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Bits over the Air: Pre-Lab 2

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*studer@cornell.edu

mailto:studer@cornell.edu?subject=Bits-over-the-air
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Bits over the air
Tuesday overview

3

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.

4
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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

5
• Scheduled break from 3:15pm to 3:30pm

Remember: this is group work!

• Groups of 2-3 students
–Wish to switch group? à studer@cornell.edu

• Try to help each other (within group)

• Today: Module 5 has a component where 
you have to work with another group
– Collaborating group assignments announced 

after this pre-lab
6

mailto:studer@cornell.edu
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Spectrum and spectrogram
Module 4

7

Signals in the time-domain

• Signals are naturally represented in time-domain

8

• Tells us what 
amplitude 
appears at 
what time 
instant

• Reveals silence 
and loud parts

quiet 
part

LOUD 
PART!
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Time-domain zoom

• A closer look reveals additional information

9

• Shows us 
when periodic 
signals happen

• Example: 
vowels (a, e, i, 
o, u, ä, ö, ü)

one could measure 
the period here

More time-domain zoom

• A closer look reveals additional information

10

• Shows us 
when “noise”  
happens

• Example: 
sibilants (s, z, 
sh, zh)

noisy signals are 
not periodic!
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Other representations exist
• Assume that you would like to know what 

frequencies are present in a signal

11

• Example: this 
part of the 
speech signal 
consist of one 
dominant 
frequency:
T=0.0055s
f=1/T=181Hz

5T

Frequency-domain representation

• Every signal can be represented as a 
superposition (sum) of sine/cosine 
functions with different frequencies

for any function 
in the interval

12

Jean-Baptiste
Joseph Fourier

f(t) =
a0
2

+
1X

n=1

(an cos(2⇡nt) + bn sin(2⇡nt))
<latexit sha1_base64="darN/kQ3Zo5ceIjZlZ7zjqpuzqk="></latexit><latexit sha1_base64="darN/kQ3Zo5ceIjZlZ7zjqpuzqk="></latexit><latexit sha1_base64="darN/kQ3Zo5ceIjZlZ7zjqpuzqk="></latexit><latexit sha1_base64="darN/kQ3Zo5ceIjZlZ7zjqpuzqk="></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>

