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Quiz

• What sampling conditions must be satisfied to capture all the 
information in analog signal using a discrete sequence of samples?

• Can you generate a true analog output (no discretization) using the 
MCP4801 DAC? 
• If yes, why and how would you do it? 
• If not, why not?
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https://docs.google.com/presentation/d/1ShVehgj6aX2Dr44j0UIh4JXsUJaZQ8HdsNg32T6HZcs/edit

https://docs.google.com/presentation/d/1ShVehgj6aX2Dr44j0UIh4JXsUJaZQ8HdsNg32T6HZcs/edit


Outline

• Analog vs. Digital Signal review
• Analog to digital convertors (ADCs)
• Digital to analog convertors (DACs)
• Examples

• MCP4801 DAC
• STM32F401RE ADC
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Learning Objectives

By the end of this lecture you will be able to
• Articulate the basic operation of digital to analog conversion
• List some of the basic performance and noise specifications of ADCs 

and explain what they mean
• Understand the operation of the ADC on our STM32F401RE MCU
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Motivation
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Sampling Theory Refresher
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Nyquist-Shannon sampling theorem

If a function x(t) contains no frequencies higher than B hertz, it is 
completely determined by giving its values at a series of points spaced 
1/(2B) seconds apart.

This guarantees perfect sampling or reconstruction of a signal given 
that our sampling frequency is more than twice the bandlimit of the 
signal.
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Reconstruction and anti-aliasing filters

• To ensure Nyquist-Shannon sampling is enforced, we place a filter 
with specified passbands on digital-to-analog outputs or analog-to-
digital inputs

• The filter structure is a low-pass filter where the passband is such 
that the bandwidth after the filter is less than half the sampling 
frequency.
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Reconstruction and anti-aliasing filters

• Low pass filter to remove samples higher than half the sampling rate
• Reconstruction filter – performs interpolation on digital output
• Anti-aliasing filter – performs filtering on analog input

• Many filter designs available
• Simple passive RC lowpass filter
• Active filters

• Butterworth – maximally flat passband
• Chebyshev – Sharper cutoff with passband ripple
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Digital to Analog Convertors
DACs
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Main Types

• Pulse-width modulation
• Thermometer-coded or string DAC
• Binary-weighted DAC
• Oversampling DAC
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Pulse-width Modulation

• Generate timed pulses at high frequency and low pass filter the 
output

• Can also be used to generate precisely timed pulses for control 
applications (e.g., with motors)
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Thermometer-coded or string DAC

• Simplest DAC (1-bit) is just a 
switch

• The thermometer DAC 
architecture uses the same basic 
idea with an array of resistors for 
voltage division
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Walt Kester, “Basic DAC Architectures I: String DACs and 
Thermometer (Fully Decoded) DACs”, Analog Devices MT-
014 Tutorial (link)

https://www.analog.com/media/ru/training-seminars/tutorials/MT-014.pdf


Performance Specifications

• Resolution
• Maximum sampling rate
• Monotonicity
• Errors

• Gain
• Integral non-linearity (INL)
• Differential non-linearity (DNL)

13



Offset and Gain errors
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Integral Non-Linearity (INL)

• Integral non-linearity is the 
maximum deviation between an 
actual code transition point and its 
corresponding ideal transition 
point once offset and gain errors 
have been removed.
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Differential Non-Linearity (DNL)

• Measure of variations in code width 
from ideal

• A DNL error of zero indicates that 
each code is exactly 1 Lsb wide

16



MCP4801

17MCP4801 Datasheet (link)

https://ww1.microchip.com/downloads/en/DeviceDoc/22244B.pdf


MCP4801 INL and DNL Graphs

18MCP4801 Datasheet (link)

https://ww1.microchip.com/downloads/en/DeviceDoc/22244B.pdf


Analog to Digital Convertors
ADCs
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Purpose

• Convert from analog voltage to digital number
• Specified by number of bits of resolution
• Commonly used in embedded systems to read interface with a sensor
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Main Types
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Specifications

• Resolution – step size between input values. Related to the number of 
bits.

• Errors
• Offset error
• Gain error
• Integral linearity error
• Differential linearity error

• Sampling rate – how fast can we get samples?
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STM32F401RE Datasheet

Total unadjusted error incorporates offset, gain, and INL errors (TI explainer link)

https://e2e.ti.com/blogs_/archives/b/precisionhub/archive/2014/10/14/adc-accuracy-part-2-total-unadjusted-error-explained


Flash ADC
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Digital Output

• Pros
• Combinational

• Fast – only limited by propagation 
delay through the comparators and 
decoding logic

• Not connected to clock rate

• Cons
• Expensive – 2N-1 comparators where N 

is the number of bits
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Successive approximation ADC

• Most popular ADC type
• Uses iterative feedback loop to converge to 

the right value
• Algorithm

• Start with MSB of DAC. Set to 1 which sets 
the DAC to Vref/2
• Check if Vin > VDAC

• Y: set bit to 0
• N: set bit to 1

• Move to next bit, repeat
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Uwezi Successive Approximation -- example of a 4-bit ADC CC BY-SA 4.0

https://commons.wikimedia.org/wiki/User:Uwezi
https://en.wikipedia.org/wiki/Successive-approximation_ADC
https://creativecommons.org/licenses/by-sa/4.0
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Uwezi Successive Approximation -- example of a 4-bit ADC CC BY-SA 4.0

https://commons.wikimedia.org/wiki/User:Uwezi
https://en.wikipedia.org/wiki/Successive-approximation_ADC
https://creativecommons.org/licenses/by-sa/4.0
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Uwezi Successive Approximation -- example of a 4-bit ADC CC BY-SA 4.0

https://commons.wikimedia.org/wiki/User:Uwezi
https://en.wikipedia.org/wiki/Successive-approximation_ADC
https://creativecommons.org/licenses/by-sa/4.0


Successive approximation ADC

• Pros
• Cheap and small – only need 1 comparator

• Cons
• Iterative
• Sequential – speed depends on clock speed 

and must obey timing specs
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STM32F401RE ADC
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Learning Objectives

By the end of this lecture you will be able to
• Articulate the basic operation of digital to analog conversion
• List some of the basic performance and noise specifications of ADCs 

and explain what they mean
• Understand the operation of the ADC on our STM32F401RE MCU
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Next week

• Monday: Cortex Microcontroller Software Interface Standard (CMSIS)
• Wednesday: Interrupts
• Lab 5: Pulse-width modulation (PWM)

• Use as DAC to drive LED with heartbeat pattern
• Generate pulses with arbitrary frequencies and pulse durations

31



Lecture Feedback

• What is the most important 
thing you learned in class 
today?

• What point was most unclear 
from lecture today?
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https://forms.gle/Ay6MkpZ6x3xsW2Eb8

https://forms.gle/Ay6MkpZ6x3xsW2Eb8

