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Digital systems are being used in 
almost every application because 
of their increasingly efficient, 
reliable and economic operation. 
With the development of the 
microprocessors, data processing 
has become an integral part of 
various systems.  

Data processing involves transfer 
of data to and from the computers 
via input/output devices. 

2Data Conversion Circuits

Digital Principles and Applications by Malvino & Leach

Digital systems use a binary system 
of data while the input/output 
devices handle analog data.  

Hence there is a need of interface 
between these two types of data 
types.  
On the basis of conversion of data, 
the converters are of two types,  
 i. Digital to Analog converters   

(D – A converters)  

 ii. Analog to Digital converters   
(A – D converters)  

 



In case of a digital to analog 
converter, binary data is converted 
into analog voltages.  

The basic problem in converting a 
digital signal into an equivalent 
analog signal is to change the 
digital voltage levels into one 
equivalent analog voltage.  

This can be done by designing a 
resistive network that will change 
each digital level into an equivalent 
binary weighted voltage. 

3Digital to Analog Converter
Let us consider a truth table of a 3 
– bit binary signal, 
 

 

 

22 21 20

0 0 0
0 0 1
0 1 0
0 1 1
1 0 0
1 0 1
1 1 0
1 1 1
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Let us make the smallest number 000 equal 
to 0V and largest number 111 equal to 7V.  
Now we need to define seven discrete 
analog voltage levels between 000 and 111. 

The smallest incremental change in the 
digital signal is represented by the least 
significant bit (LSB), 20.  
We would like to have this bit cause a 
change in the analog output that is one – 
seventh of the full – scale analog output 
voltage.  

In our case, full – scale analog output 
voltage is 7V and hence 20 bit will cause a 
change at the output 

4Digital to Analog Converter
The second bit 21 = 2 = 2 x 20 represents a 
number that is twice the size of the bit 20. 
Therefore a 1 in the 21 bit position must 
cause the change in the analog voltage that 
is twice the size of the LSB. Hence, bit 
will cause a change of  

. 

Similarly, 22 = 4 = 4 x 20 i.e. the third bit 
represents a number that is four times the 
size of the 20 bit. Hence, 22 bit will cause a 
change of  

 

 

 

1
7
× 7V = 1V

2
7
× 7V = 2V

4
7
× 7V = 4V
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The total output voltage is due to the sum of the individual 
contribution of the bit wise voltages . 
The Truth table can be redrawn giving the analog output voltages.

22 21 20 Bit wise 
contribution

Analog 
Output

0 0 0 0V + 0V + 0V 0V
0 0 1 0V + 0V + 1V 1V
0 1 0 0V + 2V + 0V 2V
0 1 1 0V + 2V + 1V 3V
1 0 0 4V + 0V + 0V 4V
1 0 1 4V + 0V + 1V 5V
1 1 0 4V + 2V + 0V 6V
1 1 1 4V + 2V + 1V 7V

Digital to Analog Converter



The process can be continued and for 
each successive bit, the analog voltage 
value must be twice that of the 
preceding bit.  

Hence, if there are n bits in a binary 
system and the full – scale output 
voltage is V then the LSB is given by, 

The subsequent bit position will have 
the output voltage in the following 
sequence, 

6Digital to Analog Converter
A digital to analog converter can 
be constructed using two methods,  

Resistive Ladder or Weighted 
Resistor Method 
R - 2R or Binary Ladder 
Method 

 

 

 

1
2n −1

V

2
2n −1

V , 4
2n −1

V , 8
2n −1

V , 16
2n −1

V
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In the weighted resistor method, 
resistances are selected in such 
manner that the voltage drops 
across the resistors is in such 
fashion that as we go from the 
LSB towards the MSB, the 
voltage drop increases by a factor 
of 2 at each step. 