t 2 [0, 1]
<latexit sha1_base64="YEcwbCs20rC6YmBaHxzteUddIyY=">AAAB8HicbZBNS8NAEIYn9avWr6pHL4tF8CAlEUGPRS8eK9haSUPZbDft0s0m7E6EEvorvHhQxKs/x5v/xm2bg7a+sPDwzgw784apFAZd99sprayurW+UNytb2zu7e9X9g7ZJMs14iyUy0Z2QGi6F4i0UKHkn1ZzGoeQP4ehmWn944tqIRN3jOOVBTAdKRIJRtNYjdoXy3TMv6FVrbt2diSyDV0ANCjV71a9uP2FZzBUySY3xPTfFIKcaBZN8UulmhqeUjeiA+xYVjbkJ8tnCE3JinT6JEm2fQjJzf0/kNDZmHIe2M6Y4NIu1qflfzc8wugpyodIMuWLzj6JMEkzI9HrSF5ozlGMLlGlhdyVsSDVlaDOq2BC8xZOXoX1e9yzfXdQa10UcZTiCYzgFDy6hAbfQhBYwiOEZXuHN0c6L8+58zFtLTjFzCH/kfP4A0vOPwA==</latexit><latexit sha1_base64="YEcwbCs20rC6YmBaHxzteUddIyY=">AAAB8HicbZBNS8NAEIYn9avWr6pHL4tF8CAlEUGPRS8eK9haSUPZbDft0s0m7E6EEvorvHhQxKs/x5v/xm2bg7a+sPDwzgw784apFAZd99sprayurW+UNytb2zu7e9X9g7ZJMs14iyUy0Z2QGi6F4i0UKHkn1ZzGoeQP4ehmWn944tqIRN3jOOVBTAdKRIJRtNYjdoXy3TMv6FVrbt2diSyDV0ANCjV71a9uP2FZzBUySY3xPTfFIKcaBZN8UulmhqeUjeiA+xYVjbkJ8tnCE3JinT6JEm2fQjJzf0/kNDZmHIe2M6Y4NIu1qflfzc8wugpyodIMuWLzj6JMEkzI9HrSF5ozlGMLlGlhdyVsSDVlaDOq2BC8xZOXoX1e9yzfXdQa10UcZTiCYzgFDy6hAbfQhBYwiOEZXuHN0c6L8+58zFtLTjFzCH/kfP4A0vOPwA==</latexit><latexit sha1_base64="YEcwbCs20rC6YmBaHxzteUddIyY=">AAAB8HicbZBNS8NAEIYn9avWr6pHL4tF8CAlEUGPRS8eK9haSUPZbDft0s0m7E6EEvorvHhQxKs/x5v/xm2bg7a+sPDwzgw784apFAZd99sprayurW+UNytb2zu7e9X9g7ZJMs14iyUy0Z2QGi6F4i0UKHkn1ZzGoeQP4ehmWn944tqIRN3jOOVBTAdKRIJRtNYjdoXy3TMv6FVrbt2diSyDV0ANCjV71a9uP2FZzBUySY3xPTfFIKcaBZN8UulmhqeUjeiA+xYVjbkJ8tnCE3JinT6JEm2fQjJzf0/kNDZmHIe2M6Y4NIu1qflfzc8wugpyodIMuWLzj6JMEkzI9HrSF5ozlGMLlGlhdyVsSDVlaDOq2BC8xZOXoX1e9yzfXdQa10UcZTiCYzgFDy6hAbfQhBYwiOEZXuHN0c6L8+58zFtLTjFzCH/kfP4A0vOPwA==</latexit><latexit sha1_base64="YEcwbCs20rC6YmBaHxzteUddIyY=">AAAB8HicbZBNS8NAEIYn9avWr6pHL4tF8CAlEUGPRS8eK9haSUPZbDft0s0m7E6EEvorvHhQxKs/x5v/xm2bg7a+sPDwzgw784apFAZd99sprayurW+UNytb2zu7e9X9g7ZJMs14iyUy0Z2QGi6F4i0UKHkn1ZzGoeQP4ehmWn944tqIRN3jOOVBTAdKRIJRtNYjdoXy3TMv6FVrbt2diSyDV0ANCjV71a9uP2FZzBUySY3xPTfFIKcaBZN8UulmhqeUjeiA+xYVjbkJ8tnCE3JinT6JEm2fQjJzf0/kNDZmHIe2M6Y4NIu1qflfzc8wugpyodIMuWLzj6JMEkzI9HrSF5ozlGMLlGlhdyVsSDVlaDOq2BC8xZOXoX1e9yzfXdQa10UcZTiCYzgFDy6hAbfQhBYwiOEZXuHN0c6L8+58zFtLTjFzCH/kfP4A0vOPwA==</latexit>
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Example

• Fourier coefficients tell us which frequencies 
are how strongly represented in a signal

