NEUB CSE 321 Lecture 9: Interfacing with Analog world
Since the computers now a days are digital devices and the world from which it needs to take input
and show output is mostly analog, there arises a need for an interface that can them talk to each
other. This interface is basically a converter.
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Digital to Analog Converters (DAC) and Analog to Digital Converters (ADC) are two basic devices used
in measurement and control instrumentation applications. The converters are often interfaced to
microprocessor or PC.
The function of DAC is to convert digital signal to analog signal. And the function of ADC is to convert
analog signal to digital signal for computers to store, and/or operate on them.

Digital to Analog converter (DAC)

Figure 1 DAC based on weighted resistor network
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Principles of digital to analog conversion
DAC converts digital quantities represented by binary code to proportional voltages or currents.
Several techniques are employed for digital to analog conversion. Some of them include
Weighted resistor network
The circuit below uses a simple resistor network for digital to analog conversion. Resistors in the
network are binary weighted, i.e. 21 𝑅, 22 𝑅, 23 𝑅, 24 𝑅 … 2𝑛 𝑅. Each of the digital input controls a
(transistor) switch in the network. When a switch is closed, current flows from the reference source
through the binary weighted resistor to the summing point (virtual ground). The op amp performs
the sum of currents and outputs a proportional voltage. Functionally, the binary weighted resistor
pass binary weighted current that are summed and converted to voltage.
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where,

𝑆3 , 𝑆2 , 𝑆1 𝑎𝑛𝑑 𝑆0 represent the status of the switches and take value 1 or 0 if the respective switch is
closed or opened. The 4-bits of the digital input control the 4 switches to provide 24 different switch
settings and produce 16 different discrete voltages at the output. In general, an n-bit digital quantity
produces 2𝑛 different discrete analog voltages.
There is a practical difficulty in implementing the weighted resistor network. The construction of an
n-bit DAC with this type of simple resistor network needs n+1 resistors with values 20 𝑅, 22 𝑅, … 2𝑛 𝑅.
The value of the LSB resistor is 2𝑛 times the feedback resistor R. The nominal value of the feedback
resistor is 5kΩ. For 8-bit and 12-bit DACs the LCB resistors will be 1.28MΩ and 20.48MΩ respectively.
Such high values of resistance are not easily achievable in ICs.
The diagram below shows a 4-bit DAC implemented using weighted resistor network.

The
circuit
was
designed in Proteus
version
8.
The
simulation
file
is
available
in
the
website for students to
simulate themselves
and verify that the
circuit works.

Figure 2 Implementation of 4-bit DAC using weighted resistor network

Here switches are manually controlled for students to change the values and check themselves the
outputs. SW0, SW1, SW2 and SW3 are D0, D1, D2 and D3 respectively.
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The R-2R ladder resistor network solves the above problem in a simple way. As in the figure below,
the circuit uses resistors with two values, R and 2R, in ladder arrangement. It is functionally
equivalent to the previous technique. The current entering a branch in the network splits into two
halves at a node and further divides equally again at each node as it proceeds through the ladder.
Each of the digital input controls a switch to steer current through the resistor either to summing
point or to the ground.

