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Bits over the Air: Pre-Lab 3

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!

• Please limit the use of social media…!

2*studer@cornell.edu

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

• Last chance to switch group! Send me an 
email: studer@cornell.edu

• Try to help each other (within group)

• This time no inter-group activities L
– Reduces “interference” …

6

mailto:studer@cornell.edu
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Generating music
Module 6

7

Digital sound synthesis

• Music production is almost exclusively digital 
(sound synthesis, effects, mixing, recording,…)

8

virtual-analog
synthesis

frequency-modulation
(FM) synthesis

pulse-code modulation (PCM)

additive synthesis 
(and others…)
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Sound synthesis à transmitter

• Digital sound synthesis is signal processing
• Digital synthesizer can be seen as a 

transmitter of a wireless system
• “Information” is contained in? 
– Notes (pitch)
– Chords (relative pitch of multiple notes)
– Amplitude (loudness)
– Time when played
– Timbre (tone “color”)

• Ears are the receive antennas 9

You will create a “synthesizer”

• MATLAB script: generates sequence of sine 
waves of varying pitch, length, & amplitude

10

time-domain signal spectrum



7/17/19

6

Block diagram of the synthesizer

• Block diagrams visualize key 
components and signal flow

11

SONG
(vectors containing 

notes, duration, 
and amplitude)

OSCILLATOR
generate sine wave 
at frequency, with 
given amplitude 
and duration

note convert note 
into frequency

f

duration T

amplitude a
sampled 
audio signal

• Engineers extensively use abstraction to 
design complex systems à block diagrams!

You need some new MATLAB concepts

• Concatenating vectors
• If-statement (conditional execution)
• For-loops (repeat similar tasks)
• Saving wav-files to hard-drive

• All of these will be used for your final 
acoustic wireless communication system

12

very common 
in most 
programming
languages
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You will add more functionality

• Different waveforms than just sine waves
• Polyphonic sounds (multiple notes at once)
• If your group makes progress: sampling

13

• Piano C4 note recorded at 
FS=44,100Hz

• If you play only every other 
sample à C5!

• You can play any note!

You have designed a transmitter

• Your synthesizer already contains all 
components required for our transmitter!

• The field of signal processing includes:
– Wireless communication
– Music production
– Digital photography
– Video editing
– Robot control
– Self-driving cars
– and….

14
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…digital mixing consoles!!!

15

Do not forget: 
Signal processing is part of 

Electrical and Computer Engineering!

16
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Design of a digital amplitude 
modulation (AM) transmitter

Module 7

17

Digital communication system

18

• Transmitter takes information bits and 
creates analog (continuous) waveforms

• Receiver takes output of channel and tries 
to estimate transmitted information bits



7/17/19

10

Amplitude modulation (AM)