 

7
Resistive Ladder 

(Weighted Resistor Method)
It can be seen that for each 
successive bit, the resistance value 
decreases by a factor of 2.  
As is the requirement of a Digital 
to Analog converter, the voltage 
drop at each successive resistance 
increases by a factor of 2.  
Hence, at each successive step 
larger currents are needed to be 
handled by the resistors. 
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Resistive Ladder 
(Weighted Resistor Method)

Digital Principles and Applications by Malvino & Leach

The output voltage V0, is given as,

V0 = −RF
b0
R
+ b1
R / 2

+ b2
R / 4

+ b3
R / 8

⎛
⎝⎜

⎞
⎠⎟V

Drawbacks 
Precision resistors of different values are required which increases the cost of the converter.  
The MSB resistor has to handle much greater current than the LSB resistor. 



The binary ladder is a resistive 
network whose output voltage is a 
properly weighted sum of the 
digital inputs.  
It is constructed of resistors that 
have only two values R and 2R 
and thus overcomes the need of 
precision resistors of smaller 
values.  
The left end of the ladder is 
terminated in a resistance 2R and 
the output is obtained at the right 
end. 

9
R - 2R Ladder 

(Binary Ladder Method)

Let us assume that all the inputs are grounded. 
Beginning at node D, the total resistance 
looking into the terminating resistance is 2R.  

The total resistance looking outward towards 20 

input is also 2R. These two equivalent resistors 
can be combined to form an equivalent resistor 
of value R. 

Now, if we look from node C, the total 
resistance looking towards the terminating 
resistance is 2R and towards 21input is also 2R. 
Hence, the equivalent resistance is R. Same is 
the case for node B and node A.

Digital Principles and Applications by Malvino & Leach
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Now let us have the digital input data as 1000 i.e. b0, b1 and b2 are grounded and 
b3 is connected to +V volts.

V0 =V × 2R
2R + 2R

= V
2

With this input signal, the binary ladder can be redrawn as shown on the 
right side of the figure. From the equivalent circuit, the output can be found 
as,  

Thus for 1 at MSB position, the output voltage is V/2.  

R - 2R Ladder 
(Binary Ladder Method)
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Now let us have the digital input data as 0100 i.e. b0, b1 and b3 are grounded and 
b2 is connected to +V volts.

V0 =
V
2
× 2R
R + R + 2R

= V
4

With this input signal, the binary ladder can be redrawn as shown in the middle of 
the figure. The left hand side of the circuit can be converted into a Thevenin 
equivalent circuit with a resistance R in series with a voltage source V/2, as shown 
in right side of the figure. From this equivalent circuit, the output can be found as,  

Thus for 1 at 22 position, the output voltage is V/4.  
For 1 at 21 and 20 position, the output voltages are V/8 and V/16 respectively.  

R - 2R Ladder 
(Binary Ladder Method)



12

Digital Principles and Applications by Malvino & Leach

V0 =
V
2
+ V
4
+ V
8
+ V
16

+ ...+ V
2n

The primary condition of a D – A converter to have voltages increasing by 
a factor of 2 for each successive bit is satisfied. It is seen that each digital 
input is transformed into a properly weighted binary output voltage.

For n bits the output voltages for each bit will go as, V/2n. Hence the 
net output voltage will be given as,

R - 2R Ladder 
(Binary Ladder Method)
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The output voltage is given as,

R - 2R Ladder 
(Binary Ladder Method)

V0 = −RF
b0
16R

+ b1
8R

+ b2
4R

+ b3
2R

⎛
⎝⎜

⎞
⎠⎟V
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A high resolution A – D converter can be constructed using an Op – Amp 
comparator and a variable reference voltage. This reference voltage is created using 
a binary counter and a binary ladder. The reference voltage is fed to the comparator 
and when it becomes equal to the input analog voltage, the conversion is completed. 

Counter Type  
Analog to Digital Converter



First the n-bit counter is reset to all 0s. 
When a convert signal appears on the Start 
line, the gate opens and clock pulses are 
allowed to pass through to the input of the 
binary counter. The counter advances 
through its normal binary count sequence. 
This binary count is amplified and fed to 
the binary ladder. The binary ladder acts as 
a simple D – A converter and converts the 
binary counter output into an equivalent 
analog voltage. 

This voltage varies with the counter output 
and  
hence is the ideal voltage for the 
comparator operation. When the reference 
voltage equals (or exceeds) the input analog 
voltage, the gate is closed and the counter 
stops and the conversion is complete.