2

R-2R ladder network
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The op amp performs the sum of currents reaching the summing point (𝐼𝑆 ) and outputs proportional
voltage.
The current in summing point is given by
𝐼𝑠 = 𝐼0 + 𝐼1 + 𝐼2 + 𝐼3
𝐼1 𝐼2 𝐼3 𝐼𝑟𝑒𝑓
𝐼𝑠 = + + +
2 2 2
2
𝑉𝑟𝑒𝑓
𝐼𝑟𝑒𝑓 =
𝑜𝑟 𝑉𝑟𝑒𝑓 = 𝐼𝑟𝑒𝑓 ∗ 𝑅
𝑅
So
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Figure 3 DAC based on R-2R ladder network (2 different approach of representation)
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This equation is valid when all the switch is connected to the summing point. If not connected to the
summing point 1 will be replaced by 0. So in general the equation can be written as
𝑆0 𝑆1 𝑆2 𝑆3
𝐼𝑠 = 𝐼𝑟𝑒𝑓 ( 4 + 3 + 2 + )
2
2
2
2
Analog voltage for a digital input quantity is given as
𝑆3 𝑆2 𝑠1 𝑆0
𝑆3 𝑆2 𝑠1 𝑆0
𝑉0 = 𝑅 × 𝐼𝑠 = (𝑅 × 𝐼𝑟𝑒𝑓 ) ( 1 + 2 + 3 + 4 ) = 𝑉𝑟𝑒𝑓 ( 1 + 2 + 3 + 4 )
2
2
2
2
2
2
2
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𝑆3 , 𝑆2 , 𝑆1 𝑎𝑛𝑑 𝑆0 represent the status of the switches and take value 1 or 0 if the respective switch is
closed or opened.
The diagram below shows a 4-bit DAC implemented using R-2R Ladder network.
𝐼𝑠 =

The
circuit
was
designed in Proteus
version
8.
The
simulation
file
is
available
in
the
website for students to
simulate themselves
and verify that the
circuit works.

Figure 4 Implementation of 4-bit DAC using R-2R Ladder network

Here switches are manually controlled for students to change the values and check themselves the
outputs. SW0, SW1, SW2 and SW3 are D0, D1, D2 and D3 respectively.

Pros

Easily understood

Only 2 resistor values
Easier implementation
Easier to manufacture
Faster response time

Cons

Limited to ~ 8 bits
Large # of resistors
Susceptible to noise
Expensive
Greater Error

More confusing analysis
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R-2R
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Binary Weighted

NEUB CSE 321 Lecture 9: Interfacing with Analog world
Current output DAC
In the above techniques, the op amp performs the sum of currents and converts to voltage. The
performance of such devices depends on the speed of output op amp. Though devices producing
voltage outputs are more convenient to use, better performance could be obtained with current
output devices. The current output could then be easily converted to voltage.
In a current output DAC, binary-weighted currents are generated by an array of transistor current
sources and switched either to output terminal or to ground depending on the binary input. Figure
below shows the circuit of a 4-bit current output DAC. Reference current decides the range of
Operation. An n-bit current output DAC outputs 2n different discrete values of current.

Figure 5 Current output DAC
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R-2r Ladder can also be used to create current output DAC. In that case the op-amp can be simple
removed to create a current output DAC.
The figure below shows a current output DAC implemented using R-2R ladder network.
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DAC Characteristics
Several characteristic terms are defined for DACs to indicate their performance. The following
characteristic parameters should be considered when selecting a device for an application:
a) Resolution. It is defined as a change in analog output for one LSB change in digital input. It is
given as Vres=(1/2n) x Vref or Vres = VoFS /(2n-1), where Vref is reference voltage and VoFS fullscale analog output.
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b) Reference Voltage: A specified voltage used to determine how each digital input will be
assigned to each voltage division.
• Non-multiplier: internal, fixed, and defined by manufacturer
• Multiplier: external, variable, user specified
c) Settling time. It is the time required for the DAC to settle for a full-scale code change.
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d) Full-scale analog output. The analog output voltage for the full-scale digital input is defined
as the full-scale analog output. It is given as Resolution x DFS where DFS is the decimal value
of full-scale digital input. 𝑉𝐹𝑆 = 𝑉𝑟𝑒𝑓 − 𝑉𝑟𝑒𝑠
e) Analog output. This is the voltage produced by the DAC for a digital input D and is given as
Resolution x D.
f) Range of operation. It is the swing of analog output for the least to full-scale digital change.
g) Linearity: Linearity is the difference between the desired analog output and the actual
output over the full range of expected values. Ideally, a DAC should produce a linear
relationship between a digital input and the analog output, this is not always the case.
h) Speed: Rate of conversion of a single digital input to its analog equivalent
• Depends on clock speed of input signal
• Depends on settling time of converter

