e. node A is zener voltage Vg, decided by
the zener diode D;.

Va = Vz
But due to virtual ground,
Vg = Vy
ie. vV, = Vg

Key Point: Thus the output voltage is constant equal to zener voltage.

The series pass transistor is to supply the additional load current which op-amp can
not supply. For large load current, op-amp has to supply only base current of the
transistor, Ig.

If load current is less than 25 mA, series pass transistor Q does not play any role and
op-amp behaves as a voltage follower.

The C, is large capacitor of the order of 50 to 100 uF. The functions of C, are,

1. To help to supply fast demands on regulator.

2. To eliminate the possibility of any oscillatory behaviour of the regulator.
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Using equation (7) in equation (5}, load regulation can be obtained.

While the ripple rejection is,

Vi (out)

RR = 20 Log Vi)

Using Vg(in) for AV;, and Vg(out) for AV, in the equation (3) we get,

Vg(in)Z,

VR{OU t) = R
3

From this, ripple rejection can be obtained.

e (8)

e (9)

mwp Example 10.1 : For a particular vollage follower d.c. regulator Vi, = 15 £ 10 % with
R, =20 £ The oufput voltage is 4.7 V with Ry = 330 Q. The maximum load current is

50 mA. Find

i) Line regulation i) Load regulation  and iii) Ripple rejection.

The dynamic impedance of zener diode is 7 Q.
Solution : 2, =70, Ry =330Q, V, = 47 V, Vy, = 15V
The specified change in Vi, is 10 %,

AV, x100 _ 0.03181x100

AV, x100 _ 0.02121<100

AV = 10%o0f Vi =01x15=15V
A\"in ZZ 1.5x7
AV, = _“-—RJ == 35 = (.03181 V
Line regulation = v
o
For I{max) = 50 mA,
av. = MR, Z, 50x107° x20x7
° - R, 330
Load regulation =
VU
Vp(in)Z,
Now Vglout) = R,

Velow) 25 _ 7
Ve Gn) 5 30

RR = 20 Log 0.02121 = - 33.46 dB
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10.9 Adjustable Output Regulator
The series regulator having fixed output voltage of V, = V7 can be converted to
adjustable output regulator. This is possible by connecting a potential divider at the
output. This is shown in the Fig. 10.11.
Series pass
transistor

—

‘ o +
R; 3 2R
i ® \L ‘ |3
e * t Iy
Vin _l_ 4/ =G Vv R

®
Y.l L

L L v |4

Fig. 10.11 Adjustable output regulator

The basic operation of the circuit is same as voltage follower regulator. The voltage at
noninverting terminal is Vz i.e. V, = V5. Due to virtual ground, Vg = V, = V5.

Now this Vy is voltage across R; as shown in the Fig. 10.11. If Vg, becomes more than
Vg, then this reduces the op-amp output which controls the conduction of transistor Q;
and finally V,, reduces to such a level which gives Vg, = V.

There exists a fixed relation between V, and Vg,. From potential divider rule,

= - vh RZ
Vi = VZ_R1+R2 e (1)

V'V
AMAN
W

o
AMAM
Vv

AAAA

The op-amp acts as a comparator i.e. error amplifier. It amplifies the error if any and
maintains output at constant level.

From equation (1),

L= Yz ®iR) _y R @
R, 2

v,
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A

Ry, §§-—Shder
B4

R g }Rz

Fig. 10.12

10.9.1 Performance Parameters

Thus by adjusting proportion of R; and R;,
the output voltage can be made adjustable. The
proportion of Ry - R; can be practically
adjusted as shown in the Fig. 10.11.

By adjusting the position of slider, the
proportion of Ry — Ry can be adjusted. When
position of slider is at A, R, = R, and
R, = Ry + R, while when position of slider is
atB,Rj=R,+R and R, =R,.

The expression derived for performance parameters for voltage follower constant
voltage regulator are applicable for adj

table voltage regulator with a change that the

factor by which V; gets multiplied appears in all the expresssions.