13

time-domain signal Fourier coefficients

More terms, better approximation

• This is possible for every signal 
14

f(t), t 2 [0, 1]
<latexit sha1_base64="cwAP7K6o/lPwi0R9zqpKoemwrKI=">AAAB+3icbZBPS8MwGMbT+W/Of3UevQSHMGGMVgQ9Dr14nODmoC0jzdItLE1L8lYcZV/FiwdFvPpFvPltzLYedPMNgR/P877kzROmgmtwnG+rtLa+sblV3q7s7O7tH9iH1a5OMkVZhyYiUb2QaCa4ZB3gIFgvVYzEoWAP4fhm5j88MqV5Iu9hkrIgJkPJI04JGKlvV6M6nDV8c8Dn0nMabtC3a07TmRdeBbeAGiqq3be//EFCs5hJoIJo7blOCkFOFHAq2LTiZ5qlhI7JkHkGJYmZDvL57lN8apQBjhJlrgQ8V39P5CTWehKHpjMmMNLL3kz8z/MyiK6CnMs0Aybp4qEoExgSPAsCD7hiFMTEAKGKm10xHRFFKJi4KiYEd/nLq9A9b7qG7y5qresijjI6Rieojlx0iVroFrVRB1H0hJ7RK3qzptaL9W59LFpLVjFzhP6U9fkDXDuSsg==</latexit><latexit sha1_base64="cwAP7K6o/lPwi0R9zqpKoemwrKI=">AAAB+3icbZBPS8MwGMbT+W/Of3UevQSHMGGMVgQ9Dr14nODmoC0jzdItLE1L8lYcZV/FiwdFvPpFvPltzLYedPMNgR/P877kzROmgmtwnG+rtLa+sblV3q7s7O7tH9iH1a5OMkVZhyYiUb2QaCa4ZB3gIFgvVYzEoWAP4fhm5j88MqV5Iu9hkrIgJkPJI04JGKlvV6M6nDV8c8Dn0nMabtC3a07TmRdeBbeAGiqq3be//EFCs5hJoIJo7blOCkFOFHAq2LTiZ5qlhI7JkHkGJYmZDvL57lN8apQBjhJlrgQ8V39P5CTWehKHpjMmMNLL3kz8z/MyiK6CnMs0Aybp4qEoExgSPAsCD7hiFMTEAKGKm10xHRFFKJi4KiYEd/nLq9A9b7qG7y5qresijjI6Rieojlx0iVroFrVRB1H0hJ7RK3qzptaL9W59LFpLVjFzhP6U9fkDXDuSsg==</latexit><latexit sha1_base64="cwAP7K6o/lPwi0R9zqpKoemwrKI=">AAAB+3icbZBPS8MwGMbT+W/Of3UevQSHMGGMVgQ9Dr14nODmoC0jzdItLE1L8lYcZV/FiwdFvPpFvPltzLYedPMNgR/P877kzROmgmtwnG+rtLa+sblV3q7s7O7tH9iH1a5OMkVZhyYiUb2QaCa4ZB3gIFgvVYzEoWAP4fhm5j88MqV5Iu9hkrIgJkPJI04JGKlvV6M6nDV8c8Dn0nMabtC3a07TmRdeBbeAGiqq3be//EFCs5hJoIJo7blOCkFOFHAq2LTiZ5qlhI7JkHkGJYmZDvL57lN8apQBjhJlrgQ8V39P5CTWehKHpjMmMNLL3kz8z/MyiK6CnMs0Aybp4qEoExgSPAsCD7hiFMTEAKGKm10xHRFFKJi4KiYEd/nLq9A9b7qG7y5qresijjI6Rieojlx0iVroFrVRB1H0hJ7RK3qzptaL9W59LFpLVjFzhP6U9fkDXDuSsg==</latexit><latexit sha1_base64="cwAP7K6o/lPwi0R9zqpKoemwrKI=">AAAB+3icbZBPS8MwGMbT+W/Of3UevQSHMGGMVgQ9Dr14nODmoC0jzdItLE1L8lYcZV/FiwdFvPpFvPltzLYedPMNgR/P877kzROmgmtwnG+rtLa+sblV3q7s7O7tH9iH1a5OMkVZhyYiUb2QaCa4ZB3gIFgvVYzEoWAP4fhm5j88MqV5Iu9hkrIgJkPJI04JGKlvV6M6nDV8c8Dn0nMabtC3a07TmRdeBbeAGiqq3be//EFCs5hJoIJo7blOCkFOFHAq2LTiZ5qlhI7JkHkGJYmZDvL57lN8apQBjhJlrgQ8V39P5CTWehKHpjMmMNLL3kz8z/MyiK6CnMs0Aybp4qEoExgSPAsCD7hiFMTEAKGKm10xHRFFKJi4KiYEd/nLq9A9b7qG7y5qresijjI6Rieojlx0iVroFrVRB1H0hJ7RK3qzptaL9W59LFpLVjFzhP6U9fkDXDuSsg==</latexit>
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Time- vs. frequency-domain 

