
Lecture 6: Angle Modulation

John M Pauly

January 29, 2026

1



Modulation

• Modulation encodes a real message m(t) on a carrier cos(2πfct)

• There are many ways to do this.

• So far we’ve looked at various amplitude modulation methods such as

AM, SSB, or QAM. Here a carrier is multiplied by a real envelope.

• We can also encode information in the phase or frequency of the

carrier.

• This can be described as a carrier multiplied by a complex envelope.

Based on lecture notes from John Gill
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Amplitude Modulation

The DSB-SC modulated signal is

2m(t) cos(2πfct) = m(t)ej2πfct +m(t)e−j2πfct

If we just focus on the positive frequency term we have

• The envelope which is the message m(t) multiplied by

• The carrier ej2πfct

If we plot these in the complex plane at some time t, this looks like

<latexit sha1_base64="Z8/jsxRhQefg3Zr8hFJOhjAIpms=">AAAB+HicbVDLSgNBEOyNrxgfWfXoZTAInsJuEPUY8OIxgnlAEpfZSW8yZvbBzKwQl3yJFw+KePVTvPk3TpI9aGJBQ1HVTXeXnwiutON8W4W19Y3NreJ2aWd3b79sHxy2VJxKhk0Wi1h2fKpQ8AibmmuBnUQiDX2BbX98PfPbjygVj6M7PUmwH9JhxAPOqDaSZ5fxPnuo9RJOAo8RPfXsilN15iCrxM1JBXI0PPurN4hZGmKkmaBKdV0n0f2MSs2ZwGmplypMKBvTIXYNjWiIqp/ND5+SU6MMSBBLU5Emc/X3REZDpSahbzpDqkdq2ZuJ/3ndVAdX/YxHSaoxYotFQSqIjsksBTLgEpkWE0Mok9zcStiISsq0yapkQnCXX14lrVrVvai6t+eVupPHUYRjOIEzcOES6nADDWgCgxSe4RXerCfrxXq3PhatBSufOYI/sD5/AAJTkp0=</latexit>

ej2⇡fct

<latexit sha1_base64="aDzRWEBZk+mfsOepPjcYCAN20YI=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi8cq9gPaUDbbSbt0s0l3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hodua3nlBpHstHM0nQj+hA8pAzaqzUzrqMCvIw7ZUrbtWdg6wSLycVyFHvlb+6/ZilEUrDBNW647mJ8TOqDGcCp6VuqjGhbEQH2LFU0gi1n83vnZIzq/RJGCtb0pC5+nsio5HWkyiwnRE1Q73szcT/vE5qwhs/4zJJDUq2WBSmgpiYzJ4nfa6QGTGxhDLF7a2EDamizNiISjYEb/nlVdK8qHpXVe/+slJz8ziKcAKncA4eXEMN7qAODWAg4Ble4c0ZOy/Ou/OxaC04+cwx/IHz+QO3Po+0</latexit>R

<latexit sha1_base64="ImRtkJYBliFBh5sSnnaqnjfIPAU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi94q2A9oQ9lsJ+3SzSbd3Qgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSwfzSRBP6IDyUPOqLFSO+syKsj9tFeuuFV3DrJKvJxUIEe9V/7q9mOWRigNE1Trjucmxs+oMpwJnJa6qcaEshEdYMdSSSPUfja/d0rOrNInYaxsSUPm6u+JjEZaT6LAdkbUDPWyNxP/8zqpCW/8jMskNSjZYlGYCmJiMnue9LlCZsTEEsoUt7cSNqSKMmMjKtkQvOWXV0nzoupdVb2Hy0rNzeMowgmcwjl4cA01uIM6NICBgGd4hTdn7Lw4787HorXg5DPH8AfO5w+pkY+r</latexit>I

<latexit sha1_base64="aDzRWEBZk+mfsOepPjcYCAN20YI=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi8cq9gPaUDbbSbt0s0l3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hodua3nlBpHstHM0nQj+hA8pAzaqzUzrqMCvIw7ZUrbtWdg6wSLycVyFHvlb+6/ZilEUrDBNW647mJ8TOqDGcCp6VuqjGhbEQH2LFU0gi1n83vnZIzq/RJGCtb0pC5+nsio5HWkyiwnRE1Q73szcT/vE5qwhs/4zJJDUq2WBSmgpiYzJ4nfa6QGTGxhDLF7a2EDamizNiISjYEb/nlVdK8qHpXVe/+slJz8ziKcAKncA4eXEMN7qAODWAg4Ble4c0ZOy/Ou/OxaC04+cwx/IHz+QO3Po+0</latexit>R

<latexit sha1_base64="ImRtkJYBliFBh5sSnnaqnjfIPAU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi94q2A9oQ9lsJ+3SzSbd3Qgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSwfzSRBP6IDyUPOqLFSO+syKsj9tFeuuFV3DrJKvJxUIEe9V/7q9mOWRigNE1Trjucmxs+oMpwJnJa6qcaEshEdYMdSSSPUfja/d0rOrNInYaxsSUPm6u+JjEZaT6LAdkbUDPWyNxP/8zqpCW/8jMskNSjZYlGYCmJiMnue9LlCZsTEEsoUt7cSNqSKMmMjKtkQvOWXV0nzoupdVb2Hy0rNzeMowgmcwjl4cA01uIM6NICBgGd4hTdn7Lw4787HorXg5DPH8AfO5w+pkY+r</latexit>I