AV, Z R
AV, = —IZ [n_l] w3
° R, R,
I, (max) R, Z R
and v, = LR, Zy [1+—‘} o)
° Ry R,
Vglin) Z. R
Veplout) = —B—"Z [1+—‘} .. (5)
K R, R,
mmp Example 10.2 :  Design an op-amp series voliage regulator to meet the following
specifications :

V; = (18 £ 3) volts

V, = 9 volls at I, = 10 to 50 mA
Zener available Vz = 56 V

PZ may = 05 w
Solution :
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12l = 16071
+_Ii-:— = K
R, 0.6071
Ry = 0.
Let Ry = 10kQ
R, = 1647 kQ
Minimum zener current is say 5 mA, which is same as current through R;.
s
1 = '_"Illllllinjl_ VZ
Z min R 3
sx10d = M8-31-56
Ry = 188 kQ
For Viax = 18 +3 =21V we get,
I, = 56 19 maA
188x10°
Pp = IzgxVgz= 819x1073 %56 = 0.045 W
Thus Pp < Pz
Thus the designed elements are
R, = 10kQ
R, = 1647 kQ
Ry = 188 k2
Assume P of the series transistor as 30.
po= e lom
B 7 541 P
50
g = e 161 mA

The op-amp must be capable of supplying this current. The op-amp 741 has output
current rating of 25 mA. Hence op-amp 741 can be used.
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AV, for given Al L (max)x 100

% Load regulation =
Vo
-3
_ 2.504x10 "wo=o.0139%
18
VplmZ, [ R,
And Vglout) = —B—-——[H—
R Rj R,
Vi {out) 7 [ 1 } 3
_ = — | = 6.26x10
\-"R(m) 1.8)(103 +1 4
Vg (out)
RR = ZOLog-—-mmT—-H.mdB

10.10 Precision Voltage Regulator

The limitation of voltage follower regulator is that the zener circuit is connected to the
supply side. Thus any changes in Vg, directly affects the zener voltage and hence the
output voltage.

The circuit in which zener circuit is connected to the output side, is called precision
voltage regulator and is shown in the Fig. 10.14.

Series pass
transistor Q,
+ - +
/ Ry R, Ry
+ +
Vin - R, =C, V,
™\
Op-amp, Vy
ermor D, R, tRy
amplifier

Fig. 10.14 Precision voitage regulator
Except the change in position of zener circuit from input to output, there is no change
in the circuit as compared to adjustable voltage regulator circuit.
Now to keep base of Q; positive, op-amp output must be more positive than regulated
output voltage V. But if +V of op-amp is connected to V, it is not possible hence +Vc
terminal of op-amp is connected to positive of Vy, as shown in the Fig. 10.13.
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Now if I; required is large then,

1
D
I I
and Iy = L,I”ﬂ,ll'aﬂ e @

which it can

Thus the total current op-amp has to supply reduces by the factor B IB
1F2
casily supply.
If the load current is zero, then Ig is very low and hence Ip, = Iy is low, Q, may not
be operating satisfactorily. To avoid this, resistance R, is connected to emilter of Q, as
shown in the Fig. 10.15. Its value is given by,

_ Vo+ Vg

7 Ig,(min)

10.11 Limitations of Discrete Regulators
The limitations of discrete regulators are,
1. The voltage gets affected by various factors such as temperature, line changes etc.
2. Less reliable than integrated circuit regulators.

3. All the protection circuits are to be added externally, which makes circuit bulkier
and heavier.

4. More number of components hence costlier.
5. Flexibility is less. ’

10.12 Advantages of IC Voltage Regulators
The various advantages of IC voltage regulators are,

1. Easy to use.

2. It greatly simplifies power supply design.
3. Due to mass production, low in cost.

4. IC voltage regulators are versatile.

5. Conveniently used for local regulation.

6. These are provided with features like built in protection, programmable output,
current/voltage boosting, internal short circuit current limiting etc.
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ii) Load Regulation : As defined earlier, it is the change in output voltage over a
given range of load currents ie. from full load to no load. It is usually expressed in
millivolts or as a percentage of output voltage.

iii) Ripple Rejection : It indicates regulator’s ability to reject ripple voltage present in
the input. It is defined as the ratio of the r.m.s. input ripple voltage to the r.m.s. output
ripple voltage. It is expressed in decibels (dB).

iv) Dropout Voltage : It is the minimum voltage that must exist between input and
output terminals. As mentioned earlier, it is the difference between input voltage V,, and
output voltage V,,. For most of the regulators it is 2 to 3 V.

v} Output Resistance (R,) : It is the rate of change of output voltage with respect to
the output current. It should be as small as possible.

vi) Maximum Input Voltage (V, ,,,,) : This is the maximum input voltage that can be
applied to the regulator safely.