• We want to transmit information (a signal) 
at a given carrier frequency 

• AM: information 
signal controls 
amplitude of 
carrier signal

19
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<latexit sha1_base64="MQ/Qd5o2uYAy61Chv4kme36r0Yo=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5hKYdDzvp3S2vrG5lZ5u7Kzu7d/4B4etUySacabLJGJ7oTUcCkUb6JAyTup5jQOJW+H49tZvf3EtRGJesRJyoOYDpWIBKNorYeoz/pu1at5c5FV8AuoQqFG3/3qDRKWxVwhk9SYru+lGORUo2CSTyu9zPCUsjEd8q5FRWNugny+6pScWWdAokTbp5DM3d8TOY2NmcSh7YwpjsxybWb+V+tmGF0HuVBphlyxxUdRJgkmZHY3GQjNGcqJBcq0sLsSNqKaMrTpVGwI/vLJq9C6qPmW7y+r9ZsijjKcwCmcgw9XUIc7aEATGAzhGV7hzZHOi/PufCxaS04xcwx/5Hz+ADwOjcA=</latexit><latexit sha1_base64="MQ/Qd5o2uYAy61Chv4kme36r0Yo=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5hKYdDzvp3S2vrG5lZ5u7Kzu7d/4B4etUySacabLJGJ7oTUcCkUb6JAyTup5jQOJW+H49tZvf3EtRGJesRJyoOYDpWIBKNorYeoz/pu1at5c5FV8AuoQqFG3/3qDRKWxVwhk9SYru+lGORUo2CSTyu9zPCUsjEd8q5FRWNugny+6pScWWdAokTbp5DM3d8TOY2NmcSh7YwpjsxybWb+V+tmGF0HuVBphlyxxUdRJgkmZHY3GQjNGcqJBcq0sLsSNqKaMrTpVGwI/vLJq9C6qPmW7y+r9ZsijjKcwCmcgw9XUIc7aEATGAzhGV7hzZHOi/PufCxaS04xcwx/5Hz+ADwOjcA=</latexit><latexit sha1_base64="MQ/Qd5o2uYAy61Chv4kme36r0Yo=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5hKYdDzvp3S2vrG5lZ5u7Kzu7d/4B4etUySacabLJGJ7oTUcCkUb6JAyTup5jQOJW+H49tZvf3EtRGJesRJyoOYDpWIBKNorYeoz/pu1at5c5FV8AuoQqFG3/3qDRKWxVwhk9SYru+lGORUo2CSTyu9zPCUsjEd8q5FRWNugny+6pScWWdAokTbp5DM3d8TOY2NmcSh7YwpjsxybWb+V+tmGF0HuVBphlyxxUdRJgkmZHY3GQjNGcqJBcq0sLsSNqKaMrTpVGwI/vLJq9C6qPmW7y+r9ZsijjKcwCmcgw9XUIc7aEATGAzhGV7hzZHOi/PufCxaS04xcwx/5Hz+ADwOjcA=</latexit><latexit sha1_base64="MQ/Qd5o2uYAy61Chv4kme36r0Yo=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5hKYdDzvp3S2vrG5lZ5u7Kzu7d/4B4etUySacabLJGJ7oTUcCkUb6JAyTup5jQOJW+H49tZvf3EtRGJesRJyoOYDpWIBKNorYeoz/pu1at5c5FV8AuoQqFG3/3qDRKWxVwhk9SYru+lGORUo2CSTyu9zPCUsjEd8q5FRWNugny+6pScWWdAokTbp5DM3d8TOY2NmcSh7YwpjsxybWb+V+tmGF0HuVBphlyxxUdRJgkmZHY3GQjNGcqJBcq0sLsSNqKaMrTpVGwI/vLJq9C6qPmW7y+r9ZsijjKcwCmcgw9XUIc7aEATGAzhGV7hzZHOi/PufCxaS04xcwx/5Hz+ADwOjcA=</latexit>

Information signal

Carrier signal

AM signal

time

Amplitude

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>

Mathematical operation

• Assume that information signal       has 
values only in the range [-1,+1]

• Let be our carrier signal 
• Amplitude modulation:

20

s(t)
<latexit sha1_base64="IfKzmU7wyzdpYjr98ifctftoKPk=">AAAB63icbZBNS8NAEIYnftb6VfXoZbEI9VISEfRY9OKxgv2ANpTNdtMu3U3C7kQooX/BiwdFvPqHvPlv3LQ5aOsLCw/vzLAzb5BIYdB1v5219Y3Nre3STnl3b//gsHJ03DZxqhlvsVjGuhtQw6WIeAsFSt5NNKcqkLwTTO7yeueJayPi6BGnCfcVHUUiFIxibpkaXgwqVbfuzkVWwSugCoWag8pXfxizVPEImaTG9Dw3QT+jGgWTfFbup4YnlE3oiPcsRlRx42fzXWfk3DpDEsbavgjJ3P09kVFlzFQFtlNRHJvlWm7+V+ulGN74mYiSFHnEFh+FqSQYk/xwMhSaM5RTC5RpYXclbEw1ZWjjKdsQvOWTV6F9WfcsP1xVG7dFHCU4hTOogQfX0IB7aEILGIzhGV7hzVHOi/PufCxa15xi5gT+yPn8AXoojdo=</latexit><latexit sha1_base64="IfKzmU7wyzdpYjr98ifctftoKPk=">AAAB63icbZBNS8NAEIYnftb6VfXoZbEI9VISEfRY9OKxgv2ANpTNdtMu3U3C7kQooX/BiwdFvPqHvPlv3LQ5aOsLCw/vzLAzb5BIYdB1v5219Y3Nre3STnl3b//gsHJ03DZxqhlvsVjGuhtQw6WIeAsFSt5NNKcqkLwTTO7yeueJayPi6BGnCfcVHUUiFIxibpkaXgwqVbfuzkVWwSugCoWag8pXfxizVPEImaTG9Dw3QT+jGgWTfFbup4YnlE3oiPcsRlRx42fzXWfk3DpDEsbavgjJ3P09kVFlzFQFtlNRHJvlWm7+V+ulGN74mYiSFHnEFh+FqSQYk/xwMhSaM5RTC5RpYXclbEw1ZWjjKdsQvOWTV6F9WfcsP1xVG7dFHCU4hTOogQfX0IB7aEILGIzhGV7hzVHOi/PufCxa15xi5gT+yPn8AXoojdo=</latexit><latexit sha1_base64="IfKzmU7wyzdpYjr98ifctftoKPk=">AAAB63icbZBNS8NAEIYnftb6VfXoZbEI9VISEfRY9OKxgv2ANpTNdtMu3U3C7kQooX/BiwdFvPqHvPlv3LQ5aOsLCw/vzLAzb5BIYdB1v5219Y3Nre3STnl3b//gsHJ03DZxqhlvsVjGuhtQw6WIeAsFSt5NNKcqkLwTTO7yeueJayPi6BGnCfcVHUUiFIxibpkaXgwqVbfuzkVWwSugCoWag8pXfxizVPEImaTG9Dw3QT+jGgWTfFbup4YnlE3oiPcsRlRx42fzXWfk3DpDEsbavgjJ3P09kVFlzFQFtlNRHJvlWm7+V+ulGN74mYiSFHnEFh+FqSQYk/xwMhSaM5RTC5RpYXclbEw1ZWjjKdsQvOWTV6F9WfcsP1xVG7dFHCU4hTOogQfX0IB7aEILGIzhGV7hzVHOi/PufCxa15xi5gT+yPn8AXoojdo=</latexit><latexit sha1_base64="IfKzmU7wyzdpYjr98ifctftoKPk=">AAAB63icbZBNS8NAEIYnftb6VfXoZbEI9VISEfRY9OKxgv2ANpTNdtMu3U3C7kQooX/BiwdFvPqHvPlv3LQ5aOsLCw/vzLAzb5BIYdB1v5219Y3Nre3STnl3b//gsHJ03DZxqhlvsVjGuhtQw6WIeAsFSt5NNKcqkLwTTO7yeueJayPi6BGnCfcVHUUiFIxibpkaXgwqVbfuzkVWwSugCoWag8pXfxizVPEImaTG9Dw3QT+jGgWTfFbup4YnlE3oiPcsRlRx42fzXWfk3DpDEsbavgjJ3P09kVFlzFQFtlNRHJvlWm7+V+ulGN74mYiSFHnEFh+FqSQYk/xwMhSaM5RTC5RpYXclbEw1ZWjjKdsQvOWTV6F9WfcsP1xVG7dFHCU4hTOogQfX0IB7aEILGIzhGV7hzVHOi/PufCxa15xi5gT+yPn8AXoojdo=</latexit>