15
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Counter Type  
Analog to Digital Converter



The number stored in the counter 
is now the digital equivalent of 
the analog input voltage. 
The method is much simpler but 
the conversion time required is 
longer than in other methods.  
The counter always begin at zero 
and counts through its normal 
binary sequence, as many as 
counts may be necessary before 
conversion is complete.  
The average conversion time is 
2n/2 or 2n-1 counts.

16
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Counter Type  
Analog to Digital Converter

For a 10 bit converter having 
clock of 1MHz time period, full 
scale count requires 210 x 10-6 sec 
= 1 .024 ms . The ave rage 
conversion time is 0.512 ms. 
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The main component of the successive approximation type A – D converter is an n-bit 
successive approximation register (SAR) whose output is applied to an n-bit D – A converter. 
The analog output of the D – A converter is then compared by the Op – Amp comparator to the 
input analog signal which is applied to the other terminal of the comparator. The SAR 
comprises of a control logic unit, a binary counter and a level amplifier.  

Successive Approximation Type  
Analog to Digital Converter



When a convert signal appears on 
the Start line of the SAR, the SAR 
is reset by holding the start signal 
(S) high.  
On the first clock pulse, the most 
significant output bit (MSB), Yn of 
the SAR is set.  
The D – A converter then 
generates an analog equivalent 
(Vref) to the Yn bit which is 
compared with the analog input 
voltage (Vin). 

18
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When D – A converter output is less 
than the input voltage i.e. Vref  > Vin, 
the comparator output is low and 
the SAR will clear its MSB, Yn.  

On the other hand if Vref  < Vin, the 
comparator output is high and the 
SAR will keep its MSB, Yn. 

Successive Approximation Type  
Analog to Digital Converter



On the next clock pulse, the SAR will 
set the next MSB.  

Depending on the output of the 
comparator, the SAR will either keep 
or reset the bit.  

This process is continued until the SAR 
tries all the bits. As soon as the LSB Y0 
is tried, the SAR gives a HIGH signal 
at the Conversion Complete terminal.  

The CC signal enables the latch and the 
digital data appears at the output of the 
latch.  

For continuous converter action, the 
CC signal is also latched to the Start 
signal input.

19
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This type of converter has high speed 
and excellent resolution. 

For an n-bit converter, n counts are 
required.  

For a 10 bit converter having clock of 
1MHz time period, full scale count 
requires 10 x 10-6 sec = 10 µs.

Successive Approximation Type  
Analog to Digital Converter
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The objective of the transmitter block is to collect the incoming 
message signal and modify it in a suitable way (modulation) such 
that it can be transmitted via the chosen channel.  
Channel is a physical medium which connects the transmitter with 
the receiver. The channel can be a copper wire, coaxial cable, fibre 
optic cable, wave guide or atmosphere.  
The receiver block receives the incoming modulated signal and 
process to recreate the original message signal. This process is called 
demodulation.   

Modulation Techniques

Block Diagram of Communication System

Electronic Communication Systems by Kennedy, Davis & Prasanna
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The term modulate means to regulate. Hence, the process of 
regulating is called as modulation.  
Thus for regulation, we need one physical quantity which is to be 
regulated and another physical quantity which controls the 
regulation.  
In electrical communication, the signal to be regulated is a high 
frequency signal called as carrier.  
The signal which controls the modulation process is called as the 
modulating signal. The message acts as the modulating signal in 
communication systems.

Modulation Techniques

Electronic Communication Systems by Kennedy, Davis & Prasanna
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The carrier signal is characterized by three parameters;  
amplitude, frequency and phase 

The modulation process involves the message signal controlling the 
variation of one of the parameters.  

Depending on the variation of the parameter, we get the following three 
techniques,  

Amplitude Modulation  

Frequency Modulation  

Phase Modulation 

Modulation Techniques

Electronic Communication Systems by Kennedy, Davis & Prasanna



In ampli tude modulat ion, the 
amplitude of a carrier signal is varied 
by the modulating voltage i.e. 
amplitude of the message.  

The amplitude and frequency of the 
message is invariably less than that of 
the carrier.  