vii) Maximum Power Dissipation ( Pp...) : This is the maximum power which
regulator can dissipate without damage. The actual power dissipated is approximately
equal to the voltage drop between the input and the output terminals multiplied by the
current through the regulator. For many regulators it is internally limited.

viii) Quiescent Current (Ig) : It is also called as standby current. This is the supply
current drawn by the regulator without any load. It can also be defined as the current that
must flow from the ground terminal of the regulator to operate satisfactorily.

ix) Rated Output Current (I} : It is the maximum value of the output current above
which current limiting occurs.

x) Output Noise Voltage : It indicates the tendency of the output voltage to fluctuate
above its prescribed d.c. value, over a specified frequency range.

xi) Maximum Operating Junction Temperature : It is the maximum value of junction
temperature above which thermal shutdown occurs.

Out of these parameters maximum input voltage, maximum power dissipation,
maximum operating junction temperature etc. are called as absolute maximum ratings of
IC regulator, while other ratings are called as electrical characteristics of IC regulator.

10.14.3 IC Series of Three Terminal Fixed Voltage Regulators

The popular IC series of three terminal regulators is pA78XX and pA79XX. The series
WA 78XX is the series of three terminal positive voltage regulators while pA79XX is the
series of three terminal negative voltage regulators. The last two digits denoted as XX,
indicate the output voltage rating of the IC.
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10.14.6 Adjustable Regulator using 78XX Series
Though IC 78XX  series
i L regulators have fixed value of the
+ a +
Vin I—?-B:il Vout regulated output voltage, by

- - connecting two resistances
externally, an adjustable output

voltage can be obtained.
= 3“2 = The typical connection of 78XX
IC rcgulator to obtain wvariable

output voltage is shown in the
Fig. 10.22 Adjustable regulator using IC 78XX Fig, 10.22.

Ry

VVVy—

AMAN

= RZ
Vou = Vreg |1+

where Vg = Regulated fixed voltage of IC
By varying R, variable output voltage can be obtained.

10.14.7 Applications of IC 78XX and 79XX

These ICs are regulator ICs and are basically used to provide constant d.c. voltages to
various components in complex electronic circuits.

~ The IC 7805 is typically used to provide constant 5 V supply to the digital circuits.

The IC 7812 and 7912 are used to provide dual supply of + 12 V to operational
amplifiers used in the electronic circuits.

10.14.8 Datasheet Specifications of IC 7805
The Table 10.3 gives the absolute maximum ratings of the 7805 IC regulator.

Absolute maximum ratings of 7805 voltage regulator
Input voltage (5 V through 18 V) 24 V) BV
40V

Internal Power dissipation Internally Limited
Storage Temperature Range =-65° to + 150 °C
Oparating junction
Temperature range

WA 7800 ~55°C to + 150 °C

WA 7800 C 0°C to + 125 °C

Table 10.3
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immp  Example 10.4 : Calculate the output voltage of the adjustable regulator shown in the
Fig. 10.23.

+
Vo

7808

- 5 kel

4]

™

Fig. 10.23
If Ry is varied from 1 K to 10 K2 find the range of output voltage.
Solution : R =5 ki), R, = 10 k ’
'l'hlzICis'FSUSi.e.Vms=+ 8V

R
Vo = vmg[uiﬂ:s[nl—sq]
= Ex3=24V
Now R, = 1 K then,

Vo = 8 [1+%] =96V

Thus the Vg, can be varied from 9.6 V to 24 V, by varying R, from 1 kQ to 10kQ .

10.14.9 Boosting Regulator Output Current

For limiting the cost and size,
if output current as high as 10 A
is required then it is convenient
to boost a regulator output
current, which is of less capacity,
with the help of external circuit.

+ SV The three terminal regulators
LOAD can be boosted by connecting an
IL— external pass transistor in parallel
with the regulator itself. Due to
this the maximum output current
— of 78XX regulator which is 1A,

Iin

Fig. 10.24 Current Boosting of regulator
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used. The Fig. 10.27 shows the functional diagram of LM 317 along with the capacitors
and the protecting diodes.
Key Point: The diodes are necessary if output voltage is higher than 25 V.

iy Example 10.7 : Determine the regulated output voltage for the LM 317 voltage regulator
shown in the Fig. 10.28.