sin(2⇡fct)
<latexit sha1_base64="0qiNkDfUxCv/aM+haWRjL/w/J9E=">AAAB+XicbZBNSwMxEIZn61etX6sevQSLUC9ltwh6LHrxWMHWQltKNs22odnskswWytJ/4sWDIl79J978N6btHrT1hcDDOzPM5A0SKQx63rdT2Njc2t4p7pb29g8Oj9zjk5aJU814k8Uy1u2AGi6F4k0UKHk70ZxGgeRPwfhuXn+acG1ErB5xmvBeRIdKhIJRtFbfdbtGqEqtmwgS9hnBy75b9qreQmQd/BzKkKvRd7+6g5ilEVfIJDWm43sJ9jKqUTDJZ6VuanhC2ZgOeceiohE3vWxx+YxcWGdAwljbp5As3N8TGY2MmUaB7YwojsxqbW7+V+ukGN70MqGSFLliy0VhKgnGZB4DGQjNGcqpBcq0sLcSNqKaMrRhlWwI/uqX16FVq/qWH67K9ds8jiKcwTlUwIdrqMM9NKAJDCbwDK/w5mTOi/PufCxbC04+cwp/5Hz+AOhkkoU=</latexit><latexit sha1_base64="0qiNkDfUxCv/aM+haWRjL/w/J9E=">AAAB+XicbZBNSwMxEIZn61etX6sevQSLUC9ltwh6LHrxWMHWQltKNs22odnskswWytJ/4sWDIl79J978N6btHrT1hcDDOzPM5A0SKQx63rdT2Njc2t4p7pb29g8Oj9zjk5aJU814k8Uy1u2AGi6F4k0UKHk70ZxGgeRPwfhuXn+acG1ErB5xmvBeRIdKhIJRtFbfdbtGqEqtmwgS9hnBy75b9qreQmQd/BzKkKvRd7+6g5ilEVfIJDWm43sJ9jKqUTDJZ6VuanhC2ZgOeceiohE3vWxx+YxcWGdAwljbp5As3N8TGY2MmUaB7YwojsxqbW7+V+ukGN70MqGSFLliy0VhKgnGZB4DGQjNGcqpBcq0sLcSNqKaMrRhlWwI/uqX16FVq/qWH67K9ds8jiKcwTlUwIdrqMM9NKAJDCbwDK/w5mTOi/PufCxbC04+cwp/5Hz+AOhkkoU=</latexit><latexit sha1_base64="0qiNkDfUxCv/aM+haWRjL/w/J9E=">AAAB+XicbZBNSwMxEIZn61etX6sevQSLUC9ltwh6LHrxWMHWQltKNs22odnskswWytJ/4sWDIl79J978N6btHrT1hcDDOzPM5A0SKQx63rdT2Njc2t4p7pb29g8Oj9zjk5aJU814k8Uy1u2AGi6F4k0UKHk70ZxGgeRPwfhuXn+acG1ErB5xmvBeRIdKhIJRtFbfdbtGqEqtmwgS9hnBy75b9qreQmQd/BzKkKvRd7+6g5ilEVfIJDWm43sJ9jKqUTDJZ6VuanhC2ZgOeceiohE3vWxx+YxcWGdAwljbp5As3N8TGY2MmUaB7YwojsxqbW7+V+ukGN70MqGSFLliy0VhKgnGZB4DGQjNGcqpBcq0sLcSNqKaMrRhlWwI/uqX16FVq/qWH67K9ds8jiKcwTlUwIdrqMM9NKAJDCbwDK/w5mTOi/PufCxbC04+cwp/5Hz+AOhkkoU=</latexit><latexit sha1_base64="0qiNkDfUxCv/aM+haWRjL/w/J9E=">AAAB+XicbZBNSwMxEIZn61etX6sevQSLUC9ltwh6LHrxWMHWQltKNs22odnskswWytJ/4sWDIl79J978N6btHrT1hcDDOzPM5A0SKQx63rdT2Njc2t4p7pb29g8Oj9zjk5aJU814k8Uy1u2AGi6F4k0UKHk70ZxGgeRPwfhuXn+acG1ErB5xmvBeRIdKhIJRtFbfdbtGqEqtmwgS9hnBy75b9qreQmQd/BzKkKvRd7+6g5ilEVfIJDWm43sJ9jKqUTDJZ6VuanhC2ZgOeceiohE3vWxx+YxcWGdAwljbp5As3N8TGY2MmUaB7YwojsxqbW7+V+ukGN70MqGSFLliy0VhKgnGZB4DGQjNGcqpBcq0sLcSNqKaMrRhlWwI/uqX16FVq/qWH67K9ds8jiKcwTlUwIdrqMM9NKAJDCbwDK/w5mTOi/PufCxbC04+cwp/5Hz+AOhkkoU=</latexit>

converts information signal that 
is in range [-1,+1] to range [0,1]

y(t) =
1

2
(s(t) + 1) ⇤ sin(2⇡fct)