• Fourier transform: convert signal from time-
domain to frequency-domain (spectrum)

15

time-domain signal spectrum

187.8Hz

other frequencies 
are present

How about a simple signal?

• Signals in time-domain and frequency-domain 
contain same amount of information!

16

time-domain signal

440Hz sine wave

spectrum

one peak at 440Hz
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“Problem”

• The frequency-domain signal does not tell 
us when certain frequencies are active 
– Think about it as a summary of existing 

frequencies over the entire time interval
• Equivalently, the time-domain does not tell 

us what frequencies are present

17

Example: A chirp signal sweeps 
its frequency over time…

18
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“Solution:” the spectrogram

• The spectrogram shows which frequencies 
are present at what time instant

19

time-domain signal spectrogram

quiet quiet

ssss
ssss

aaaa aaaa

Everybody has seen these

20
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Why is this important???

21

• Wireless systems must generate their transmit 
signals to occupy only the designated spectrum

Record audio with MATLAB
Module 5

22



7/16/19

12

Let’s use the microphone!

23

• The microphone will be our receive antenna

Recording = sampling!

24

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>

• Low-pass filter removes high frequencies
• Why do we filter the signal before sampling?
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Sampling rate > 2x highest frequency

• We have to filter the signal at
• Higher frequencies could not be represented 

25

fs/2
<latexit sha1_base64="KrlNHxRTvNiNcR97SfzXBmwJhB4=">AAAB7HicbZBNS8NAEIYnftb6VfXoZbEInmpSBD0WvXisYNpCG8pmO2mXbjZhdyOU0N/gxYMiXv1B3vw3btsctPWFhYd3ZtiZN0wF18Z1v5219Y3Nre3STnl3b//gsHJ03NJJphj6LBGJ6oRUo+ASfcONwE6qkMahwHY4vpvV20+oNE/ko5mkGMR0KHnEGTXW8qO+vqz3K1W35s5FVsEroAqFmv3KV2+QsCxGaZigWnc9NzVBTpXhTOC03Ms0ppSN6RC7FiWNUQf5fNkpObfOgESJsk8aMnd/T+Q01noSh7Yzpmakl2sz879aNzPRTZBzmWYGJVt8FGWCmITMLicDrpAZMbFAmeJ2V8JGVFFmbD5lG4K3fPIqtOo1z/LDVbVxW8RRglM4gwvw4BoacA9N8IEBh2d4hTdHOi/Ou/OxaF1zipkT+CPn8wcz0o5F</latexit><latexit sha1_base64="KrlNHxRTvNiNcR97SfzXBmwJhB4=">AAAB7HicbZBNS8NAEIYnftb6VfXoZbEInmpSBD0WvXisYNpCG8pmO2mXbjZhdyOU0N/gxYMiXv1B3vw3btsctPWFhYd3ZtiZN0wF18Z1v5219Y3Nre3STnl3b//gsHJ03NJJphj6LBGJ6oRUo+ASfcONwE6qkMahwHY4vpvV20+oNE/ko5mkGMR0KHnEGTXW8qO+vqz3K1W35s5FVsEroAqFmv3KV2+QsCxGaZigWnc9NzVBTpXhTOC03Ms0ppSN6RC7FiWNUQf5fNkpObfOgESJsk8aMnd/T+Q01noSh7Yzpmakl2sz879aNzPRTZBzmWYGJVt8FGWCmITMLicDrpAZMbFAmeJ2V8JGVFFmbD5lG4K3fPIqtOo1z/LDVbVxW8RRglM4gwvw4BoacA9N8IEBh2d4hTdHOi/Ou/OxaF1zipkT+CPn8wcz0o5F</latexit><latexit