<latexit sha1_base64="E/ufOFEJlK7X3CgN9TEfGD1Qwng=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0lE1GPBi8cK9gPaUDbbTbt0dxN2J0IJ/QtePCji1T/kzX9j0uagrQ8GHu/NMDMviKWw6Lrfztr6xubWdmmnvLu3f3BYOTpu2ygxjLdYJCPTDajlUmjeQoGSd2PDqQok7wSTu9zvPHFjRaQfcRpzX9GRFqFgFHNJ1fBiUKm6dXcOskq8glShQHNQ+eoPI5YorpFJam3Pc2P0U2pQMMln5X5ieUzZhI54L6OaKm79dH7rjJxnypCEkclKI5mrvydSqqydqiDrVBTHdtnLxf+8XoLhrZ8KHSfINVssChNJMCL542QoDGcopxmhzIjsVsLG1FCGWTzlLARv+eVV0r6se9d17+Gq2nCLOEpwCmdQAw9uoAH30IQWMBjDM7zCm6OcF+fd+Vi0rjnFzAn8gfP5A22Kjcg=</latexit>

m(t)

Carrier Envelope

The message m(t) scales the amplitude of the carrier.
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If we modulate a sine instead,

2m(t) sin(2πfct) = −jm(t)ej2πfct + jm(t)e−j2πfct

Again we just focus on the positive frequency term, which we can consider

to be

• The envelope −jm(t) which includes the message m(t)

• The same carrier ej2πfct

Note that the fact that we multiplied by a sine is reflected in the −j in the

envelope. The carrier is the same. This looks like

<latexit sha1_base64="Z8/jsxRhQefg3Zr8hFJOhjAIpms=">AAAB+HicbVDLSgNBEOyNrxgfWfXoZTAInsJuEPUY8OIxgnlAEpfZSW8yZvbBzKwQl3yJFw+KePVTvPk3TpI9aGJBQ1HVTXeXnwiutON8W4W19Y3NreJ2aWd3b79sHxy2VJxKhk0Wi1h2fKpQ8AibmmuBnUQiDX2BbX98PfPbjygVj6M7PUmwH9JhxAPOqDaSZ5fxPnuo9RJOAo8RPfXsilN15iCrxM1JBXI0PPurN4hZGmKkmaBKdV0n0f2MSs2ZwGmplypMKBvTIXYNjWiIqp/ND5+SU6MMSBBLU5Emc/X3REZDpSahbzpDqkdq2ZuJ/3ndVAdX/YxHSaoxYotFQSqIjsksBTLgEpkWE0Mok9zcStiISsq0yapkQnCXX14lrVrVvai6t+eVupPHUYRjOIEzcOES6nADDWgCgxSe4RXerCfrxXq3PhatBSufOYI/sD5/AAJTkp0=</latexit>

ej2⇡fct

<latexit sha1_base64="aDzRWEBZk+mfsOepPjcYCAN20YI=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi8cq9gPaUDbbSbt0s0l3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hodua3nlBpHstHM0nQj+hA8pAzaqzUzrqMCvIw7ZUrbtWdg6wSLycVyFHvlb+6/ZilEUrDBNW647mJ8TOqDGcCp6VuqjGhbEQH2LFU0gi1n83vnZIzq/RJGCtb0pC5+nsio5HWkyiwnRE1Q73szcT/vE5qwhs/4zJJDUq2WBSmgpiYzJ4nfa6QGTGxhDLF7a2EDamizNiISjYEb/nlVdK8qHpXVe/+slJz8ziKcAKncA4eXEMN7qAODWAg4Ble4c0ZOy/Ou/OxaC04+cwx/IHz+QO3Po+0</latexit>R

<latexit sha1_base64="ImRtkJYBliFBh5sSnnaqnjfIPAU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi94q2A9oQ9lsJ+3SzSbd3Qgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSwfzSRBP6IDyUPOqLFSO+syKsj9tFeuuFV3DrJKvJxUIEe9V/7q9mOWRigNE1Trjucmxs+oMpwJnJa6qcaEshEdYMdSSSPUfja/d0rOrNInYaxsSUPm6u+JjEZaT6LAdkbUDPWyNxP/8zqpCW/8jMskNSjZYlGYCmJiMnue9LlCZsTEEsoUt7cSNqSKMmMjKtkQvOWXV0nzoupdVb2Hy0rNzeMowgmcwjl4cA01uIM6NICBgGd4hTdn7Lw4787HorXg5DPH8AfO5w+pkY+r</latexit>I

<latexit sha1_base64="aDzRWEBZk+mfsOepPjcYCAN20YI=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi8cq9gPaUDbbSbt0s0l3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hodua3nlBpHstHM0nQj+hA8pAzaqzUzrqMCvIw7ZUrbtWdg6wSLycVyFHvlb+6/ZilEUrDBNW647mJ8TOqDGcCp6VuqjGhbEQH2LFU0gi1n83vnZIzq/RJGCtb0pC5+nsio5HWkyiwnRE1Q73szcT/vE5qwhs/4zJJDUq2WBSmgpiYzJ4nfa6QGTGxhDLF7a2EDamizNiISjYEb/nlVdK8qHpXVe/+slJz8ziKcAKncA4eXEMN7qAODWAg4Ble4c0ZOy/Ou/OxaC04+cwx/IHz+QO3Po+0</latexit>R