<latexit sha1_base64="4l2sNledmB6TbT16faMakxKTWgQ=">AAACFHicbZDLSsNAFIYnXmu9VV26GSxCa6EkRdCNUHTjsoK9QBPKZDpph04mYeZECKEP4cZXceNCEbcu3Pk2Ti8Lbf1h4OM/53Dm/H4suAbb/rZWVtfWNzZzW/ntnd29/cLBYUtHiaKsSSMRqY5PNBNcsiZwEKwTK0ZCX7C2P7qZ1NsPTGkeyXtIY+aFZCB5wCkBY/UKlbQEZXyF3UARmjnjrDYuaWNVnPKZq7ks1dyY46BHMZR7haJdtafCy+DMoYjmavQKX24/oknIJFBBtO46dgxeRhRwKtg47yaaxYSOyIB1DUoSMu1l06PG+NQ4fRxEyjwJeOr+nshIqHUa+qYzJDDUi7WJ+V+tm0Bw6WVcxgkwSWeLgkRgiPAkIdznilEQqQFCFTd/xXRITDxgcsybEJzFk5ehVas6hu/Oi/XreRw5dIxOUAk56ALV0S1qoCai6BE9o1f0Zj1ZL9a79TFrXbHmM0foj6zPHwY+m6g=</latexit><latexit sha1_base64="4l2sNledmB6TbT16faMakxKTWgQ=">AAACFHicbZDLSsNAFIYnXmu9VV26GSxCa6EkRdCNUHTjsoK9QBPKZDpph04mYeZECKEP4cZXceNCEbcu3Pk2Ti8Lbf1h4OM/53Dm/H4suAbb/rZWVtfWNzZzW/ntnd29/cLBYUtHiaKsSSMRqY5PNBNcsiZwEKwTK0ZCX7C2P7qZ1NsPTGkeyXtIY+aFZCB5wCkBY/UKlbQEZXyF3UARmjnjrDYuaWNVnPKZq7ks1dyY46BHMZR7haJdtafCy+DMoYjmavQKX24/oknIJFBBtO46dgxeRhRwKtg47yaaxYSOyIB1DUoSMu1l06PG+NQ4fRxEyjwJeOr+nshIqHUa+qYzJDDUi7WJ+V+tm0Bw6WVcxgkwSWeLgkRgiPAkIdznilEQqQFCFTd/xXRITDxgcsybEJzFk5ehVas6hu/Oi/XreRw5dIxOUAk56ALV0S1qoCai6BE9o1f0Zj1ZL9a79TFrXbHmM0foj6zPHwY+m6g=</latexit><latexit sha1_base64="4l2sNledmB6TbT16faMakxKTWgQ=">AAACFHicbZDLSsNAFIYnXmu9VV26GSxCa6EkRdCNUHTjsoK9QBPKZDpph04mYeZECKEP4cZXceNCEbcu3Pk2Ti8Lbf1h4OM/53Dm/H4suAbb/rZWVtfWNzZzW/ntnd29/cLBYUtHiaKsSSMRqY5PNBNcsiZwEKwTK0ZCX7C2P7qZ1NsPTGkeyXtIY+aFZCB5wCkBY/UKlbQEZXyF3UARmjnjrDYuaWNVnPKZq7ks1dyY46BHMZR7haJdtafCy+DMoYjmavQKX24/oknIJFBBtO46dgxeRhRwKtg47yaaxYSOyIB1DUoSMu1l06PG+NQ4fRxEyjwJeOr+nshIqHUa+qYzJDDUi7WJ+V+tm0Bw6WVcxgkwSWeLgkRgiPAkIdznilEQqQFCFTd/xXRITDxgcsybEJzFk5ehVas6hu/Oi/XreRw5dIxOUAk56ALV0S1qoCai6BE9o1f0Zj1ZL9a79TFrXbHmM0foj6zPHwY+m6g=</latexit><latexit sha1_base64="4l2sNledmB6TbT16faMakxKTWgQ=">AAACFHicbZDLSsNAFIYnXmu9VV26GSxCa6EkRdCNUHTjsoK9QBPKZDpph04mYeZECKEP4cZXceNCEbcu3Pk2Ti8Lbf1h4OM/53Dm/H4suAbb/rZWVtfWNzZzW/ntnd29/cLBYUtHiaKsSSMRqY5PNBNcsiZwEKwTK0ZCX7C2P7qZ1NsPTGkeyXtIY+aFZCB5wCkBY/UKlbQEZXyF3UARmjnjrDYuaWNVnPKZq7ks1dyY46BHMZR7haJdtafCy+DMoYjmavQKX24/oknIJFBBtO46dgxeRhRwKtg47yaaxYSOyIB1DUoSMu1l06PG+NQ4fRxEyjwJeOr+nshIqHUa+qYzJDDUi7WJ+V+tm0Bw6WVcxgkwSWeLgkRgiPAkIdznilEQqQFCFTd/xXRITDxgcsybEJzFk5ehVas6hu/Oi/XreRw5dIxOUAk56ALV0S1qoCai6BE9o1f0Zj1ZL9a79TFrXbHmM0foj6zPHwY+m6g=</latexit>

