
7/15/19

1

Bits over the Air: Pre-Lab 1

Christoph Studer

1

VLSI Information
Processing Group

01001…
01001…

• You can always ask questions (during pre-
labs and labs, or via email after the labs)

• During the labs, you can also ask us if you 
want to know more about a specific aspect!

• We are here to help!
2
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Wireless communication
A short introduction

3

We all communicate!

• Source: generates information to be transmitted
• Channel: physical medium (air or water)
• Destination: entity that receives information 

4

Source
Destination

Channel

I’m ready!
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What could go wrong?

5

Source
Destination

Channel

I’m ready!

• Real-world channels introduce noise and 
interference à unreliable communication

I am tired!

Cheese 
fondue!

CATALYST!

Electrical 
engineering 

rocks!

How can we make 
communication reliable?

• Speak louder
• Go closer to destination
• Repeat message
• Rephrase message
• Change language
• (Change pitch)

• We are naturally using concepts that 
modern communication systems are using 

6

received signal
strength

modulation 
and coding
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Abstraction of communication systems

• Simple point-to-point system:

• Almost all possible communication systems 
(Wi-Fi, LTE, Bluetooth, etc.) look like this!

7

Source

Destination

Transmitter

Receiver

Channel

0010011…

0011011…

Early history of communication

• Optical telegraphy (wireless):
– Smoke signals, talking drums, homing pigeons, 

hydraulic semaphore systems (4BC), beacons, 
semaphores (until about 1880)

8
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Wired information transfer 
• Electrical telegraphy (wired)
– 1774 : Georges-Louis Le Sage designed first 

electrical telegraph with wire for each letter 
– 1800 – 1820 : Different electrical telegraph 

systems with limited distance
– 1837 : Samuel Morse developed code and machine 

to transmit and receive over long distances

9

And then came wireless!

• Wireless telegraphy
– 1890s : Guglielmo Marconi developed the 

spark-gap transmitter à send pulses wirelessly

10
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Analog signal transmission

• 1900 – 1920 : amplitude modulation 
(AM) for wireless audio transmission 

11

A digital revolution!

• In 1948, Claude Shannon at Bell Labs 
developed information theory
– Digital model for communication
– Builds the basis of all existing 

communication systems!
– Data rates (bits/second) double

every 18 months

• Since then, digital communication has evolved 
into Wi-Fi, LTE-A, Bluetooth, DOCSIS, …

12
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Modern wireless transceivers
• Transceiver: transmit and receive

• Processing of information is carried out in 
digital circuits at extremely fast rates

13

Bits over the air
Monday overview

14
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How are comm. systems designed?

Deployment in practice

Hardware design (base station, access point, mobile device, etc.)

Prototype design (transmitter and receiver)

Specification of communication system and simulation in software (MATLAB)

Mathematical theory of new communication strategies/technologies

15

Today’s goals:

MATLAB 
tutorial

Play audio 
signals

Analyze audio 
signals

Record audio 
signals

Build a 
synthesizer!

Amplitude 
modulation

Build a simple 
comm. system!

Transmit data 
over the air!

Send text, 
images, etc.

16
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Project schedule
Monday Tuesday Wednesday Thursday Friday

1pm-2pm

Pre-Lab 1: 
Introduction to 

MATLAB and 
digital 

communication

Pre-Lab 2:
Signal processing, 

time-domain, 
spectrum, and 
spectrogram

Pre-Lab 3:
Generating music 
with MATLAB and 
communication 
system basics

Pre-Lab 4: 
Communication 
via amplitude 

modulation and 
synchronization 

Pre-Lab 5:
Bits over the air: 
transmitting text 
and images over 
the air (reliably!)

2pm-3pm
Module 1: 
MATLAB 
basics 1

Complete 
previous modules

Complete 
previous modules

Complete 
previous modules

Complete 
previous modules

15min break 15min break 15min break 15min break 15min break

3pm-4pm
Module 2: 
MATLAB 
basics 2

Module 4: 
Spectrum and 
spectrogram

Module 6: 
Generating music 

in MATLAB

Module 8: Simple 
communication 

system 2

Module 10: 
Transmitting

bits over the air

4pm-5pm
Module 3:

Play audio in 
MATLAB

Module 5:
Record audio in 

MATLAB

Module 7: Simple 
communication 

system 1

Module 9: 
Synchronization

Work on 
presentations

17
• Scheduled break from 3:15pm to 3:30pm

Remember: this is group work!

• Groups of 2-3 students (matched by skills)
– Today’s groups are fixed; changes upon request

• Try to help each other (within group)

• Ask us if you have any questions!

• Modules contain examples (to explain new 
concepts) and activities: do both!
– Feel free to explore a certain concept in more 

detail if you are interested (do not forget time)
18
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MATLAB tutorial
Modules 1 and 2

19

We will use MATLAB extensively

20

• The standard software for scientific 
computing in academia as well as industry

• Used in engineering (not only ECE!), 
computer science, math, physics, etc. 
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What is MATLAB?

…a powerful and expensive calculator!

• Proprietary programming language 
developed by MathWorks

• Particularly useful for matrix operations, 
digital signal processing, data analysis and 
visualization, and algorithm design

• Used by virtually every communication 
system engineer in the world!

21

MATLAB is very simple

• Example:
– Define variable a 

containing a row 
vector [1 2 3 4]

– Create new vector b 
= a*2 = [2 4 5 6]

– Concatenate vectors 
a and b to create 
new vector c

22

• A great programming language for 
beginners (Cornell course CS1112)
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Modules 1 and 2 teach…

• basic calculations with scalars and vectors
• function plotting (display graphs)
• How to write MATLAB scripts & functions

23

Play audio signals with MATLAB
Module 3

24
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First steps with signal processing

25

• We will use loudspeakers to play back 
digitized signals with MATLAB

What is signal processing?