AD558
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AD558 is a popular 8-bit DAC from analog devices, which is available in a 16 pin dip package. The
figure below shows the internal block diagram of AD558 and AD558 interfaced with 8086.
Internal block diagram
The DAC has an internal 8-bit latch, R-2R ladder network, onboard precision reference voltage, and
̅̅̅̅ , 𝐶𝐸
̅̅̅̅ terminals. When both 𝐶𝑆
̅̅̅̅ and
an internal op amp. It is microprocessor-compatible and has 𝐶𝑆
̅̅̅̅ are low, the binary input on D7-D0 terminals is transferred to DAC section. When either 𝐶𝑆
̅̅̅̅ or
𝐶𝐸
̅̅̅̅
𝐶𝐸 goes high, the input is latched in the internal register and held until both signals go to low. The
device has two separate ground terminals for digital and analog signals. The range of output is pinprogrammable with Select and Sense pins for 0 to 2.56 V or 0 to 10.0 V. For the connection shown in
the figure, the device is configured to operate in the range of 0 to 2.56 V.
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Figure 6 AD558 (a) block diagram (b) interfacing with 8086
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Interfacing to 8086
The PAL decoder connects the DAC to the system at l/O port address FEH. The PAL is programmed to
generate device select signal at its YO output for the input condition
̅̅̅̅
𝑌0 = 𝐴7 × 𝐴6 × 𝐴5 × 𝐴4 × 𝐴3 × 𝐴2 × 𝐴1 × ̅̅̅̅
𝐴0
̅̅̅̅ and the 𝐼𝑂𝑊
̅̅̅̅̅̅ is connected to 𝐶𝐸
̅̅̅̅ input. An l/O write at
The decoder output Y0 is connected to 𝐶𝑆
port address FEH transfers the byte to the DAC. The byte remains stored in the latch till next chip
select occurs. The DAC generates analog equivalent for the byte.
Example
Write an ALP code to generate a triangular waveform with DAC interface show above.
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Analog to Digital Converter
Analog to digital converter produces digital data at its output that represents the magnitude of
analog signal at its input.
Why is ADC needed?
• Microprocessors can only perform complex processing on digitized signals.
• When signals are in digital form they are less susceptible to the deleterious effects of
additive noise.
• ADC Provides a link between the analog world of transducers and the digital world of signal
processing and data handling.
Application of ADC
• ADC are used virtually everywhere where an analog signal has to be processed, stored, or
transported in digital form.
• Some examples of ADC usage are digital volt meters, cell phone, thermocouples, and digital
oscilloscope.
• Microcontrollers commonly use 8, 10, 12, or 16 bit ADCs,
ADC process
The basic conversion technique for ADC has the three steps
• Sampling
• Quantification
• Coding
Sampling
• Digital system works with discrete states
• The signal is only defined at determined times
• The sampling times are proportional to the sampling period (Ts)
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Quantization
The signal can only take determined values
Belonging to a range of conversion (ΔVr)
• Based on number of bit combinations that the converter can output
• Number of possible states:
N=2n where n is number of bits
• Resolution: Q= ΔVr/N
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Coding
Assigning a unique digital word to each sample
Matching the digital word to the input signal
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Several types of ADC s are commercially available. However, for choosing an ideal ADC among
hundreds of devices for an application, better understanding of conversion techniques, their
advantages and disadvantages is essential. Following are some types of ADC:
• Parallel conversion / Flash ADC
• Digital Ramp ADC
• Integration (single and dual slope)
• Successive approximation
Analog to digital conversion is more complex than digital to analog conversion. Most ADCs (except
parallel conversion types) do not convert instantaneously like DACs. They begin conversion on
receipt of start of conversion (SOC) signal and indicate the completion by an end of conversion signal
(EOC). The minimum time that is required for the ADC to complete the conversion is referred to as
conversion time.