<latexit sha1_base64="ImRtkJYBliFBh5sSnnaqnjfIPAU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi94q2A9oQ9lsJ+3SzSbd3Qgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSwfzSRBP6IDyUPOqLFSO+syKsj9tFeuuFV3DrJKvJxUIEe9V/7q9mOWRigNE1Trjucmxs+oMpwJnJa6qcaEshEdYMdSSSPUfja/d0rOrNInYaxsSUPm6u+JjEZaT6LAdkbUDPWyNxP/8zqpCW/8jMskNSjZYlGYCmJiMnue9LlCZsTEEsoUt7cSNqSKMmMjKtkQvOWXV0nzoupdVb2Hy0rNzeMowgmcwjl4cA01uIM6NICBgGd4hTdn7Lw4787HorXg5DPH8AfO5w+pkY+r</latexit>I

Carrier Envelope

<latexit sha1_base64="R0f8XUzrTNXeMXpGFH0YhF2D+/o=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWAR6sKSFFGXBTcuK9gHNLFMpjft2MkkzEyEErLxV9y4UMStn+HOv3H6WGjrgQuHc+7l3nuChDOlHefbWlpeWV1bL2wUN7e2d3btvf2milNJoUFjHst2QBRwJqChmebQTiSQKODQCobXY7/1CFKxWNzpUQJ+RPqChYwSbaSufQj32dmDF0pCMy9heVbN86isT7t2yak4E+BF4s5ICc1Q79pfXi+maQRCU06U6rhOov2MSM0oh7zopQoSQoekDx1DBYlA+dnkgRyfGKWHw1iaEhpP1N8TGYmUGkWB6YyIHqh5byz+53VSHV75GRNJqkHQ6aIw5VjHeJwG7jEJVPORIYRKZm7FdEBMGNpkVjQhuPMvL5JmteJeVNzb81LNmcVRQEfoGJWRiy5RDd2gOmoginL0jF7Rm/VkvVjv1se0dcmazRygP7A+fwCWuZZY</latexit>

e�j ⇡
2 m(t)

<latexit sha1_base64="vlyGvI+HXQ5xHTvFkBnyvVtGViY=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoMQD4ZdEfUY8OIxgnlAsoTZyWwyyTyWmVkhhPyDFw+KePV/vPk3TpI9aGJBQ1HVTXdXlHBmrO9/e7m19Y3Nrfx2YWd3b/+geHjUMCrVhNaJ4kq3ImwoZ5LWLbOcthJNsYg4bUaju5nffKLaMCUf7TihocB9yWJGsHVS42Ioyva8Wyz5FX8OtEqCjJQgQ61b/Or0FEkFlZZwbEw78BMbTrC2jHA6LXRSQxNMRrhP245KLKgJJ/Nrp+jMKT0UK+1KWjRXf09MsDBmLCLXKbAdmGVvJv7ntVMb34YTJpPUUkkWi+KUI6vQ7HXUY5oSy8eOYKKZuxWRAdaYWBdQwYUQLL+8ShqXleC6Ejxclap+FkceTuAUyhDADVThHmpQBwJDeIZXePOU9+K9ex+L1pyXzRzDH3ifP57UjnM=</latexit>�jm(t)

The envelope is now imaginary (the −j) or can be thought of as phase

shifted by −π/2. This turns the cosine carrier into a sine.
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With QAM we have two messages, one modulated by a cosine, and a

second with a sine

2m1(t) cos(2πfct) + 2m2 sin(2πfct)

= (m1 − jm2(t))e
j2πfct + (m1(t) + jm2(t))e

−j2πfct

The positive frequency term is then

• The complex envelope m1(t)− jm2(t) which has m1(t) as the real

part, and m2(t) as the imaginary part.

• The same carrier ej2πfct.

<latexit sha1_base64="Z8/jsxRhQefg3Zr8hFJOhjAIpms=">AAAB+HicbVDLSgNBEOyNrxgfWfXoZTAInsJuEPUY8OIxgnlAEpfZSW8yZvbBzKwQl3yJFw+KePVTvPk3TpI9aGJBQ1HVTXeXnwiutON8W4W19Y3NreJ2aWd3b79sHxy2VJxKhk0Wi1h2fKpQ8AibmmuBnUQiDX2BbX98PfPbjygVj6M7PUmwH9JhxAPOqDaSZ5fxPnuo9RJOAo8RPfXsilN15iCrxM1JBXI0PPurN4hZGmKkmaBKdV0n0f2MSs2ZwGmplypMKBvTIXYNjWiIqp/ND5+SU6MMSBBLU5Emc/X3REZDpSahbzpDqkdq2ZuJ/3ndVAdX/YxHSaoxYotFQSqIjsksBTLgEpkWE0Mok9zcStiISsq0yapkQnCXX14lrVrVvai6t+eVupPHUYRjOIEzcOES6nADDWgCgxSe4RXerCfrxXq3PhatBSufOYI/sD5/AAJTkp0=</latexit>

ej2⇡fct

<latexit sha1_base64="aDzRWEBZk+mfsOepPjcYCAN20YI=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi8cq9gPaUDbbSbt0s0l3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hodua3nlBpHstHM0nQj+hA8pAzaqzUzrqMCvIw7ZUrbtWdg6wSLycVyFHvlb+6/ZilEUrDBNW647mJ8TOqDGcCp6VuqjGhbEQH2LFU0gi1n83vnZIzq/RJGCtb0pC5+nsio5HWkyiwnRE1Q73szcT/vE5qwhs/4zJJDUq2WBSmgpiYzJ4nfa6QGTGxhDLF7a2EDamizNiISjYEb/nlVdK8qHpXVe/+slJz8ziKcAKncA4eXEMN7qAODWAg4Ble4c0ZOy/Ou/OxaC04+cwx/IHz+QO3Po+0</latexit>R