26

• Signals are functions that convey 
information, e.g., where f(t) = sin(t)
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• Examples: Music, 
speech, temperature,
FM radio, painting, etc.

• Signal processing: 
analyzing, modifying, 
& synthesizing signals
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Digital signal processing

• Our world is analog (continuous), computers 
cannot store or process analog signals

• Digital signal processing requires conversion of 
continuous signals into digital information (bits)

27
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<latexit sha1_base64="q/23RjEfsJaZXEDdSc7eZ9qiFOA=">AAAB6HicbZDLSgNBEEVrfMb4irp00xgEV2FGBF0G3bhMwDwgGUJPp5K06XnQXSOEIV/gxoUibv0kd/6NnWQWmnih4XCriq66QaKkIdf9dtbWNza3tgs7xd29/YPD0tFx08SpFtgQsYp1O+AGlYywQZIUthONPAwUtoLx3azeekJtZBw90CRBP+TDSA6k4GStOvVKZbfizsVWwcuhDLlqvdJXtx+LNMSIhOLGdDw3IT/jmqRQOC12U4MJF2M+xI7FiIdo/Gy+6JSdW6fPBrG2LyI2d39PZDw0ZhIGtjPkNDLLtZn5X62T0uDGz2SUpISRWHw0SBWjmM2uZn2pUZCaWOBCS7srEyOuuSCbTdGG4C2fvArNy4pnuX5Vrt7mcRTgFM7gAjy4hircQw0aIADhGV7hzXl0Xpx352PRuubkMyfwR87nD+ArjPg=</latexit><latexit sha1_base64="q/23RjEfsJaZXEDdSc7eZ9qiFOA=">AAAB6HicbZDLSgNBEEVrfMb4irp00xgEV2FGBF0G3bhMwDwgGUJPp5K06XnQXSOEIV/gxoUibv0kd/6NnWQWmnih4XCriq66QaKkIdf9dtbWNza3tgs7xd29/YPD0tFx08SpFtgQsYp1O+AGlYywQZIUthONPAwUtoLx3azeekJtZBw90CRBP+TDSA6k4GStOvVKZbfizsVWwcuhDLlqvdJXtx+LNMSIhOLGdDw3IT/jmqRQOC12U4MJF2M+xI7FiIdo/Gy+6JSdW6fPBrG2LyI2d39PZDw0ZhIGtjPkNDLLtZn5X62T0uDGz2SUpISRWHw0SBWjmM2uZn2pUZCaWOBCS7srEyOuuSCbTdGG4C2fvArNy4pnuX5Vrt7mcRTgFM7gAjy4hircQw0aIADhGV7hzXl0Xpx352PRuubkMyfwR87nD+ArjPg=</latexit><latexit sha1_base64="q/23RjEfsJaZXEDdSc7eZ9qiFOA=">AAAB6HicbZDLSgNBEEVrfMb4irp00xgEV2FGBF0G3bhMwDwgGUJPp5K06XnQXSOEIV/gxoUibv0kd/6NnWQWmnih4XCriq66QaKkIdf9dtbWNza3tgs7xd29/YPD0tFx08SpFtgQsYp1O+AGlYywQZIUthONPAwUtoLx3azeekJtZBw90CRBP+TDSA6k4GStOvVKZbfizsVWwcuhDLlqvdJXtx+LNMSIhOLGdDw3IT/jmqRQOC12U4MJF2M+xI7FiIdo/Gy+6JSdW6fPBrG2LyI2d39PZDw0ZhIGtjPkNDLLtZn5X62T0uDGz2SUpISRWHw0SBWjmM2uZn2pUZCaWOBCS7srEyOuuSCbTdGG4C2fvArNy4pnuX5Vrt7mcRTgFM7gAjy4hircQw0aIADhGV7hzXl0Xpx352PRuubkMyfwR87nD+ArjPg=</latexit><latexit sha1_base64="q/23RjEfsJaZXEDdSc7eZ9qiFOA=">AAAB6HicbZDLSgNBEEVrfMb4irp00xgEV2FGBF0G3bhMwDwgGUJPp5K06XnQXSOEIV/gxoUibv0kd/6NnWQWmnih4XCriq66QaKkIdf9dtbWNza3tgs7xd29/YPD0tFx08SpFtgQsYp1O+AGlYywQZIUthONPAwUtoLx3azeekJtZBw90CRBP+TDSA6k4GStOvVKZbfizsVWwcuhDLlqvdJXtx+LNMSIhOLGdDw3IT/jmqRQOC12U4MJF2M+xI7FiIdo/Gy+6JSdW6fPBrG2LyI2d39PZDw0ZhIGtjPkNDLLtZn5X62T0uDGz2SUpISRWHw0SBWjmM2uZn2pUZCaWOBCS7srEyOuuSCbTdGG4C2fvArNy4pnuX5Vrt7mcRTgFM7gAjy4hircQw0aIADhGV7hzXl0Xpx352PRuubkMyfwR87nD+ArjPg=</latexit>