modulation
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What happens in the spectrum?

AM “magically” moves 
information signal in frequency-
domain to the carrier frequency!

21

frequency

am
pl

itu
de

f
<latexit sha1_base64="Drol6xsm4JfHAGg2yics9m9eBsg=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjC/YD2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk7t5vfOESvNYPphpgn5ER5KHnFFjrWY4KFfcqrsQWQcvhwrkagzKX/1hzNIIpWGCat3z3MT4GVWGM4GzUj/VmFA2oSPsWZQ0Qu1ni0Vn5MI6QxLGyj5pyML9PZHRSOtpFNjOiJqxXq3Nzf9qvdSEN37GZZIalGz5UZgKYmIyv5oMuUJmxNQCZYrbXQkbU0WZsdmUbAje6snr0L6qepab15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh85nz/K84zq</latexit><latexit sha1_base64="Drol6xsm4JfHAGg2yics9m9eBsg=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjC/YD2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk7t5vfOESvNYPphpgn5ER5KHnFFjrWY4KFfcqrsQWQcvhwrkagzKX/1hzNIIpWGCat3z3MT4GVWGM4GzUj/VmFA2oSPsWZQ0Qu1ni0Vn5MI6QxLGyj5pyML9PZHRSOtpFNjOiJqxXq3Nzf9qvdSEN37GZZIalGz5UZgKYmIyv5oMuUJmxNQCZYrbXQkbU0WZsdmUbAje6snr0L6qepab15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh85nz/K84zq</latexit><latexit sha1_base64="Drol6xsm4JfHAGg2yics9m9eBsg=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjC/YD2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk7t5vfOESvNYPphpgn5ER5KHnFFjrWY4KFfcqrsQWQcvhwrkagzKX/1hzNIIpWGCat3z3MT4GVWGM4GzUj/VmFA2oSPsWZQ0Qu1ni0Vn5MI6QxLGyj5pyML9PZHRSOtpFNjOiJqxXq3Nzf9qvdSEN37GZZIalGz5UZgKYmIyv5oMuUJmxNQCZYrbXQkbU0WZsdmUbAje6snr0L6qepab15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh85nz/K84zq</latexit><latexit sha1_base64="Drol6xsm4JfHAGg2yics9m9eBsg=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjC/YD2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk7t5vfOESvNYPphpgn5ER5KHnFFjrWY4KFfcqrsQWQcvhwrkagzKX/1hzNIIpWGCat3z3MT4GVWGM4GzUj/VmFA2oSPsWZQ0Qu1ni0Vn5MI6QxLGyj5pyML9PZHRSOtpFNjOiJqxXq3Nzf9qvdSEN37GZZIalGz5UZgKYmIyv5oMuUJmxNQCZYrbXQkbU0WZsdmUbAje6snr0L6qepab15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh85nz/K84zq</latexit>

spectrum of 
information signal:

frequency

am
pl

itu
de

f
<latexit sha1_base64="Drol6xsm4JfHAGg2yics9m9eBsg=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjC/YD2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk7t5vfOESvNYPphpgn5ER5KHnFFjrWY4KFfcqrsQWQcvhwrkagzKX/1hzNIIpWGCat3z3MT4GVWGM4GzUj/VmFA2oSPsWZQ0Qu1ni0Vn5MI6QxLGyj5pyML9PZHRSOtpFNjOiJqxXq3Nzf9qvdSEN37GZZIalGz5UZgKYmIyv5oMuUJmxNQCZYrbXQkbU0WZsdmUbAje6snr0L6qepab15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh85nz/K84zq</latexit><latexit sha1_base64="Drol6xsm4JfHAGg2yics9m9eBsg=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjC/YD2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk7t5vfOESvNYPphpgn5ER5KHnFFjrWY4KFfcqrsQWQcvhwrkagzKX/1hzNIIpWGCat3z3MT4GVWGM4GzUj/VmFA2oSPsWZQ0Qu1ni0Vn5MI6QxLGyj5pyML9PZHRSOtpFNjOiJqxXq3Nzf9qvdSEN37GZZIalGz5UZgKYmIyv5oMuUJmxNQCZYrbXQkbU0WZsdmUbAje6snr0L6qepab15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh85nz/K84zq</latexit><latexit sha1_base64="Drol6xsm4JfHAGg2yics9m9eBsg=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjC/YD2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk7t5vfOESvNYPphpgn5ER5KHnFFjrWY4KFfcqrsQWQcvhwrkagzKX/1hzNIIpWGCat3z3MT4GVWGM4GzUj/VmFA2oSPsWZQ0Qu1ni0Vn5MI6QxLGyj5pyML9PZHRSOtpFNjOiJqxXq3Nzf9qvdSEN37GZZIalGz5UZgKYmIyv5oMuUJmxNQCZYrbXQkbU0WZsdmUbAje6snr0L6qepab15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh85nz/K84zq</latexit><latexit sha1_base64="Drol6xsm4JfHAGg2yics9m9eBsg=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjC/YD2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk7t5vfOESvNYPphpgn5ER5KHnFFjrWY4KFfcqrsQWQcvhwrkagzKX/1hzNIIpWGCat3z3MT4GVWGM4GzUj/VmFA2oSPsWZQ0Qu1ni0Vn5MI6QxLGyj5pyML9PZHRSOtpFNjOiJqxXq3Nzf9qvdSEN37GZZIalGz5UZgKYmIyv5oMuUJmxNQCZYrbXQkbU0WZsdmUbAje6snr0L6qepab15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh85nz/K84zq</latexit>

spectrum of 
AM signal:

fc
<latexit sha1_base64="MQ/Qd5o2uYAy61Chv4kme36r0Yo=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5hKYdDzvp3S2vrG5lZ5u7Kzu7d/4B4etUySacabLJGJ7oTUcCkUb6JAyTup5jQOJW+H49tZvf3EtRGJesRJyoOYDpWIBKNorYeoz/pu1at5c5FV8AuoQqFG3/3qDRKWxVwhk9SYru+lGORUo2CSTyu9zPCUsjEd8q5FRWNugny+6pScWWdAokTbp5DM3d8TOY2NmcSh7YwpjsxybWb+V+tmGF0HuVBphlyxxUdRJgkmZHY3GQjNGcqJBcq0sLsSNqKaMrTpVGwI/vLJq9C6qPmW7y+r9ZsijjKcwCmcgw9XUIc7aEATGAzhGV7hzZHOi/PufCxaS04xcwx/5Hz+ADwOjcA=</latexit><latexit sha1_base64="MQ/Qd5o2uYAy61Chv4kme36r0Yo=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5hKYdDzvp3S2vrG5lZ5u7Kzu7d/4B4etUySacabLJGJ7oTUcCkUb6JAyTup5jQOJW+H49tZvf3EtRGJesRJyoOYDpWIBKNorYeoz/pu1at5c5FV8AuoQqFG3/3qDRKWxVwhk9SYru+lGORUo2CSTyu9zPCUsjEd8q5FRWNugny+6pScWWdAokTbp5DM3d8TOY2NmcSh7YwpjsxybWb+V+tmGF0HuVBphlyxxUdRJgkmZHY3GQjNGcqJBcq0sLsSNqKaMrTpVGwI/vLJq9C6qPmW7y+r9ZsijjKcwCmcgw9XUIc7aEATGAzhGV7hzZHOi/PufCxaS04xcwx/5Hz+ADwOjcA=</latexit><latexit sha1_base64="MQ/Qd5o2uYAy61Chv4kme36r0Yo=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5hKYdDzvp3S2vrG5lZ5u7Kzu7d/4B4etUySacabLJGJ7oTUcCkUb6JAyTup5jQOJW+H49tZvf3EtRGJesRJyoOYDpWIBKNorYeoz/pu1at5c5FV8AuoQqFG3/3qDRKWxVwhk9SYru+lGORUo2CSTyu9zPCUsjEd8q5FRWNugny+6pScWWdAokTbp5DM3d8TOY2NmcSh7YwpjsxybWb+V+tmGF0HuVBphlyxxUdRJgkmZHY3GQjNGcqJBcq0sLsSNqKaMrTpVGwI/vLJq9C6qPmW7y+r9ZsijjKcwCmcgw9XUIc7aEATGAzhGV7hzZHOi/PufCxaS04xcwx/5Hz+ADwOjcA=</latexit><latexit sha1_base64="MQ/Qd5o2uYAy61Chv4kme36r0Yo=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5hKYdDzvp3S2vrG5lZ5u7Kzu7d/4B4etUySacabLJGJ7oTUcCkUb6JAyTup5jQOJW+H49tZvf3EtRGJesRJyoOYDpWIBKNorYeoz/pu1at5c5FV8AuoQqFG3/3qDRKWxVwhk9SYru+lGORUo2CSTyu9zPCUsjEd8q5FRWNugny+6pScWWdAokTbp5DM3d8TOY2NmcSh7YwpjsxybWb+V+tmGF0HuVBphlyxxUdRJgkmZHY3GQjNGcqJBcq0sLsSNqKaMrTpVGwI/vLJq9C6qPmW7y+r9ZsijjKcwCmcgw9XUIc7aEATGAzhGV7hzZHOi/PufCxaS04xcwx/5Hz+ADwOjcA=</latexit>