10

The accuracy of an ADC can be improved by increasing:
• The sampling rate (Ts)
• The resolution (Q)

NEUB CSE 321 Lecture 9: Interfacing with Analog world
Parallel/Flash ADC
Parallel A/D converter circuit is the simplest to understand. It is formed of a series of comparators,
each one comparing the input signal to a unique reference voltage. The comparator outputs connect
to the inputs of a priority encoder circuit, which then produces a binary output. An n-bit flash ADC
contains 2𝑛 − 1 comparators and an encoder. The following illustration shows a 3-bit flash ADC
circuit:

A simulation file is
available
in
the
website for students to
simulate themselves
and verify that the
circuit works.

Figure 7 Flash ADC

Figure 8 Flash ADC working
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Vref is a stable reference voltage provided by a precision voltage regulator as part of the converter
circuit, not shown in the schematic. As the analog input voltage exceeds the reference voltage at
each comparator, the comparator outputs will sequentially saturate to a high state. The priority
encoder generates a binary number based on the highest-order active input, ignoring all other active
inputs.
When operated, the flash ADC produces an output that looks something like this:
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For this particular application, a regular priority encoder with all its inherent complexity isn’t
necessary. Due to the nature of the sequential comparator output states (each comparator
saturating “high” in sequence from lowest to highest), the same “highest-order-input selection”
effect may be realized through a set of Exclusive-OR gates, allowing the use of a simpler, non-priority
encoder:

Figure 9 Flash ADC without Priority Encoder

And, of course, the encoder circuit itself can be made from a matrix of diodes, demonstrating just
how simply this converter design may be constructed:

Not only is the flash converter the simplest in terms of operational theory, but it is the most efficient
of the ADC technologies in terms of speed, being limited only in comparator and gate propagation
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Figure 10 Flash ADC without encoder
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A simulation file is
available
in
the
website for students to
simulate themselves
and verify that the
circuit works.
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delays. Unfortunately, it is the most component-intensive for any given number of output bits. This
three-bit flash ADC requires seven comparators. A four-bit version would require 15 comparators.
With each additional output bit, the number of required comparators doubles. Considering that
eight bits is generally considered the minimum necessary for any practical ADC (255 comparators
needed!), the flash methodology quickly shows its weakness.
An additional advantage of the flash converter, often overlooked, is the ability for it to produce a
non-linear output. With equal-value resistors in the reference voltage divider network, each
successive binary count represents the same amount of analog signal increase, providing a
proportional response. For special applications, however, the resistor values in the divider network
may be made non-equal. This gives the ADC a custom, nonlinear response to the analog input signal.
No other ADC design is able to grant this signal-conditioning behavior with just a few component
value changes.
Advantages of Flash ADC
• Very fast
Disadvantage of flash ADC
• Needs many parts (255 comparators for 8-bit ADC)
• Lower resolution
• Expensive
• Large power consumption

Digital Ramp ADC
Also known as the stairstep-ramp, or simply counter A/D converter, this is also fairly easy to
understand but unfortunately suffers from several limitations.
The basic idea is to connect the output of a free-running binary counter to the input of a DAC, then
compare the analog output of the DAC with the analog input signal to be digitized and use the
comparator’s output to tell the counter when to stop counting and reset. The following schematic
shows the basic idea:

Figure 11 Digital Ramp ADC
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SRG = Storage register
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As the counter counts up with each clock pulse, the DAC outputs a slightly higher (more positive)
voltage. This voltage is compared against the input voltage by the comparator. If the input voltage is
greater than the DAC output, the comparator’s output will be high and the counter will continue
counting normally. Eventually, though, the DAC output will exceed the input voltage, causing the
comparator’s output to go low. This will cause two things to happen: first, the high-to-low transition
of the comparator’s output will cause the shift register to “load” whatever binary count is being
output by the counter, thus updating the ADC circuit’s output; secondly, the counter will receive a
low signal on the active-low LOAD input, causing it to reset to 00000000 on the next clock pulse.
The effect of this circuit is to produce a DAC output that ramps up to whatever level the analog input
signal is at, output the binary number corresponding to that level, and start over again. Plotted over
time, it looks like this:

Figure 12 Digital Ramp ADC working

Note how the time between updates (new digital output values) changes depending on how high the
input voltage is. For low signal levels, the updates are rather close-spaced. For higher signal levels,
they are spaced further apart in time:
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For many ADC applications, this variation in update frequency (sample time) would not be
acceptable. This, and the fact that the circuit’s need to count all the way from 0 at the beginning of
each count cycle makes for relatively slow sampling of the analog signal, places the digital-ramp ADC
at a disadvantage to other counter strategies.
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Integrating ADC
Integrating ADCs use either single-slope or dual-slope technique for conversion.
The figure below shows a basic integrating ADC design.

Figure 13 Basic integrator of a dual-slope integrating ADC. The comparator, the timer, and the controller are not shown.

The basic integrating ADC circuit consists of an integrator, a switch to select between the voltage to
be measured and the reference voltage, a timer that determines how long to integrate the unknown
and measures how long the reference integration took, a comparator to detect zero crossing, and a
controller.
Basically, the controller checks for the output of counter for which the ramp output is more than VIn.
The counter value is the output.
The functional block diagram of a single-slope integrating ADC is shown in Figure below. It consists
of integrator, counter, clock and control logic. The integrator integrates an internal reference voltage
and outputs a constant slope ramp. The comparator compares the ramp with the unknown analog
input voltage and changes the output when the ramp crosses the input level. A counter starts
counting clock pulses as the ramp starts and stops when the comparator output changes. The
counter’s content is the digital output for the analog input. An internal switch resets the integrator
and the counter to start the ramp for next conversion.
The disadvantages of the single slope technique are (i) the conversion speed dependents on the
level of unknown input and (ii) the accuracy depends on the linearity of the integrator. However this
type of ADC does not use any DAC.
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Dual slope integration technique corrects the linearity problem of single-slope technique. Block
diagram of dual slope integration type ADC is shown in Figure 12(a). It also consists of an integrator,
counter, and control logic.
The integrator first integrates the unknown analog input signal Vin for a predetermined period T, (for
a period the counter counts a known maximum), and outputs a positive or negative ramp depending
on the polarity of Vin. If Vin, is negative the integrator output is a positive ramp as shown in Figure

15

Figure 14 Block diagram of a single slope Integrating ADC
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12(b). The integrator input is then switched to a known reference voltage Vref with polarity opposite
to Vin. The integrator output now ramps in the opposite direction at a constant rate and reaches zero
level in time T2. Periods of integration of Vin (i.e. T1) and Vref are related as. T2=T1(Vin/Vref). During the
period T2, the counter counts clock pulses from the clock generator. The counter‘s content is the
digital output. It is simply the frequency of the clock times the period of integration of reference.
Digital output = frequency x T2
Conversion by dual slope technique is slower than any other technique. Integrating ADCs have
conversion time between 30 ms to 300 ms. The conversion time is also not constant and depends on
the level of the input. However, the effect of non-linearity in integration is cancelled since the same
non-linearity is introduced during reference integration also. Since the conversion is based on
integration, this technique has excellent noise rejection capability and widely used in applications in
noisy environment.
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Advantages of Dual slope ADC
• Input signal is averaged
• Greater noise immunity than other ADC types
• High accuracy
Disadvantage of Dual slope ADC
• Slow
• High precision external components required to achieve accuracy

16

Figure 15 Dual slope integrating ADC (a) block diagram (b) Integrator output
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Successive approximation ADC
Successive approximation is the popular technique implemented in medium to high-speed
converters. The technique is similar to determining the unknown weight of an object using standard
weights. The block diagram of a successive approximation ADC is shown in Figure below. It consists
of a successive approximation register (SAR), a DAC and a comparator. The outputs of SAR are
connected to the inputs of DAC. The analog output of DAC is connected to one of the inputs of the
comparator. The unknown analog input is connected to the other input of the comparator. The
output of comparator controls the SAR. The unknown input is first compared with two halves in fullscale and roughly approximated to the best half. The best half is further divided into two halves and
the input is again compared and approximated to the next best half. The input is thus successively
compared and approximated to the best half in every half till the best approximation is achieved.