f(t)
<latexit sha1_base64="MfMsDmjgn+nNv6Rnv6PIU6AA54g=">AAAB63icbZBNS8NAEIYnftb6VfXoZbEI9VISEfRY9OKxgv2ANpTNdtMu3U3C7kQooX/BiwdFvPqHvPlv3LQ5aOsLCw/vzLAzb5BIYdB1v5219Y3Nre3STnl3b//gsHJ03DZxqhlvsVjGuhtQw6WIeAsFSt5NNKcqkLwTTO7yeueJayPi6BGnCfcVHUUiFIxiboU1vBhUqm7dnYusgldAFQo1B5Wv/jBmqeIRMkmN6Xlugn5GNQom+azcTw1PKJvQEe9ZjKjixs/mu87IuXWGJIy1fRGSuft7IqPKmKkKbKeiODbLtdz8r9ZLMbzxMxElKfKILT4KU0kwJvnhZCg0ZyinFijTwu5K2JhqytDGU7YheMsnr0L7su5ZfriqNm6LOEpwCmdQAw+uoQH30IQWMBjDM7zCm6OcF+fd+Vi0rjnFzAn8kfP5A2ZNjc0=</latexit><latexit sha1_base64="MfMsDmjgn+nNv6Rnv6PIU6AA54g=">AAAB63icbZBNS8NAEIYnftb6VfXoZbEI9VISEfRY9OKxgv2ANpTNdtMu3U3C7kQooX/BiwdFvPqHvPlv3LQ5aOsLCw/vzLAzb5BIYdB1v5219Y3Nre3STnl3b//gsHJ03DZxqhlvsVjGuhtQw6WIeAsFSt5NNKcqkLwTTO7yeueJayPi6BGnCfcVHUUiFIxiboU1vBhUqm7dnYusgldAFQo1B5Wv/jBmqeIRMkmN6Xlugn5GNQom+azcTw1PKJvQEe9ZjKjixs/mu87IuXWGJIy1fRGSuft7IqPKmKkKbKeiODbLtdz8r9ZLMbzxMxElKfKILT4KU0kwJvnhZCg0ZyinFijTwu5K2JhqytDGU7YheMsnr0L7su5ZfriqNm6LOEpwCmdQAw+uoQH30IQWMBjDM7zCm6OcF+fd+Vi0rjnFzAn8kfP5A2ZNjc0=</latexit><latexit sha1_base64="MfMsDmjgn+nNv6Rnv6PIU6AA54g=">AAAB63icbZBNS8NAEIYnftb6VfXoZbEI9VISEfRY9OKxgv2ANpTNdtMu3U3C7kQooX/BiwdFvPqHvPlv3LQ5aOsLCw/vzLAzb5BIYdB1v5219Y3Nre3STnl3b//gsHJ03DZxqhlvsVjGuhtQw6WIeAsFSt5NNKcqkLwTTO7yeueJayPi6BGnCfcVHUUiFIxiboU1vBhUqm7dnYusgldAFQo1B5Wv/jBmqeIRMkmN6Xlugn5GNQom+azcTw1PKJvQEe9ZjKjixs/mu87IuXWGJIy1fRGSuft7IqPKmKkKbKeiODbLtdz8r9ZLMbzxMxElKfKILT4KU0kwJvnhZCg0ZyinFijTwu5K2JhqytDGU7YheMsnr0L7su5ZfriqNm6LOEpwCmdQAw+uoQH30IQWMBjDM7zCm6OcF+fd+Vi0rjnFzAn8kfP5A2ZNjc0=</latexit><latexit sha1_base64="MfMsDmjgn+nNv6Rnv6PIU6AA54g=">AAAB63icbZBNS8NAEIYnftb6VfXoZbEI9VISEfRY9OKxgv2ANpTNdtMu3U3C7kQooX/BiwdFvPqHvPlv3LQ5aOsLCw/vzLAzb5BIYdB1v5219Y3Nre3STnl3b//gsHJ03DZxqhlvsVjGuhtQw6WIeAsFSt5NNKcqkLwTTO7yeueJayPi6BGnCfcVHUUiFIxiboU1vBhUqm7dnYusgldAFQo1B5Wv/jBmqeIRMkmN6Xlugn5GNQom+azcTw1PKJvQEe9ZjKjixs/mu87IuXWGJIy1fRGSuft7IqPKmKkKbKeiODbLtdz8r9ZLMbzxMxElKfKILT4KU0kwJvnhZCg0ZyinFijTwu5K2JhqytDGU7YheMsnr0L7su5ZfriqNm6LOEpwCmdQAw+uoQH30IQWMBjDM7zCm6OcF+fd+Vi0rjnFzAn8kfP5A2ZNjc0=</latexit> ???