The carrier signal is a high frequency 
signal while the message signal 
(modulating signal) is of audio 
frequency. 

For amplitude modulation, the 
amplitude of the carrier is made 
proportional to the instantaneous 
amplitude of the modulating signal.  

23

Let the voltages of the carrier (vc) and 
modulating signal (vm) be given as, 

vc = Vc sin ωct 

vm = Vm sin ωmt 

Vc = maximum amplitude of carrier   
voltage 

Vm = maximum amplitude of the 
modulating voltage 

ωc = angular velocity of carrier 
voltage 
ωm =   angular velocity of modulating 
voltage

Amplitude Modulation 
Double Sideband Full Carrier (DSBFC)
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When a carrier is amplitude 
modulated, the proportionality 
constant is made equal to unity 
and the instantaneous modulating 
v o l t a g e v a r i a t i o n s a r e 
superimposed onto the carrier 
amplitude. When there is no 
modulation temporarily, the 
amplitude of the carrier is equal to 
its unmodulated value. When 
modulat ion is present , the 
amplitude of the carrier is varied 
by the instantaneous value of the 
modulating voltage.  

24
Amplitude Modulation 

Double Sideband Full Carrier (DSBFC)

Electronic Communication Systems by Kennedy, Davis & Prasanna



The maximum value of the 
amplitude of the modulated 
voltage is made to vary with 
changes in the amplitude of the 
modulating voltage.  
The ratio Vm/Vc is defined as the 
modulation index, and has a value 
between 0 and 1.  
I t is often expressed as a 
percentage and is called as the 
percentage modulation. i.e., 
m= Vm/Vc , 0 < m < 1

25

The amplitude of the AM (amplitude 
modulated) signal can be written as,

Amplitude Modulation 
Double Sideband Full Carrier (DSBFC)

A =Vc + vm
=Vc +Vm sinωmt
=Vc +mVc sinωmt
=Vc 1+msinωmt( )

Electronic Communication Systems by Kennedy, Davis & Prasanna
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The equation contains three terms. They are, 

The first component represents the unmodulated carrier. It is apparent that the 
process of amplitude modulation has the effect of adding to the unmodulated 
wave rather than changing it.  

The second component gives the lower sideband. The frequency of the lower 
sideband (LSB) is fLSB = fc - fm. 

The third component gives the upper sideband. The frequency of the upper 
sideband (USB) is fUSB = fc + fm. 
 

Amplitude Modulation 
Double Sideband Full Carrier (DSBFC)

The instantaneous voltage of the resulting AM signal is,  
vAM = Asinθ = Asinω ct

=Vc 1+msinωmt( )sinω ct
=Vc sinω ct +mVc sinωmt sinω ct

∵2sinAsinB = cos A − B( )− cos A + B( )
vAM =Vc sinω ct +

mVc
2

cos ω c −ωm( )t⎡⎣ ⎤⎦ −
mVc
2

cos ω c +ωm( )t⎡⎣ ⎤⎦
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The bandwidth of the AM wave is 
given as,  
BWAM = fUSB - fLSB = 2fm 

The frequency spectrum of an AM 
wave contains three discrete 
frequencies.  
The central frequency i.e. carrier 
f r e q u e n c y h a s t h e h i g h e s t 
amplitude.  
T h e o t h e r t w o d i s p o s e d 
symmetrically about i t have 
amplitudes which are equal to each 
other but never exceeds half the 
carrier amplitude.

27

In AM broadcasting service, 
where several sine waves are 
modulated simultaneously, the 
bandwidth required is twice the 
highest modulating frequency. 

Amplitude Modulation 
Double Sideband Full Carrier (DSBFC)

Electronic Communication Systems by Kennedy, Davis & Prasanna



The maximum amplitude of the top 
envelope of the AM wave is given by,  

Similarly, the maximum amplitude of 
the bottom envelope is given as,  

28

The modulated wave extends 
between these two limiting envelopes 
and has a frequency equal to the 
unmodulated carrier frequency.  