LM 317
oo IN ouTH °
330 uF I ADJ 2200
1
= 15k ‘g 20 uF
Fig. 10.28

Solution : The resistances used are,
R, = 220Q and R, =15kQ
while for LM 317, I“,J- =100 pA

R
2
V, = 125 [h ﬁT] + Tapy Ry

1.5%103
220

o

1.25[1+ J+100x10"’x1.5x103

=992V

mmp Example 10.8 : Find the range in which output voltage can be varied with the help of
LM 317 regulator using Ry = 820 € and R us 10 K polentiometer.

Solution :  For LM 317, the current I = 100 pA

When R, is minimum i.e. Ry = 0 then,

R'!
Vo = 1‘25[1"1-{—;]-!—]*\:“ R, =125V

When R; is maximum, i.e. Ry = 10 kQ then

3
V, = 1,25[1+.]9.;.;-‘L]+1oox10-hx10x103 1749 V

Thus the output voltage can be varied in the range 1.25 V to 1749 V



Analog and Digital Electronics 10 -34 Voltage Regulators

10.16 Basic Switching Regulator

The operating principle of switching regulators is completely different than that of
linear rcgulntiws, The switching regulators are also called as switched mode regulators.
Such a switching regulator requires an external transistor and a choke. The series pass
transistor in such a regulator is used as a controlled switch and is operated in cut-off
region or saturation region. Hence the power transmitted across such a transistor is in the
form of discrete pulses rather than a steady flow of current.

When the transistor is operated in the cut-off region, there is no current and dissipates
no power. While when it is operated in the saturation region, a negligible voltage drop
appears across it and hence dissipates very small power, providing maximum current to
load. In any case, the power dissipated in the transistor is very small. Almost the entire
power gets transmitted to the load. Hence the efficiency of the switching regulators is
always very high.

Key Point: The pulse width modulation is the basic principle of the switching regulators.

The average value of repelitive pulse waveform is proportional to the area under the waveform.

So switching regulators use the fact that if duty cycle of the pulse waveform is varied,
the average value of the voltage also changes proportionally.
Key Point: The duty cycle of the pulse waveform is the ratio of the on time t,, to the
period T of the pulse waveform.
Mathematically it can be expressed as,
t

dul ed = —I0 {1
yeyded = M
b= =t f - @
where ton = on time of pulse
tor = off time of pulse

. . 1
T = hmepenod=tm+tuﬁ=?

This basic pulse width is shown in the Fig. 10.29,
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It has to satisfy the requirements as :

i) It has to supply required power and the losses associated with the regulator.
ii) It must be high to satisfy the minimum requirements of the regulator.

iii) It must be large to supply sufficient dynamic range of line and load changes.

The switch is generally a transistor. The pulse generator output makes it on and off.
The pulse generator produces a required pulse waveform. The most effective range of
pulse waveform frequency is 20 kHz. The typical operating frequency range is
10 to 50 kHz. The filter F; may be RC, RL or RLC. Most commonly used filter is RLC. It
converts the pulse waveforms obtained from the switch into a d.c. output voltage.

10.17 Block Diagram of SMPS

The Fig. 10.31 shows the functional block diagram of basic switching voltage regulator,
which uses transistor Q; as a switch,

Error Pul
amplifier se
wavelorm  § Vin
l "

Vollage Feedback
reference voltage

Fig. 10.31 Functional block diagram of switching regulator

R Potential
divider

B
I

The part R, /R, + R, of the output is fedback to the inverting input of error amplifier.
It is compared with the reference voltage. The difference is amplified and given to the
comparator inverting terminal.

The oscillator generates a triangular waveform at a fixed frequency. It is applied to the
non-inverting terminal of the comparator. The output of the comparator is high when the
triangular voltage waveform is above the level of the error amplifier output. Due to this
the transistor Q; remains in cut-off state. Thus the output of the comparator is nothing
but a required pulse waveform.

The period of this pulse waveform is same as that of oscillator output say T. The duty
cycle is denoted as & = t,,/T or t,, f as mentioned earlier. This duty cycle is controlled by
the difference between the feedback voltage and the reference voltage.
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10.19 Step Down Switching Regulator (Buck)

The Fig. 10.32 shows the basic circuit of step down switching regulator, which is also
called buck type switching regulator.

It uses an inductor L and series transistor Q; which acts as a switch. The reference for
error amplifier is provided by zener voltage V. The output is fed back to error amplifier
through potential divider. The pulse width oscillator controls the operation of Q; as on or
off, depending on the load requirements.