Solution: sampling!
• Take a subset of measurements (samples) of 

the continuous signal

• # of samples per second: sampling rate     [Hz]
• Collect measurements in a vector
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t
<latexit sha1_base64="q/23RjEfsJaZXEDdSc7eZ9qiFOA=">AAAB6HicbZDLSgNBEEVrfMb4irp00xgEV2FGBF0G3bhMwDwgGUJPp5K06XnQXSOEIV/gxoUibv0kd/6NnWQWmnih4XCriq66QaKkIdf9dtbWNza3tgs7xd29/YPD0tFx08SpFtgQsYp1O+AGlYywQZIUthONPAwUtoLx3azeekJtZBw90CRBP+TDSA6k4GStOvVKZbfizsVWwcuhDLlqvdJXtx+LNMSIhOLGdDw3IT/jmqRQOC12U4MJF2M+xI7FiIdo/Gy+6JSdW6fPBrG2LyI2d39PZDw0ZhIGtjPkNDLLtZn5X62T0uDGz2SUpISRWHw0SBWjmM2uZn2pUZCaWOBCS7srEyOuuSCbTdGG4C2fvArNy4pnuX5Vrt7mcRTgFM7gAjy4hircQw0aIADhGV7hzXl0Xpx352PRuubkMyfwR87nD+ArjPg=</latexit><latexit sha1_base64="q/23RjEfsJaZXEDdSc7eZ9qiFOA=">AAAB6HicbZDLSgNBEEVrfMb4irp00xgEV2FGBF0G3bhMwDwgGUJPp5K06XnQXSOEIV/gxoUibv0kd/6NnWQWmnih4XCriq66QaKkIdf9dtbWNza3tgs7xd29/YPD0tFx08SpFtgQsYp1O+AGlYywQZIUthONPAwUtoLx3azeekJtZBw90CRBP+TDSA6k4GStOvVKZbfizsVWwcuhDLlqvdJXtx+LNMSIhOLGdDw3IT/jmqRQOC12U4MJF2M+xI7FiIdo/Gy+6JSdW6fPBrG2LyI2d39PZDw0ZhIGtjPkNDLLtZn5X62T0uDGz2SUpISRWHw0SBWjmM2uZn2pUZCaWOBCS7srEyOuuSCbTdGG4C2fvArNy4pnuX5Vrt7mcRTgFM7gAjy4hircQw0aIADhGV7hzXl0Xpx352PRuubkMyfwR87nD+ArjPg=</latexit><latexit sha1_base64="q/23RjEfsJaZXEDdSc7eZ9qiFOA=">AAAB6HicbZDLSgNBEEVrfMb4irp00xgEV2FGBF0G3bhMwDwgGUJPp5K06XnQXSOEIV/gxoUibv0kd/6NnWQWmnih4XCriq66QaKkIdf9dtbWNza3tgs7xd29/YPD0tFx08SpFtgQsYp1O+AGlYywQZIUthONPAwUtoLx3azeekJtZBw90CRBP+TDSA6k4GStOvVKZbfizsVWwcuhDLlqvdJXtx+LNMSIhOLGdDw3IT/jmqRQOC12U4MJF2M+xI7FiIdo/Gy+6JSdW6fPBrG2LyI2d39PZDw0ZhIGtjPkNDLLtZn5X62T0uDGz2SUpISRWHw0SBWjmM2uZn2pUZCaWOBCS7srEyOuuSCbTdGG4C2fvArNy4pnuX5Vrt7mcRTgFM7gAjy4hircQw0aIADhGV7hzXl0Xpx352PRuubkMyfwR87nD+ArjPg=</latexit><latexit sha1_base64="q/23RjEfsJaZXEDdSc7eZ9qiFOA=">AAAB6HicbZDLSgNBEEVrfMb4irp00xgEV2FGBF0G3bhMwDwgGUJPp5K06XnQXSOEIV/gxoUibv0kd/6NnWQWmnih4XCriq66QaKkIdf9dtbWNza3tgs7xd29/YPD0tFx08SpFtgQsYp1O+AGlYywQZIUthONPAwUtoLx3azeekJtZBw90CRBP+TDSA6k4GStOvVKZbfizsVWwcuhDLlqvdJXtx+LNMSIhOLGdDw3IT/jmqRQOC12U4MJF2M+xI7FiIdo/Gy+6JSdW6fPBrG2LyI2d39PZDw0ZhIGtjPkNDLLtZn5X62T0uDGz2SUpISRWHw0SBWjmM2uZn2pUZCaWOBCS7srEyOuuSCbTdGG4C2fvArNy4pnuX5Vrt7mcRTgFM7gAjy4hircQw0aIADhGV7hzXl0Xpx352PRuubkMyfwR87nD+ArjPg=</latexit>

f(t)
<latexit sha1_base64="MfMsDmjgn+nNv6Rnv6PIU6AA54g=">AAAB63icbZBNS8NAEIYnftb6VfXoZbEI9VISEfRY9OKxgv2ANpTNdtMu3U3C7kQooX/BiwdFvPqHvPlv3LQ5aOsLCw/vzLAzb5BIYdB1v5219Y3Nre3STnl3b//gsHJ03DZxqhlvsVjGuhtQw6WIeAsFSt5NNKcqkLwTTO7yeueJayPi6BGnCfcVHUUiFIxiboU1vBhUqm7dnYusgldAFQo1B5Wv/jBmqeIRMkmN6Xlugn5GNQom+azcTw1PKJvQEe9ZjKjixs/mu87IuXWGJIy1fRGSuft7IqPKmKkKbKeiODbLtdz8r9ZLMbzxMxElKfKILT4KU0kwJvnhZCg0ZyinFijTwu5K2JhqytDGU7YheMsnr0L7su5ZfriqNm6LOEpwCmdQAw+uoQH30IQWMBjDM7zCm6OcF+fd+Vi0rjnFzAn8kfP5A2ZNjc0=</latexit><latexit sha1_base64="MfMsDmjgn+nNv6Rnv6PIU6AA54g=">AAAB63icbZBNS8NAEIYnftb6VfXoZbEI9VISEfRY9OKxgv2ANpTNdtMu3U3C7kQooX/BiwdFvPqHvPlv3LQ5aOsLCw/vzLAzb5BIYdB1v5219Y3Nre3STnl3b//gsHJ03DZxqhlvsVjGuhtQw6WIeAsFSt5NNKcqkLwTTO7yeueJayPi6BGnCfcVHUUiFIxiboU1vBhUqm7dnYusgldAFQo1B5Wv/jBmqeIRMkmN6Xlugn5GNQom+azcTw1PKJvQEe9ZjKjixs/mu87IuXWGJIy1fRGSuft7IqPKmKkKbKeiODbLtdz8r9ZLMbzxMxElKfKILT4KU0kwJvnhZCg0ZyinFijTwu5K2JhqytDGU7YheMsnr0L7su5ZfriqNm6LOEpwCmdQAw+uoQH30IQWMBjDM7zCm6OcF+fd+Vi0rjnFzAn8kfP5A2ZNjc0=</latexit><latexit sha1_base64="MfMsDmjgn+nNv6Rnv6PIU6AA54g=">AAAB63icbZBNS8NAEIYnftb6VfXoZbEI9VISEfRY9OKxgv2ANpTNdtMu3U3C7kQooX/BiwdFvPqHvPlv3LQ5aOsLCw/vzLAzb5BIYdB1v5219Y3Nre3STnl3b//gsHJ03DZxqhlvsVjGuhtQw6WIeAsFSt5NNKcqkLwTTO7yeueJayPi6BGnCfcVHUUiFIxiboU1vBhUqm7dnYusgldAFQo1B5Wv/jBmqeIRMkmN6Xlugn5GNQom+azcTw1PKJvQEe9ZjKjixs/mu87IuXWGJIy1fRGSuft7IqPKmKkKbKeiODbLtdz8r9ZLMbzxMxElKfKILT4KU0kwJvnhZCg0ZyinFijTwu5K2JhqytDGU7YheMsnr0L7su5ZfriqNm6LOEpwCmdQAw+uoQH30IQWMBjDM7zCm6OcF+fd+Vi0rjnFzAn8kfP5A2ZNjc0=</latexit><latexit sha1_base64="MfMsDmjgn+nNv6Rnv6PIU6AA54g=">AAAB63icbZBNS8NAEIYnftb6VfXoZbEI9VISEfRY9OKxgv2ANpTNdtMu3U3C7kQooX/BiwdFvPqHvPlv3LQ5aOsLCw/vzLAzb5BIYdB1v5219Y3Nre3STnl3b//gsHJ03DZxqhlvsVjGuhtQw6WIeAsFSt5NNKcqkLwTTO7yeueJayPi6BGnCfcVHUUiFIxiboU1vBhUqm7dnYusgldAFQo1B5Wv/jBmqeIRMkmN6Xlugn5GNQom+azcTw1PKJvQEe9ZjKjixs/mu87IuXWGJIy1fRGSuft7IqPKmKkKbKeiODbLtdz8r9ZLMbzxMxElKfKILT4KU0kwJvnhZCg0ZyinFijTwu5K2JhqytDGU7YheMsnr0L7su5ZfriqNm6LOEpwCmdQAw+uoQH30IQWMBjDM7zCm6OcF+fd+Vi0rjnFzAn8kfP5A2ZNjc0=</latexit>