<latexit sha1_base64="ImRtkJYBliFBh5sSnnaqnjfIPAU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi94q2A9oQ9lsJ+3SzSbd3Qgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSwfzSRBP6IDyUPOqLFSO+syKsj9tFeuuFV3DrJKvJxUIEe9V/7q9mOWRigNE1Trjucmxs+oMpwJnJa6qcaEshEdYMdSSSPUfja/d0rOrNInYaxsSUPm6u+JjEZaT6LAdkbUDPWyNxP/8zqpCW/8jMskNSjZYlGYCmJiMnue9LlCZsTEEsoUt7cSNqSKMmMjKtkQvOWXV0nzoupdVb2Hy0rNzeMowgmcwjl4cA01uIM6NICBgGd4hTdn7Lw4787HorXg5DPH8AfO5w+pkY+r</latexit>I

<latexit sha1_base64="aDzRWEBZk+mfsOepPjcYCAN20YI=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi8cq9gPaUDbbSbt0s0l3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hodua3nlBpHstHM0nQj+hA8pAzaqzUzrqMCvIw7ZUrbtWdg6wSLycVyFHvlb+6/ZilEUrDBNW647mJ8TOqDGcCp6VuqjGhbEQH2LFU0gi1n83vnZIzq/RJGCtb0pC5+nsio5HWkyiwnRE1Q73szcT/vE5qwhs/4zJJDUq2WBSmgpiYzJ4nfa6QGTGxhDLF7a2EDamizNiISjYEb/nlVdK8qHpXVe/+slJz8ziKcAKncA4eXEMN7qAODWAg4Ble4c0ZOy/Ou/OxaC04+cwx/IHz+QO3Po+0</latexit>R

<latexit sha1_base64="ImRtkJYBliFBh5sSnnaqnjfIPAU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi94q2A9oQ9lsJ+3SzSbd3Qgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSwfzSRBP6IDyUPOqLFSO+syKsj9tFeuuFV3DrJKvJxUIEe9V/7q9mOWRigNE1Trjucmxs+oMpwJnJa6qcaEshEdYMdSSSPUfja/d0rOrNInYaxsSUPm6u+JjEZaT6LAdkbUDPWyNxP/8zqpCW/8jMskNSjZYlGYCmJiMnue9LlCZsTEEsoUt7cSNqSKMmMjKtkQvOWXV0nzoupdVb2Hy0rNzeMowgmcwjl4cA01uIM6NICBgGd4hTdn7Lw4787HorXg5DPH8AfO5w+pkY+r</latexit>I

Carrier Envelope

<latexit sha1_base64="oCeOxWKauE00uMb1zS0AuPRWDmQ=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBDiwbAbRD0GvHiMYB6QhDA7mU3GzM6uM71CWPITXjwo4tXf8ebfOEn2oIkFDUVVN91dfiyFQdf9dlZW19Y3NnNb+e2d3b39wsFhw0SJZrzOIhnplk8Nl0LxOgqUvBVrTkNf8qY/upn6zSeujYjUPY5j3g3pQIlAMIpWap0/hL1KCc96haJbdmcgy8TLSBEy1HqFr04/YknIFTJJjWl7bozdlGoUTPJJvpMYHlM2ogPetlTRkJtuOrt3Qk6t0idBpG0pJDP190RKQ2PGoW87Q4pDs+hNxf+8doLBdTcVKk6QKzZfFCSSYESmz5O+0JyhHFtCmRb2VsKGVFOGNqK8DcFbfHmZNCpl77Ls3V0Uq24WRw6O4QRK4MEVVOEWalAHBhKe4RXenEfnxXl3PuatK042cwR/4Hz+AMifjxg=</latexit>�jm2(t) <latexit sha1_base64="STzVeUlUcfbBJN/dfTcqCyJksZg=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoMQL2FXRD0GvHiMYB6QLGF2MpuMmccy0yuEJf/gxYMiXv0fb/6Nk2QPmljQUFR1090VJYJb8P1vr7C2vrG5Vdwu7ezu7R+UD49aVqeGsibVQptORCwTXLEmcBCskxhGZCRYOxrfzvz2EzOWa/UAk4SFkgwVjzkl4KSW7AdVOO+XK37NnwOvkiAnFZSj0S9/9QaappIpoIJY2w38BMKMGOBUsGmpl1qWEDomQ9Z1VBHJbJjNr53iM6cMcKyNKwV4rv6eyIi0diIj1ykJjOyyNxP/87opxDdhxlWSAlN0sShOBQaNZ6/jATeMgpg4Qqjh7lZMR8QQCi6gkgshWH55lbQuasFVLbi/rNT9PI4iOkGnqIoCdI3q6A41UBNR9Iie0St687T34r17H4vWgpfPHKM/8D5/AJSYjmw=</latexit>

m1(t)