AM shifts signal 
to carrier 

frequency fc

(Why does AM shift signal in spectrum?)

• Trigonometric identities: 

• Fourier series: We can decompose any signal 
into superposition of sine and cosine waves

• Multiplying sine/cosine with frequency f with 
sine wave fc creates new sine/cosine at f+fc

22

sin(↵) cos(�) =
1

2
(sin(↵+ �) + sin(↵� �))

<latexit sha1_base64="PcKtc459SZas5cd2QVGcwlv/BvE="></latexit><latexit sha1_base64="PcKtc459SZas5cd2QVGcwlv/BvE="></latexit><latexit sha1_base64="PcKtc459SZas5cd2QVGcwlv/BvE="></latexit><latexit sha1_base64="PcKtc459SZas5cd2QVGcwlv/BvE="></latexit>

sin(↵) sin(�) =
1

2
(cos(↵� �)� cos(↵+ �))

<latexit sha1_base64="MXk8c38zxuG9+YQIko2IPTiYz6I="></latexit><latexit sha1_base64="MXk8c38zxuG9+YQIko2IPTiYz6I="></latexit><latexit sha1_base64="MXk8c38zxuG9+YQIko2IPTiYz6I="></latexit><latexit sha1_base64="MXk8c38zxuG9+YQIko2IPTiYz6I="></latexit>
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Example spectrogram

• Amplitude of carrier signal is modulated by 
information signal (speech in this case)

• AM transmit signal contains speech signal 
centered around the carrier signal

23

AM radio still exists!

24

• AM radio stations in 2006
• Carrier frequencies of 525kHz to 1705kHz
• Bandwidth of information (audio) signals: 10.5kHz
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Today: communication is digital

25

We want to transmit bits

• In this project, we will stick to AM
• Modern systems use better methods…

• We map bits to amplitude with the rule:

26

time

+1.0

-1.0
duration T

time
+0.5
-0.5

duration T

bit = 1 bit = 0
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AM transmission = synthesizer

• bits = [1,0,1,1]

• The duration T per bit must stay constant
• The receiver must distinguish amplitudes!

27

time

+1.0

-1.0
duration T

1

duration T

0

duration T

1

duration T

1

Organization
Some updates

28
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29

Project website: 
catalyst2019.github.io

• Updated modules

• Updated 
presentations

• Updated MATLAB 
files (in a zip-folder)

30
MATLAB function is on Cornell box

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

• Again, we slightly shuffled the groups L but 
some students leave early on Saturday…

• Remember your (new) group number 
• Then, we walk to the ACCEL labs

• Important: You are only allowed to start 
working on Module 7 after you talked to us

31