f(t)
<latexit sha1_base64="MfMsDmjgn+nNv6Rnv6PIU6AA54g=">AAAB63icbZBNS8NAEIYnftb6VfXoZbEI9VISEfRY9OKxgv2ANpTNdtMu3U3C7kQooX/BiwdFvPqHvPlv3LQ5aOsLCw/vzLAzb5BIYdB1v5219Y3Nre3STnl3b//gsHJ03DZxqhlvsVjGuhtQw6WIeAsFSt5NNKcqkLwTTO7yeueJayPi6BGnCfcVHUUiFIxiboU1vBhUqm7dnYusgldAFQo1B5Wv/jBmqeIRMkmN6Xlugn5GNQom+azcTw1PKJvQEe9ZjKjixs/mu87IuXWGJIy1fRGSuft7IqPKmKkKbKeiODbLtdz8r9ZLMbzxMxElKfKILT4KU0kwJvnhZCg0ZyinFijTwu5K2JhqytDGU7YheMsnr0L7su5ZfriqNm6LOEpwCmdQAw+uoQH30IQWMBjDM7zCm6OcF+fd+Vi0rjnFzAn8kfP5A2ZNjc0=</latexit><latexit sha1_base64="MfMsDmjgn+nNv6Rnv6PIU6AA54g=">AAAB63icbZBNS8NAEIYnftb6VfXoZbEI9VISEfRY9OKxgv2ANpTNdtMu3U3C7kQooX/BiwdFvPqHvPlv3LQ5aOsLCw/vzLAzb5BIYdB1v5219Y3Nre3STnl3b//gsHJ03DZxqhlvsVjGuhtQw6WIeAsFSt5NNKcqkLwTTO7yeueJayPi6BGnCfcVHUUiFIxiboU1vBhUqm7dnYusgldAFQo1B5Wv/jBmqeIRMkmN6Xlugn5GNQom+azcTw1PKJvQEe9ZjKjixs/mu87IuXWGJIy1fRGSuft7IqPKmKkKbKeiODbLtdz8r9ZLMbzxMxElKfKILT4KU0kwJvnhZCg0ZyinFijTwu5K2JhqytDGU7YheMsnr0L7su5ZfriqNm6LOEpwCmdQAw+uoQH30IQWMBjDM7zCm6OcF+fd+Vi0rjnFzAn8kfP5A2ZNjc0=</latexit><latexit sha1_base64="MfMsDmjgn+nNv6Rnv6PIU6AA54g=">AAAB63icbZBNS8NAEIYnftb6VfXoZbEI9VISEfRY9OKxgv2ANpTNdtMu3U3C7kQooX/BiwdFvPqHvPlv3LQ5aOsLCw/vzLAzb5BIYdB1v5219Y3Nre3STnl3b//gsHJ03DZxqhlvsVjGuhtQw6WIeAsFSt5NNKcqkLwTTO7yeueJayPi6BGnCfcVHUUiFIxiboU1vBhUqm7dnYusgldAFQo1B5Wv/jBmqeIRMkmN6Xlugn5GNQom+azcTw1PKJvQEe9ZjKjixs/mu87IuXWGJIy1fRGSuft7IqPKmKkKbKeiODbLtdz8r9ZLMbzxMxElKfKILT4KU0kwJvnhZCg0ZyinFijTwu5K2JhqytDGU7YheMsnr0L7su5ZfriqNm6LOEpwCmdQAw+uoQH30IQWMBjDM7zCm6OcF+fd+Vi0rjnFzAn8kfP5A2ZNjc0=</latexit><latexit sha1_base64="MfMsDmjgn+nNv6Rnv6PIU6AA54g=">AAAB63icbZBNS8NAEIYnftb6VfXoZbEI9VISEfRY9OKxgv2ANpTNdtMu3U3C7kQooX/BiwdFvPqHvPlv3LQ5aOsLCw/vzLAzb5BIYdB1v5219Y3Nre3STnl3b//gsHJ03DZxqhlvsVjGuhtQw6WIeAsFSt5NNKcqkLwTTO7yeueJayPi6BGnCfcVHUUiFIxiboU1vBhUqm7dnYusgldAFQo1B5Wv/jBmqeIRMkmN6Xlugn5GNQom+azcTw1PKJvQEe9ZjKjixs/mu87IuXWGJIy1fRGSuft7IqPKmKkKbKeiODbLtdz8r9ZLMbzxMxElKfKILT4KU0kwJvnhZCg0ZyinFijTwu5K2JhqytDGU7YheMsnr0L7su5ZfriqNm6LOEpwCmdQAw+uoQH30IQWMBjDM7zCm6OcF+fd+Vi0rjnFzAn8kfP5A2ZNjc0=</latexit>