The magnitude of m1(t)− jm2(t) scales the amplitude of the carrier, and

the angle adds to the phase of the carrier.
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Broadcast AM is like DSB-SC with an additional bias which makes the

envelope always positive

2(1 +m(t)) cos(2πfct) = (1 +m(t))ej2πfct + (1 +m(t))e−j2πfct

This looks like

<latexit sha1_base64="Z8/jsxRhQefg3Zr8hFJOhjAIpms=">AAAB+HicbVDLSgNBEOyNrxgfWfXoZTAInsJuEPUY8OIxgnlAEpfZSW8yZvbBzKwQl3yJFw+KePVTvPk3TpI9aGJBQ1HVTXeXnwiutON8W4W19Y3NreJ2aWd3b79sHxy2VJxKhk0Wi1h2fKpQ8AibmmuBnUQiDX2BbX98PfPbjygVj6M7PUmwH9JhxAPOqDaSZ5fxPnuo9RJOAo8RPfXsilN15iCrxM1JBXI0PPurN4hZGmKkmaBKdV0n0f2MSs2ZwGmplypMKBvTIXYNjWiIqp/ND5+SU6MMSBBLU5Emc/X3REZDpSahbzpDqkdq2ZuJ/3ndVAdX/YxHSaoxYotFQSqIjsksBTLgEpkWE0Mok9zcStiISsq0yapkQnCXX14lrVrVvai6t+eVupPHUYRjOIEzcOES6nADDWgCgxSe4RXerCfrxXq3PhatBSufOYI/sD5/AAJTkp0=</latexit>

ej2⇡fct

<latexit sha1_base64="aDzRWEBZk+mfsOepPjcYCAN20YI=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi8cq9gPaUDbbSbt0s0l3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hodua3nlBpHstHM0nQj+hA8pAzaqzUzrqMCvIw7ZUrbtWdg6wSLycVyFHvlb+6/ZilEUrDBNW647mJ8TOqDGcCp6VuqjGhbEQH2LFU0gi1n83vnZIzq/RJGCtb0pC5+nsio5HWkyiwnRE1Q73szcT/vE5qwhs/4zJJDUq2WBSmgpiYzJ4nfa6QGTGxhDLF7a2EDamizNiISjYEb/nlVdK8qHpXVe/+slJz8ziKcAKncA4eXEMN7qAODWAg4Ble4c0ZOy/Ou/OxaC04+cwx/IHz+QO3Po+0</latexit>R

<latexit sha1_base64="ImRtkJYBliFBh5sSnnaqnjfIPAU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi94q2A9oQ9lsJ+3SzSbd3Qgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSwfzSRBP6IDyUPOqLFSO+syKsj9tFeuuFV3DrJKvJxUIEe9V/7q9mOWRigNE1Trjucmxs+oMpwJnJa6qcaEshEdYMdSSSPUfja/d0rOrNInYaxsSUPm6u+JjEZaT6LAdkbUDPWyNxP/8zqpCW/8jMskNSjZYlGYCmJiMnue9LlCZsTEEsoUt7cSNqSKMmMjKtkQvOWXV0nzoupdVb2Hy0rNzeMowgmcwjl4cA01uIM6NICBgGd4hTdn7Lw4787HorXg5DPH8AfO5w+pkY+r</latexit>I

<latexit sha1_base64="aDzRWEBZk+mfsOepPjcYCAN20YI=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi8cq9gPaUDbbSbt0s0l3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hodua3nlBpHstHM0nQj+hA8pAzaqzUzrqMCvIw7ZUrbtWdg6wSLycVyFHvlb+6/ZilEUrDBNW647mJ8TOqDGcCp6VuqjGhbEQH2LFU0gi1n83vnZIzq/RJGCtb0pC5+nsio5HWkyiwnRE1Q73szcT/vE5qwhs/4zJJDUq2WBSmgpiYzJ4nfa6QGTGxhDLF7a2EDamizNiISjYEb/nlVdK8qHpXVe/+slJz8ziKcAKncA4eXEMN7qAODWAg4Ble4c0ZOy/Ou/OxaC04+cwx/IHz+QO3Po+0</latexit>R

<latexit sha1_base64="ImRtkJYBliFBh5sSnnaqnjfIPAU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi94q2A9oQ9lsJ+3SzSbd3Qgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSwfzSRBP6IDyUPOqLFSO+syKsj9tFeuuFV3DrJKvJxUIEe9V/7q9mOWRigNE1Trjucmxs+oMpwJnJa6qcaEshEdYMdSSSPUfja/d0rOrNInYaxsSUPm6u+JjEZaT6LAdkbUDPWyNxP/8zqpCW/8jMskNSjZYlGYCmJiMnue9LlCZsTEEsoUt7cSNqSKMmMjKtkQvOWXV0nzoupdVb2Hy0rNzeMowgmcwjl4cA01uIM6NICBgGd4hTdn7Lw4787HorXg5DPH8AfO5w+pkY+r</latexit>I