From the figure, we get 

Amplitude Modulation 
Double Sideband Full Carrier (DSBFC)

A =Vc +Vm sinωmt

−A = − Vc +Vm sinωmt( )

Vm = Vmax −Vmin
2

Vc =Vmax −Vm

=Vmax −
Vmax −Vmin

2

= Vmax +Vmin
2

The modulation index is given as,

m = Vm
Vc

= Vmax −Vmin
Vmax +Vmin

Electronic Communication Systems by Kennedy, Davis & Prasanna



The total power of the modulated wave 
is given as, 

29

All three voltages are root mean square 
(rms) values and can be expressed in 
terms of their peak values.  

R is the resistance e.g. antenna 
resistance, in which the power is 
dissipated. The power of the carrier 
wave is given as,  

Amplitude Modulation 
Double Sideband Full Carrier (DSBFC)

PAM = Pcarrier + PLSB + PUSB

= Vcarrier
2

R
+ VLSB

2

R
+ VUSB

2

R

Pcarrier =
Vcarrier
2

R
=
Vc / 2( )2

R
= Vc

2

2R

Similarly, 

PLSB = PUSB =
VLSB
2

R
= VUSB

2

R

=

mVc / 2
2

⎛
⎝⎜

⎞
⎠⎟
2

R
= m

2

4
Vc
2

2R

= m
2

4
Pcarrier

The total power is given by,

PAM = 1+ m
2

2
⎛
⎝⎜

⎞
⎠⎟
Vc
2

2R

PAM = 1+ m
2

2
⎛
⎝⎜

⎞
⎠⎟
Pcarrier
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A type of AM signal modulator 
using transformers and diodes is 
as shown in the figure.  
The modulating voltage vm and 
the carrier voltage vc are applied 
in series at the input of the diode.  
The output of the diode is 
collected via a tuned circuit tuned 
to the carrier frequency with 
bandwidth of twice the message 
bandwidth.  
The relationship between voltage 
and current in a linear resistance 
is given by, i=bv where b is 
conductance. 

30

Generation

Amplitude Modulation 
Double Sideband Full Carrier (DSBFC)

In case of non – linear resistances 
such as diodes, transistors and 
FETs, the current – voltage 
relationship is given as,  
i = a + bv + cv2 + higher powers

Electronic Communication Systems by Kennedy, Davis & Prasanna



We reject the higher powers and 
are left with the equation, i = a + 
bv + cv2 
where a represents the dc 
c o m p o n e n t , b r e p r e s e n t s 
conduc t ance and c i s t he 
coefficient of non – linearity.  
The diode in the above circuit is 
biased such that it exhibits the 
negative resistance property. 
T h e o u t p u t c o n t a i n s d c 
component, message, carrier, 
harmonics of carrier & message, 
lower s ideband and upper 
sideband.

31

Generation

Amplitude Modulation 
Double Sideband Full Carrier (DSBFC)

The requisite AM components can 
be selected using the tuning 
circuit tuned to the carrier 
frequency with bandwidth of 
twice the message bandwidth. 

Electronic Communication Systems by Kennedy, Davis & Prasanna



Once the AM signal is received at 
the receiver, the work of the 
carrier is over. 

The demodulator separates the 
modulating signal from the carrier 
and sends to the destination. 

The circuit is basically a peak 
detector. Ideally, peaks of the 
input signal are detected so that 
the output is the upper envelope.

32

Demodulator

Amplitude Modulation 
Double Sideband Full Carrier (DSBFC)

During each carrier cycle, the 
diode turns on briefly and charges 
the capacitor to the peak voltage 
of the carrier. 

Electronic Communication Systems by Kennedy, Davis & Prasanna



Between the peaks, the capacitor 
discharges through the resistor.  

If we make the time constant much 
greater than the period of the 
carrier, we get only a slight 
discharge between cycles.  

The output then looks like the 
upper envelope with a small ripple. 
A low pass filter is used on the 
output of the peak detector to 
remove the carrier ripple.  

The obtained signal is the message 
signal. 

33

Demodulator

Amplitude Modulation 
Double Sideband Full Carrier (DSBFC)

Electronic Communication Systems by Kennedy, Davis & Prasanna



In case of frequency modulation, the 
amplitude of the carrier wave is kept 
constant while its frequency is varied.  