s = [0.1, 0.6, 0.7, 0.3, . . . ,�0.2]
<latexit sha1_base64="7ePm+5WeJ2b4Pe7ATH+1XheAIyQ=">AAACEXicbVDLSsNAFJ3UV62vqEs3wSJ0UcOkinUjFN24rGAfkIQymUzaoZMHMxOhhP6CG3/FjQtF3Lpz5984abPQ1gMXDufcy733eAmjQkL4rZVWVtfWN8qbla3tnd09ff+gK+KUY9LBMYt530OCMBqRjqSSkX7CCQo9Rnre+Cb3ew+ECxpH93KSEDdEw4gGFCOppIFec0IkR16QiemVDU2rDs0LVU1VZ3WH+bEU9VNoNtyBXoUmnMFYJlZBqqBAe6B/OX6M05BEEjMkhG3BRLoZ4pJiRqYVJxUkQXiMhsRWNEIhEW42+2hqnCjFN4KYq4qkMVN/T2QoFGISeqozv18sern4n2enMrh0MxolqSQRni8KUmbI2MjjMXzKCZZsogjCnKpbDTxCHGGpQqyoEKzFl5dJt2Fait+dV1vXRRxlcASOQQ1YoAla4Ba0QQdg8AiewSt40560F+1d+5i3lrRi5hD8gfb5A82vmc0=</latexit><latexit sha1_base64="7ePm+5WeJ2b4Pe7ATH+1XheAIyQ=">AAACEXicbVDLSsNAFJ3UV62vqEs3wSJ0UcOkinUjFN24rGAfkIQymUzaoZMHMxOhhP6CG3/FjQtF3Lpz5984abPQ1gMXDufcy733eAmjQkL4rZVWVtfWN8qbla3tnd09ff+gK+KUY9LBMYt530OCMBqRjqSSkX7CCQo9Rnre+Cb3ew+ECxpH93KSEDdEw4gGFCOppIFec0IkR16QiemVDU2rDs0LVU1VZ3WH+bEU9VNoNtyBXoUmnMFYJlZBqqBAe6B/OX6M05BEEjMkhG3BRLoZ4pJiRqYVJxUkQXiMhsRWNEIhEW42+2hqnCjFN4KYq4qkMVN/T2QoFGISeqozv18sern4n2enMrh0MxolqSQRni8KUmbI2MjjMXzKCZZsogjCnKpbDTxCHGGpQqyoEKzFl5dJt2Fait+dV1vXRRxlcASOQQ1YoAla4Ba0QQdg8AiewSt40560F+1d+5i3lrRi5hD8gfb5A82vmc0=</latexit><latexit sha1_base64="7ePm+5WeJ2b4Pe7ATH+1XheAIyQ=">AAACEXicbVDLSsNAFJ3UV62vqEs3wSJ0UcOkinUjFN24rGAfkIQymUzaoZMHMxOhhP6CG3/FjQtF3Lpz5984abPQ1gMXDufcy733eAmjQkL4rZVWVtfWN8qbla3tnd09ff+gK+KUY9LBMYt530OCMBqRjqSSkX7CCQo9Rnre+Cb3ew+ECxpH93KSEDdEw4gGFCOppIFec0IkR16QiemVDU2rDs0LVU1VZ3WH+bEU9VNoNtyBXoUmnMFYJlZBqqBAe6B/OX6M05BEEjMkhG3BRLoZ4pJiRqYVJxUkQXiMhsRWNEIhEW42+2hqnCjFN4KYq4qkMVN/T2QoFGISeqozv18sern4n2enMrh0MxolqSQRni8KUmbI2MjjMXzKCZZsogjCnKpbDTxCHGGpQqyoEKzFl5dJt2Fait+dV1vXRRxlcASOQQ1YoAla4Ba0QQdg8AiewSt40560F+1d+5i3lrRi5hD8gfb5A82vmc0=</latexit><latexit sha1_base64="7ePm+5WeJ2b4Pe7ATH+1XheAIyQ=">AAACEXicbVDLSsNAFJ3UV62vqEs3wSJ0UcOkinUjFN24rGAfkIQymUzaoZMHMxOhhP6CG3/FjQtF3Lpz5984abPQ1gMXDufcy733eAmjQkL4rZVWVtfWN8qbla3tnd09ff+gK+KUY9LBMYt530OCMBqRjqSSkX7CCQo9Rnre+Cb3ew+ECxpH93KSEDdEw4gGFCOppIFec0IkR16QiemVDU2rDs0LVU1VZ3WH+bEU9VNoNtyBXoUmnMFYJlZBqqBAe6B/OX6M05BEEjMkhG3BRLoZ4pJiRqYVJxUkQXiMhsRWNEIhEW42+2hqnCjFN4KYq4qkMVN/T2QoFGISeqozv18sern4n2enMrh0MxolqSQRni8KUmbI2MjjMXzKCZZsogjCnKpbDTxCHGGpQqyoEKzFl5dJt2Fait+dV1vXRRxlcASOQQ1YoAla4Ba0QQdg8AiewSt40560F+1d+5i3lrRi5hD8gfb5A82vmc0=</latexit>