Carrier Envelope

<latexit sha1_base64="rYtzOVVnoerOdj3nHEAJlikSrkU=">AAAB73icbVBNSwMxEJ31s9avqkcvwSJUhLIRUY8FLx4r2A9ol5JNs21okl2TrFCW/gkvHhTx6t/x5r8xbfegrQ8GHu/NMDMvTAQ31ve/vZXVtfWNzcJWcXtnd2+/dHDYNHGqKWvQWMS6HRLDBFesYbkVrJ1oRmQoWCsc3U791hPThsfqwY4TFkgyUDzilFgntfG57OGKPeuVyn7VnwEtE5yTMuSo90pf3X5MU8mUpYIY08F+YoOMaMupYJNiNzUsIXREBqzjqCKSmSCb3TtBp07poyjWrpRFM/X3REakMWMZuk5J7NAselPxP6+T2ugmyLhKUssUnS+KUoFsjKbPoz7XjFoxdoRQzd2tiA6JJtS6iIouBLz48jJpXlTxVRXfX5Zrfh5HAY7hBCqA4RpqcAd1aAAFAc/wCm/eo/fivXsf89YVL585gj/wPn8AbE6O3A==</latexit>

1 + m1(t)

<latexit sha1_base64="DfZS2DjG3v3tDeg4Q3Ezo1Yk8zY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q3KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9WtVrXlfqbh5HEc7gHC7Bgxuowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AdyuMqQ==</latexit>

1

We are transmitting the AM bias term all the time.

Is there something else we could do with it?
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Instead of mutiplying the carrier by the message, we can include the

message as the phase of the carrier

2 cos(2πfct+ km(t)) = ej(2πfct+km(t)) + ej(2πfct+km(t))

= ejkm(t)ej2πfct + e−jkm(t)ej2πfct

Now we have

• A complex envelope ejkm(t), which has unit magnitude and phase

km(t)

• The same carrier ej2πfct.

This looks like

<latexit sha1_base64="Z8/jsxRhQefg3Zr8hFJOhjAIpms=">AAAB+HicbVDLSgNBEOyNrxgfWfXoZTAInsJuEPUY8OIxgnlAEpfZSW8yZvbBzKwQl3yJFw+KePVTvPk3TpI9aGJBQ1HVTXeXnwiutON8W4W19Y3NreJ2aWd3b79sHxy2VJxKhk0Wi1h2fKpQ8AibmmuBnUQiDX2BbX98PfPbjygVj6M7PUmwH9JhxAPOqDaSZ5fxPnuo9RJOAo8RPfXsilN15iCrxM1JBXI0PPurN4hZGmKkmaBKdV0n0f2MSs2ZwGmplypMKBvTIXYNjWiIqp/ND5+SU6MMSBBLU5Emc/X3REZDpSahbzpDqkdq2ZuJ/3ndVAdX/YxHSaoxYotFQSqIjsksBTLgEpkWE0Mok9zcStiISsq0yapkQnCXX14lrVrVvai6t+eVupPHUYRjOIEzcOES6nADDWgCgxSe4RXerCfrxXq3PhatBSufOYI/sD5/AAJTkp0=</latexit>

ej2⇡fct

<latexit sha1_base64="aDzRWEBZk+mfsOepPjcYCAN20YI=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi8cq9gPaUDbbSbt0s0l3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hodua3nlBpHstHM0nQj+hA8pAzaqzUzrqMCvIw7ZUrbtWdg6wSLycVyFHvlb+6/ZilEUrDBNW647mJ8TOqDGcCp6VuqjGhbEQH2LFU0gi1n83vnZIzq/RJGCtb0pC5+nsio5HWkyiwnRE1Q73szcT/vE5qwhs/4zJJDUq2WBSmgpiYzJ4nfa6QGTGxhDLF7a2EDamizNiISjYEb/nlVdK8qHpXVe/+slJz8ziKcAKncA4eXEMN7qAODWAg4Ble4c0ZOy/Ou/OxaC04+cwx/IHz+QO3Po+0</latexit>R

<latexit sha1_base64="ImRtkJYBliFBh5sSnnaqnjfIPAU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi94q2A9oQ9lsJ+3SzSbd3Qgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSwfzSRBP6IDyUPOqLFSO+syKsj9tFeuuFV3DrJKvJxUIEe9V/7q9mOWRigNE1Trjucmxs+oMpwJnJa6qcaEshEdYMdSSSPUfja/d0rOrNInYaxsSUPm6u+JjEZaT6LAdkbUDPWyNxP/8zqpCW/8jMskNSjZYlGYCmJiMnue9LlCZsTEEsoUt7cSNqSKMmMjKtkQvOWXV0nzoupdVb2Hy0rNzeMowgmcwjl4cA01uIM6NICBgGd4hTdn7Lw4787HorXg5DPH8AfO5w+pkY+r</latexit>I

<latexit sha1_base64="aDzRWEBZk+mfsOepPjcYCAN20YI=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi8cq9gPaUDbbSbt0s0l3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hodua3nlBpHstHM0nQj+hA8pAzaqzUzrqMCvIw7ZUrbtWdg6wSLycVyFHvlb+6/ZilEUrDBNW647mJ8TOqDGcCp6VuqjGhbEQH2LFU0gi1n83vnZIzq/RJGCtb0pC5+nsio5HWkyiwnRE1Q73szcT/vE5qwhs/4zJJDUq2WBSmgpiYzJ4nfa6QGTGxhDLF7a2EDamizNiISjYEb/nlVdK8qHpXVe/+slJz8ziKcAKncA4eXEMN7qAODWAg4Ble4c0ZOy/Ou/OxaC04+cwx/IHz+QO3Po+0</latexit>R