Q, L
N B ) + Vo\.n
Unregulated J:
_T_ Dy :I: c Ry
- = Ry =
Variable
puise width
oscillator "
. =~ Potentlial
Error signal dividar
Quitput
feedback
/ Viwk -
Eror
amplifier

Zener diode
for reference

Fig. 10.32 Step down switching regulator

Consider an equivalent circuit of the regulator as shown in the Fig. 10.33. In this
circuit, Q; is shown as a switch as it does the function of a switch.

Q
* ./‘{" L v
ST o
v, '
|

contral

-_I_ Su:iu:h Dy I c Ry
Fig. 10.33 Equivalent circuit
The transistor Q, is used for switching the input voltage for the required period of

time, which is dependent on load cumrent requirement. The L-C filter averages the
switched voltage.
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The Fig. 10.35 shows the waveform of capacitor voltages for ty, > tyq and ty, <ty

Ve _‘ ™ M L‘ﬂ o l__
PN --\{7"‘?\"’"“‘1

]
- | 'l
r T T

--A\-t-

(a) ty, >ty

(b) ton < Loy
Fig. 10.35 Variation in V,, based on duty cycle
The waveforms for step down switching regulator are shown in the Fig 10.36.

Input

ulll
Unregulated
de.

tm— lopy =

i
-y
t

?iE £
\
//
)
\

4
N

Diode
current

Diode Diode
off 1 oon i

Fig. 10.36 Waveforms for step down :swﬂ:hlng regulator
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The transistor Q; works as an on/off switch. When Q, is driven into saturation, Vg is
very very small and it acts as short circuit. When Q, is driven into cut-off, it is off and it
acts as an open circuit. Let us study these two cases in detail.

Case 1: Let?, is ON ie. driven to saturation.
When Q, is ON, Vi is denoted as Vcp(sat) and the voltage across L suddenly
becomes [V, - Vcg(sat)] as shown in the Fig. 10.38 (a). This expands the magnetic field

around the inductor very quickly. This voltage across L can be obtained by applying KVL
to Vi, L, Q and Vi closed path.

During the ON time (t,,) of Q,, the voltage across the inductor starts decreasing
exponentially from its initial maximum value [V, - Vcg(sat)].

Vin= Veelsat) |\\
.
e OFF

D
+ \vﬁn + - r;)[‘l i + ‘\juu!
: 1

- Q0N c R

= 2 Vanable T I

Ry= pulse width Vieglsat) = Ry =
< oscillator
Ry
+ =

—
\’
Fig. 10.38 (a) Step up type when Q, is ON
Key Point: The longer the on time of Qy, the smaller will be the voltage across I.

Case2: Let Q is switched OFF i.e. cut-off region. When Q; is OFF, the magnetic field
of the inductor L collapses and its polarity gets reversed. This is because an inductor
current can not change instantly. Thus value of V| attained after exponential decrease
when Q, is ON, now gets reversed as shown in the Fig. 10.38 (b). Due to reversal of
polairty, it gets added to Vj,.

Trace the path V,, L, Dy, C and V. The dicde D, is forward biased due to reversed
Vp and capacitor C now charges to V;, + V. The output voltage is voltage across



Analog and Digital Electronics 10 - 45 Voltage Regulators

10.20.2 Disadvantages

The disadvantages of boost regulator are :

1. It provides single output.

2. The duty cycle is limited to 50% to avoid the continuous current mode. . . ~gulator
enters the continuous current mode, it stops regulating the output. Thus for a
minimum input voltage range, maximum duty cycle is limited.

3. Due to restricted duty cycle, the peak collector current is very high. This limits its
output power rating.

4. No isolation between input and output. Any surge or transient in input can reach
to output directly.

10.21 Voltage Inverter Type Switching Regulator (Buck-Boost)

This type of switching regulator produces an oulput voltage having polarity opposite
to that of the input voltage. This is also called buck boost type switching regulator. The
Fig. 10.40 shows voltage inverter type switching regulator.

The elements are again identical to buck and boost type regulators but their
connections are different. The basic action remains same. Any change in output produces
error which gets amplified by op-amp error amplifier. This controls the on/off periods of
Q to regulate the output, through variable pulse width oscillator.

G o v,

AAMA

Variable -4
pulse width
oscillator

AAAA

Error amplifier

Fig. 10.40 Voltage inverter type switching regulator
Let us analyse two cases.
Case 1: Let Q is switched ON.

The Q, goes into saturation and the voltage across it drops to Vg(sat} which is about
0.3 V. Due to this voltage across inductor suddenly rises to [V, = Vg(sat)] and magnetic
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