fs
<latexit sha1_base64="T7t04ptYcjJZC9FfcVyfb6aFHGE=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5hKYdDzvp3S2vrG5lZ5u7Kzu7d/4B4etUySacabLJGJ7oTUcCkUb6JAyTup5jQOJW+H49tZvf3EtRGJesRJyoOYDpWIBKNorYeob/pu1at5c5FV8AuoQqFG3/3qDRKWxVwhk9SYru+lGORUo2CSTyu9zPCUsjEd8q5FRWNugny+6pScWWdAokTbp5DM3d8TOY2NmcSh7YwpjsxybWb+V+tmGF0HuVBphlyxxUdRJgkmZHY3GQjNGcqJBcq0sLsSNqKaMrTpVGwI/vLJq9C6qPmW7y+r9ZsijjKcwCmcgw9XUIc7aEATGAzhGV7hzZHOi/PufCxaS04xcwx/5Hz+AFROjdA=</latexit><latexit sha1_base64="T7t04ptYcjJZC9FfcVyfb6aFHGE=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5hKYdDzvp3S2vrG5lZ5u7Kzu7d/4B4etUySacabLJGJ7oTUcCkUb6JAyTup5jQOJW+H49tZvf3EtRGJesRJyoOYDpWIBKNorYeob/pu1at5c5FV8AuoQqFG3/3qDRKWxVwhk9SYru+lGORUo2CSTyu9zPCUsjEd8q5FRWNugny+6pScWWdAokTbp5DM3d8TOY2NmcSh7YwpjsxybWb+V+tmGF0HuVBphlyxxUdRJgkmZHY3GQjNGcqJBcq0sLsSNqKaMrTpVGwI/vLJq9C6qPmW7y+r9ZsijjKcwCmcgw9XUIc7aEATGAzhGV7hzZHOi/PufCxaS04xcwx/5Hz+AFROjdA=</latexit><latexit sha1_base64="T7t04ptYcjJZC9FfcVyfb6aFHGE=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5hKYdDzvp3S2vrG5lZ5u7Kzu7d/4B4etUySacabLJGJ7oTUcCkUb6JAyTup5jQOJW+H49tZvf3EtRGJesRJyoOYDpWIBKNorYeob/pu1at5c5FV8AuoQqFG3/3qDRKWxVwhk9SYru+lGORUo2CSTyu9zPCUsjEd8q5FRWNugny+6pScWWdAokTbp5DM3d8TOY2NmcSh7YwpjsxybWb+V+tmGF0HuVBphlyxxUdRJgkmZHY3GQjNGcqJBcq0sLsSNqKaMrTpVGwI/vLJq9C6qPmW7y+r9ZsijjKcwCmcgw9XUIc7aEATGAzhGV7hzZHOi/PufCxaS04xcwx/5Hz+AFROjdA=</latexit><latexit sha1_base64="T7t04ptYcjJZC9FfcVyfb6aFHGE=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5hKYdDzvp3S2vrG5lZ5u7Kzu7d/4B4etUySacabLJGJ7oTUcCkUb6JAyTup5jQOJW+H49tZvf3EtRGJesRJyoOYDpWIBKNorYeob/pu1at5c5FV8AuoQqFG3/3qDRKWxVwhk9SYru+lGORUo2CSTyu9zPCUsjEd8q5FRWNugny+6pScWWdAokTbp5DM3d8TOY2NmcSh7YwpjsxybWb+V+tmGF0HuVBphlyxxUdRJgkmZHY3GQjNGcqJBcq0sLsSNqKaMrTpVGwI/vLJq9C6qPmW7y+r9ZsijjKcwCmcgw9XUIc7aEATGAzhGV7hzZHOi/PufCxaS04xcwx/5Hz+AFROjdA=</latexit>

1/second
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Sampling enables digital processing

• Sampled signals can be processed in software

• Samples can be played back at sampling rate

29

t
<latexit sha1_base64="q/23RjEfsJaZXEDdSc7eZ9qiFOA=">AAAB6HicbZDLSgNBEEVrfMb4irp00xgEV2FGBF0G3bhMwDwgGUJPp5K06XnQXSOEIV/gxoUibv0kd/6NnWQWmnih4XCriq66QaKkIdf9dtbWNza3tgs7xd29/YPD0tFx08SpFtgQsYp1O+AGlYywQZIUthONPAwUtoLx3azeekJtZBw90CRBP+TDSA6k4GStOvVKZbfizsVWwcuhDLlqvdJXtx+LNMSIhOLGdDw3IT/jmqRQOC12U4MJF2M+xI7FiIdo/Gy+6JSdW6fPBrG2LyI2d39PZDw0ZhIGtjPkNDLLtZn5X62T0uDGz2SUpISRWHw0SBWjmM2uZn2pUZCaWOBCS7srEyOuuSCbTdGG4C2fvArNy4pnuX5Vrt7mcRTgFM7gAjy4hircQw0aIADhGV7hzXl0Xpx352PRuubkMyfwR87nD+ArjPg=</latexit><latexit sha1_base64="q/23RjEfsJaZXEDdSc7eZ9qiFOA=">AAAB6HicbZDLSgNBEEVrfMb4irp00xgEV2FGBF0G3bhMwDwgGUJPp5K06XnQXSOEIV/gxoUibv0kd/6NnWQWmnih4XCriq66QaKkIdf9dtbWNza3tgs7xd29/YPD0tFx08SpFtgQsYp1O+AGlYywQZIUthONPAwUtoLx3azeekJtZBw90CRBP+TDSA6k4GStOvVKZbfizsVWwcuhDLlqvdJXtx+LNMSIhOLGdDw3IT/jmqRQOC12U4MJF2M+xI7FiIdo/Gy+6JSdW6fPBrG2LyI2d39PZDw0ZhIGtjPkNDLLtZn5X62T0uDGz2SUpISRWHw0SBWjmM2uZn2pUZCaWOBCS7srEyOuuSCbTdGG4C2fvArNy4pnuX5Vrt7mcRTgFM7gAjy4hircQw0aIADhGV7hzXl0Xpx352PRuubkMyfwR87nD+ArjPg=</latexit><latexit sha1_base64="q/23RjEfsJaZXEDdSc7eZ9qiFOA=">AAAB6HicbZDLSgNBEEVrfMb4irp00xgEV2FGBF0G3bhMwDwgGUJPp5K06XnQXSOEIV/gxoUibv0kd/6NnWQWmnih4XCriq66QaKkIdf9dtbWNza3tgs7xd29/YPD0tFx08SpFtgQsYp1O+AGlYywQZIUthONPAwUtoLx3azeekJtZBw90CRBP+TDSA6k4GStOvVKZbfizsVWwcuhDLlqvdJXtx+LNMSIhOLGdDw3IT/jmqRQOC12U4MJF2M+xI7FiIdo/Gy+6JSdW6fPBrG2LyI2d39PZDw0ZhIGtjPkNDLLtZn5X62T0uDGz2SUpISRWHw0SBWjmM2uZn2pUZCaWOBCS7srEyOuuSCbTdGG4C2fvArNy4pnuX5Vrt7mcRTgFM7gAjy4hircQw0aIADhGV7hzXl0Xpx352PRuubkMyfwR87nD+ArjPg=</latexit><latexit sha1_base64="q/23RjEfsJaZXEDdSc7eZ9qiFOA=">AAAB6HicbZDLSgNBEEVrfMb4irp00xgEV2FGBF0G3bhMwDwgGUJPp5K06XnQXSOEIV/gxoUibv0kd/6NnWQWmnih4XCriq66QaKkIdf9dtbWNza3tgs7xd29/YPD0tFx08SpFtgQsYp1O+AGlYywQZIUthONPAwUtoLx3azeekJtZBw90CRBP+TDSA6k4GStOvVKZbfizsVWwcuhDLlqvdJXtx+LNMSIhOLGdDw3IT/jmqRQOC12U4MJF2M+xI7FiIdo/Gy+6JSdW6fPBrG2LyI2d39PZDw0ZhIGtjPkNDLLtZn5X62T0uDGz2SUpISRWHw0SBWjmM2uZn2pUZCaWOBCS7srEyOuuSCbTdGG4C2fvArNy4pnuX5Vrt7mcRTgFM7gAjy4hircQw0aIADhGV7hzXl0Xpx352PRuubkMyfwR87nD+ArjPg=</latexit>