Figure 16 Successive Approximation ADC block diagram

•
•
•
•

Uses an n-bit DAC to compare DAC and original analog results.
Uses Successive Approximation Register (SAR) supplies an approximate digital code to DAC
of Vin.
Comparison changes digital output to bring it closer to the input value.
Uses Closed-Loop Feedback Conversion

Prepared BY
Shahadat Hussain Parvez

Page

The process of successive approximation is summarized in the figure above. The steps are
1. MSB initialized as 1
2. Convert digital value to analog using DAC
3. Compares guess to analog input
4. Is Vin>VDAC
• Set bit 1
• If no, bit is 0 and test next bit
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Figure 17 Successive Approximation ADC working
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Figure 18 Successive Approximation ADC output
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(b)

Figure 19 Successive Approximation ADC (a) Block Diagram (b) Output for 3 bit DAC
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The figure below explains Successive Approximation ADC.
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Advantages of Successive Approximation ADC
• Capable of high speed
• Medium accuracy compared to other ADC types
• Good tradeoff between speed and cost
Disadvantages of Successive Approximation ADC
• Higher resolution successive approximation ADCs will be slower
• Speed limited ~5Msps

Comparison of performance
While choosing an ADC for an application, factors like speed, resolution, range of operation, powersupply requirements, S/H device requirements, price etc are considered. The performance of three
different types of ADC is shown in the table below
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Integrating ADCs are used in low cost and high-resolution applications where elimination of noise is
important and speed is not important. Hence, integrating ADCs are used in measuring devices like
digital multimeter, electronic thermometer etc. Successive approximation ADCs are used in highspeed applications like waveform analysis. Flash converters are used only in very high-speed
applications.
ADC characteristics
Some of the important characteristics of ADCs are given in the following and should be considered
for selecting a device for an interfacing application:
a) Resolution of an ADC is defined as change in input voltage needed for a change of one LSB
digital output.
b) Range of Operation indicates the swing of analog input producing the least and maximum
outputs.
c) Full-scale analog input is the analog input producing the full-scale digital output. For an u-bit
ADC, the full-scale digital output is given as VFS/(2n -1), where VFS is the full-scale analog input
and 2n- 1 is the corresponding full scale digital output, Hence, the digital output (D) for an
unknown analog input (Vin) is expressed as D = Vin / resolution.
d) The conversion time is the time required by the ADC for a complete conversion It depends
on the technique used by the ADC for the conversione) The digital output D produced by the ADC is related to the analog input as 𝑉𝑖𝑛 =
𝑅𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 × 𝐷.
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1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.

Explain Why ADC is necessary.
Explain why DAC is necessary.
What are the different types of DACs?
Explain with proper diagram how R-2R ladder DAC works.
Explain how weighted resistor network DAC works.
What are the disadvantages of weighted resistor network?
What are the performance characteristics of DACs?
Explain with proper diagrams the three steps in ADC process.
What are the performance characteristics of ADCs?
How can the performance of an ADC be increased?
Explain how Flash ADC works?
Explain how Digital Ramp ADC works?
Explain how Dual slope ADC works?
Explain how Successive approximation ADC works?
Write down the advantages and disadvantages of
a. Flash ADC
b. Digital Ramp ADC
c. Dual slope Integration ADC
d. Successive approximation
16. Which ADC is most suitable for each of the described cases? Give proper reasoning for your
answer
a. ADC in Multimeter
b. ADC in Thermometer
c. Voice analyzer
d. High speed Oscilloscope
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1. Microprocessors, PC Hardware and interfacing by N. Mathivanan (Chapter 3)
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