sha1_base64="KrlNHxRTvNiNcR97SfzXBmwJhB4=">AAAB7HicbZBNS8NAEIYnftb6VfXoZbEInmpSBD0WvXisYNpCG8pmO2mXbjZhdyOU0N/gxYMiXv1B3vw3btsctPWFhYd3ZtiZN0wF18Z1v5219Y3Nre3STnl3b//gsHJ03NJJphj6LBGJ6oRUo+ASfcONwE6qkMahwHY4vpvV20+oNE/ko5mkGMR0KHnEGTXW8qO+vqz3K1W35s5FVsEroAqFmv3KV2+QsCxGaZigWnc9NzVBTpXhTOC03Ms0ppSN6RC7FiWNUQf5fNkpObfOgESJsk8aMnd/T+Q01noSh7Yzpmakl2sz879aNzPRTZBzmWYGJVt8FGWCmITMLicDrpAZMbFAmeJ2V8JGVFFmbD5lG4K3fPIqtOo1z/LDVbVxW8RRglM4gwvw4BoacA9N8IEBh2d4hTdHOi/Ou/OxaF1zipkT+CPn8wcz0o5F</latexit><latexit sha1_base64="KrlNHxRTvNiNcR97SfzXBmwJhB4=">AAAB7HicbZBNS8NAEIYnftb6VfXoZbEInmpSBD0WvXisYNpCG8pmO2mXbjZhdyOU0N/gxYMiXv1B3vw3btsctPWFhYd3ZtiZN0wF18Z1v5219Y3Nre3STnl3b//gsHJ03NJJphj6LBGJ6oRUo+ASfcONwE6qkMahwHY4vpvV20+oNE/ko5mkGMR0KHnEGTXW8qO+vqz3K1W35s5FVsEroAqFmv3KV2+QsCxGaZigWnc9NzVBTpXhTOC03Ms0ppSN6RC7FiWNUQf5fNkpObfOgESJsk8aMnd/T+Q01noSh7Yzpmakl2sz879aNzPRTZBzmWYGJVt8FGWCmITMLicDrpAZMbFAmeJ2V8JGVFFmbD5lG4K3fPIqtOo1z/LDVbVxW8RRglM4gwvw4BoacA9N8IEBh2d4hTdHOi/Ou/OxaF1zipkT+CPn8wcz0o5F</latexit>

Signal must be loud “enough”

• In MATLAB signals must have amplitudes 
between -1 and +1

• Signals that exceed [-1,+1] are clipped
• Make sure that signal level is acceptable

26
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You will do three experiments
• Record your own voice

• Play sound from one group’s computer and 
record with another group’s computer
–Will be used that to transmit data wirelessly!
– Pairs of groups will be announced at the end

• Simultaneously play and record sound from 
same computer
–Will be used to design, test, and optimize your 

wireless communication system
27

Organization
Some updates

28
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29

Project website: 
catalyst2019.github.io

• Updated modules

• Added presentations 
(introduction and old 
pre-labs)

• MATLAB files (in a 
zip-folder)

You need to save your data

• The computers in the ACCEL labs erase all 
data when logging out (after 30min idle…)

• We will use box.com for storage

• We invited you to join a folder
• Sign up (create an account)
• Move your files to folder with your group 

number à try it out before it is too late!
30

https://catalyst2019.github.io/
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To do

• We slightly shuffled the groups
– One late student, rooms were filled unevenly

• Get your group number and the number of 
the group you will collaborate with
– Used for playback from one computer and 

record on other computer…
• Then we walk to the ACCEL labs
• Get free earplugs (if you want)
• If you think you are done with Module 5 

talk to us à more work J
31