fs
<latexit sha1_base64="T7t04ptYcjJZC9FfcVyfb6aFHGE=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5hKYdDzvp3S2vrG5lZ5u7Kzu7d/4B4etUySacabLJGJ7oTUcCkUb6JAyTup5jQOJW+H49tZvf3EtRGJesRJyoOYDpWIBKNorYeob/pu1at5c5FV8AuoQqFG3/3qDRKWxVwhk9SYru+lGORUo2CSTyu9zPCUsjEd8q5FRWNugny+6pScWWdAokTbp5DM3d8TOY2NmcSh7YwpjsxybWb+V+tmGF0HuVBphlyxxUdRJgkmZHY3GQjNGcqJBcq0sLsSNqKaMrTpVGwI/vLJq9C6qPmW7y+r9ZsijjKcwCmcgw9XUIc7aEATGAzhGV7hzZHOi/PufCxaS04xcwx/5Hz+AFROjdA=</latexit><latexit sha1_base64="T7t04ptYcjJZC9FfcVyfb6aFHGE=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5hKYdDzvp3S2vrG5lZ5u7Kzu7d/4B4etUySacabLJGJ7oTUcCkUb6JAyTup5jQOJW+H49tZvf3EtRGJesRJyoOYDpWIBKNorYeob/pu1at5c5FV8AuoQqFG3/3qDRKWxVwhk9SYru+lGORUo2CSTyu9zPCUsjEd8q5FRWNugny+6pScWWdAokTbp5DM3d8TOY2NmcSh7YwpjsxybWb+V+tmGF0HuVBphlyxxUdRJgkmZHY3GQjNGcqJBcq0sLsSNqKaMrTpVGwI/vLJq9C6qPmW7y+r9ZsijjKcwCmcgw9XUIc7aEATGAzhGV7hzZHOi/PufCxaS04xcwx/5Hz+AFROjdA=</latexit><latexit sha1_base64="T7t04ptYcjJZC9FfcVyfb6aFHGE=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5hKYdDzvp3S2vrG5lZ5u7Kzu7d/4B4etUySacabLJGJ7oTUcCkUb6JAyTup5jQOJW+H49tZvf3EtRGJesRJyoOYDpWIBKNorYeob/pu1at5c5FV8AuoQqFG3/3qDRKWxVwhk9SYru+lGORUo2CSTyu9zPCUsjEd8q5FRWNugny+6pScWWdAokTbp5DM3d8TOY2NmcSh7YwpjsxybWb+V+tmGF0HuVBphlyxxUdRJgkmZHY3GQjNGcqJBcq0sLsSNqKaMrTpVGwI/vLJq9C6qPmW7y+r9ZsijjKcwCmcgw9XUIc7aEATGAzhGV7hzZHOi/PufCxaS04xcwx/5Hz+AFROjdA=</latexit><latexit sha1_base64="T7t04ptYcjJZC9FfcVyfb6aFHGE=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5hKYdDzvp3S2vrG5lZ5u7Kzu7d/4B4etUySacabLJGJ7oTUcCkUb6JAyTup5jQOJW+H49tZvf3EtRGJesRJyoOYDpWIBKNorYeob/pu1at5c5FV8AuoQqFG3/3qDRKWxVwhk9SYru+lGORUo2CSTyu9zPCUsjEd8q5FRWNugny+6pScWWdAokTbp5DM3d8TOY2NmcSh7YwpjsxybWb+V+tmGF0HuVBphlyxxUdRJgkmZHY3GQjNGcqJBcq0sLsSNqKaMrTpVGwI/vLJq9C6qPmW7y+r9ZsijjKcwCmcgw9XUIc7aEATGAzhGV7hzZHOi/PufCxaS04xcwx/5Hz+AFROjdA=</latexit>
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Project website: 
catalyst2019.github.io

• Copy MATLAB files 
(in a zip-folder)

• Extract to computer

• These functions 
simplify a lot of the 
repeating tasks!

https://catalyst2019.github.io/