<latexit sha1_base64="ImRtkJYBliFBh5sSnnaqnjfIPAU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi94q2A9oQ9lsJ+3SzSbd3Qgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSwfzSRBP6IDyUPOqLFSO+syKsj9tFeuuFV3DrJKvJxUIEe9V/7q9mOWRigNE1Trjucmxs+oMpwJnJa6qcaEshEdYMdSSSPUfja/d0rOrNInYaxsSUPm6u+JjEZaT6LAdkbUDPWyNxP/8zqpCW/8jMskNSjZYlGYCmJiMnue9LlCZsTEEsoUt7cSNqSKMmMjKtkQvOWXV0nzoupdVb2Hy0rNzeMowgmcwjl4cA01uIM6NICBgGd4hTdn7Lw4787HorXg5DPH8AfO5w+pkY+r</latexit>I

Carrier Envelope

<latexit sha1_base64="DfZS2DjG3v3tDeg4Q3Ezo1Yk8zY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q3KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9WtVrXlfqbh5HEc7gHC7Bgxuowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AdyuMqQ==</latexit>

1

<latexit sha1_base64="dkVCIuc49LTBmN7PuNua4CC9uc8=">AAAB83icbVBNS8NAEN34WetX1aOXxSLUS0lE1GPBi8cK9gPaWDbbSbt2swm7E6GE/g0vHhTx6p/x5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVHBo8lrFuB8yAFAoaKFBCO9HAokBCKxjdTP3WE2gjYnWP4wT8iA2UCAVnaKUuPGSPdESjCp5NeqWyW3VnoMvEy0mZ5Kj3Sl/dfszTCBRyyYzpeG6CfsY0Ci5hUuymBhLGR2wAHUsVi8D42ezmCT21Sp+GsbalkM7U3xMZi4wZR4HtjBgOzaI3Ff/zOimG134mVJIiKD5fFKaSYkynAdC+0MBRji1hXAt7K+VDphlHG1PRhuAtvrxMmudV77Lq3V2Ua24eR4EckxNSIR65IjVyS+qkQThJyDN5JW9O6rw4787HvHXFyWeOyB84nz/td5Do</latexit>

ejkm(t)

For small angles, this looks like the quadrature version of AM!

Could we do something like QAM here?
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Angle Modulation

• We can encode information as either

• Time varying phase

• Time varying frequency

• Both result in angle modulation

• Both are very closely related

• Easy to do with an sdr, just another complex envelope!

8



Instantaneous Frequency

• In general, the frequency of a signal at an instant in time depends on

the entire signal.

• For generalized sinusoids, we can use a simpler approach. Suppose

ϕ(t) = A cos θ(t) .

Then θ(t) is the generalized angle. For a true sinusoid,

θ(t) = 2πfct+ θ0 ,

linear with slope ωc and offset θ0

• The generalized angle is not limited to [0, 2π]. Wrapping introduces

discontinuities.

• Phase unwrapping is easy at an IF, where the phase changes are small

from one sample to the next.
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Instantaneous Frequency (cont.)

• Instananeous frequency is derivative of generalized angle:

ωi(t) =
dθ

dt
= θ′(t)

• The phase is just the integral of the frequency

θ(t) =

∫ t

−∞
ωi(u) du = θ(0) +

∫ t

0
ωi(u) du

• We can modulate a generalized sinusoid by using a signal m(t) to vary

either θ(t) or ωi(t).

• In either case, the frequency of the modulated signal changes as a

function of m(t).
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Instantaneous Frequency (cont.)

<latexit sha1_base64="IzjdwoBqEF0IHJ99Rb0WPv7MePE=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBahXkoioh4LXjxWsB/YhrLZTtqlm03YnQgl9F948aCIV/+NN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUc2jyWMa6EzADUihookAJnUQDiwIJ7WB8O/PbT6CNiNUDThLwIzZUIhScoZUeezgCZLTqnvfLFbfmzkFXiZeTCsnR6Je/eoOYpxEo5JIZ0/XcBP2MaRRcwrTUSw0kjI/ZELqWKhaB8bP5xVN6ZpUBDWNtSyGdq78nMhYZM4kC2xkxHJllbyb+53VTDG/8TKgkRVB8sShMJcWYzt6nA6GBo5xYwrgW9lbKR0wzjjakkg3BW355lbQuat5Vzbu/rNTdPI4iOSGnpEo8ck3q5I40SJNwosgzeSVvjnFenHfnY9FacPKZY/IHzucPMxOP5Q==</latexit>

✓(0)