Let the voltages of the carrier (vc) and 
modulating signal (vm) be given as, 

vc = Vc sin (ωct + ϕc)  

vm = Vm sin (ωmt + ϕm) 

Vc = maximum amplitude of carrier voltage 

Vm = maximum amplitude of the modulating 
voltage 

ωc = angular velocity of carrier voltage 
ωm =   angular velocity of modulating 
voltage 
ϕc = phase angle of carrier voltage 

ϕm = phase angle of modulating voltage

34Frequency Modulation
In frequency modulation process, 
the amount by which the carrier 
frequency is varied from its 
unmodulated value is called as 
frequency deviation.  
Frequency deviation is made 
proportional to the instantaneous 
amplitude of the modulating 
voltage.  
The rate at which this frequency 
variation takes place is equal to 
the modulating frequency. 
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In FM, all components of the 
modulating signal having the same 
amplitude will deviate the carrier 
frequency by the same amount.  

Similarly, all components of the 
modulating signal of the same 
frequency will deviate the carrier at the 
same rate. 

The instantaneous frequency of the FM 
wave is given by, 

f = fc + kf vm 

   = fc + kf Vm sin ωmt 

fc = unmodulated carrier frequency 

kf = proportionality constant in Hz/Volt

35Frequency Modulation
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The maximum deviation for this 
signal will occur when the sine term 
has its maximum value, i.e. ±1. 
Under these conditions, instantaneous 
frequency will be, 

36Frequency Modulation
The angular velocity of the FM wave 
is given as, 

f = fc ± k fVm
The maximum deviation is given as,

δ f = k fVm
The instantaneous amplitude of the 
FM signal is given as,
vFM =Vc sinθ

θ is the angle traced by the vector Vc 
in time t. It is a function of angular 
velocities ωm and ωc i.e. θ = f(ωm,ωc).

ω =ω c + 2π k fVm sinωmt
Hence,

θ = ω dt∫
θ = ω c + 2π k fVm sinωmt( )∫ dt

θ =ω ct +
2π k fVm cosωmt

ωm

θ =ω ct +
2π k fVm cosωmt

2π fm

Electronic Communication Systems by Kennedy, Davis & Prasanna



37Frequency Modulation
The modulating index for FM is 
given as,

∵δ f = k fVm

The instantaneous amplitude of 
the FM signal is given as,

m = maximum frequency deviation
modulating frequency

m =
δ f

fm
Hence,

θ =ω ct +
δ f

fm
cosωmt

vFM =Vc sin ω ct +
δ f

fm
cosωmt

⎛
⎝⎜

⎞
⎠⎟ vFM =Vc sin ω ct +mcosωmt( )

Electronic Communication Systems by Kennedy, Davis & Prasanna



38FM vs AM
Further reduction in noise in a 
FM signal is possible by 
increasing the deviation. This 
feature is not available for AM. 
Hence, AM signal cannot be 
produced without distortion. 
Standard frequency allocations 
provide a guard band between 
commercial FM stations, so that 
there is less adjacent channel 
interference than AM.

The amplitude of the FM signal is 
constant. It is thus independent of 
the modulation depth. In case of 
AM, modulation depth governs 
the transmitted power. 

All transmitted power in FM is 
useful whereas in AM most of it 
is in the transmitted carrier, which 
contains no useful information. 
FM receivers can be fitted with 
amplitude limiters to remove the 
amplitude variations caused by 
noise. This makes FM reception a 
good deal more immune to noise 
than AM reception. Characteristics

Electronic Communication Systems by Kennedy, Davis & Prasanna
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FM vs AM
FM requires a much wider 
bandwidth, about 10 times that 
of AM. 
FM transmitting and receiving 
equipment tends to be more 
complex. 
Since reception is limited to the 
line of sight, the area of 
reception for FM is much 
smaller than that of AM.

A t t h e F M b r o a d c a s t 
frequencies, the space wave is 
used for propagation. The radius 
of operation is slightly more 
than line of sight. Hence, it is 
possible to operate several 
independent transmitters on the 
s a m e f r e q u e n c y w i t h 
considerably less interference 
than would be possible with 
AM.

Characteristics