<latexit sha1_base64="Bq50+pwnf8q6Wt6rBtpiAT2G92E=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARKkJJiqjLghuXFewDmhAm00k7dDIJMzdCiV34K25cKOLW33Dn3zh9LLT1wIXDOfdy7z1hKrgGx/m2Ciura+sbxc3S1vbO7p69f9DSSaYoa9JEJKoTEs0El6wJHATrpIqROBSsHQ5vJn77gSnNE3kPo5T5MelLHnFKwEiBfeTBgAGpOGf4HNe8lOMooBgCu+xUnSnwMnHnpIzmaAT2l9dLaBYzCVQQrbuuk4KfEwWcCjYueZlmKaFD0mddQyWJmfbz6f1jfGqUHo4SZUoCnqq/J3ISaz2KQ9MZExjoRW8i/ud1M4iu/ZzLNAMm6WxRlAkMCZ6EgXtcMQpiZAihiptbMR0QRSiYyEomBHfx5WXSqlXdy6p7d1GuO/M4iugYnaAKctEVqqNb1EBNRNEjekav6M16sl6sd+tj1lqw5jOH6A+szx8B3pQc</latexit>

✓(0) + 2⇡fct

<latexit sha1_base64="mz2UTY15hz3mUlm2r7ladBkHWvQ=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBahXkoioh4LXjxWsB/YhrLZTtqlm03YnQgl9F948aCIV/+NN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUc2jyWMa6EzADUihookAJnUQDiwIJ7WB8O/PbT6CNiNUDThLwIzZUIhScoZUeezgCZLSK5/1yxa25c9BV4uWkQnI0+uWv3iDmaQQKuWTGdD03QT9jGgWXMC31UgMJ42M2hK6likVg/Gx+8ZSeWWVAw1jbUkjn6u+JjEXGTKLAdkYMR2bZm4n/ed0Uwxs/EypJERRfLApTSTGms/fpQGjgKCeWMK6FvZXyEdOMow2pZEPwll9eJa2LmndV8+4vK3U3j6NITsgpqRKPXJM6uSMN0iScKPJMXsmbY5wX5935WLQWnHzmmPyB8/kDmmeQKQ==</latexit>

✓(t)

<latexit sha1_base64="Thrrskogb/WLpT+MQl62EJOgN3k=">AAACBHicbVC7SgNBFJ31GeNr1TLNYBBiE3ZF1EYI2FhGMA/ILmF2cpMMmX0wc1cISwobf8XGQhFbP8LOv3GSbKGJBy4czrl35t4TJFJodJxva2V1bX1js7BV3N7Z3du3Dw6bOk4VhwaPZazaAdMgRQQNFCihnShgYSChFYxupn7rAZQWcXSP4wT8kA0i0RecoZG6dsmLQxiwCp7Sa+r1Ysw8HAKyiVG6dtmpOjPQZeLmpExy1Lv2l3mBpyFEyCXTuuM6CfoZUyi4hEnRSzUkjI/YADqGRiwE7WezIyb0xCg92o+VqQjpTP09kbFQ63EYmM6Q4VAvelPxP6+TYv/Kz0SUpAgRn3/UTyXFmE4ToT2hgKMcG8K4EmZXyodMMY4mt6IJwV08eZk0z6ruRdW9Oy/XnDyOAimRY1IhLrkkNXJL6qRBOHkkz+SVvFlP1ov1bn3MW1esfOaI/IH1+QM+KZcm</latexit>

!(t) = ✓̇(t)

Carrier Phase

Signal Phase

Signal Frequency

<latexit sha1_base64="emzqdfvp2W6jnj5MV5dGAwnb8wo=">AAAB6HicbVBNS8NAEJ34WetX1aOXYBE8lUREPRa8eGzBfkAbymY7adduNmF3IpTSX+DFgyJe/Une/Ddu2xy09cHA470ZZuaFqRSGPO/bWVvf2NzaLuwUd/f2Dw5LR8dNk2SaY4MnMtHtkBmUQmGDBElspxpZHEpshaO7md96Qm1Eoh5onGIQs4ESkeCMrFSnXqnsVbw53FXi56QMOWq90le3n/AsRkVcMmM6vpdSMGGaBJc4LXYzgynjIzbAjqWKxWiCyfzQqXtulb4bJdqWIneu/p6YsNiYcRzazpjR0Cx7M/E/r5NRdBtMhEozQsUXi6JMupS4s6/dvtDISY4tYVwLe6vLh0wzTjabog3BX355lTQvK/51xa9flateHkcBTuEMLsCHG6jCPdSgARwQnuEV3pxH58V5dz4WrWtOPnMCf+B8/gDct4zs</latexit>

t

<latexit sha1_base64="Z5IYeWlUTnsHCg93k9/NwYc+KIY=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMeAF48RzAOSJcxOJsmY2ZllplcIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqSw6PvfXmFtfWNzq7hd2tnd2z8oHx41rU4N4w2mpTbtiFouheINFCh5OzGcxpHkrWh8O/NbT9xYodUDThIexnSoxEAwik5qdnHEkfbKFb/qz0FWSZCTCuSo98pf3b5macwVMkmt7QR+gmFGDQom+bTUTS1PKBvTIe84qmjMbZjNr52SM6f0yUAbVwrJXP09kdHY2kkcuc6Y4sguezPxP6+T4uAmzIRKUuSKLRYNUklQk9nrpC8MZygnjlBmhLuVsBE1lKELqORCCJZfXiXNi2pwVQ3uLys1P4+jCCdwCucQwDXU4A7q0AAGj/AMr/Dmae/Fe/c+Fq0FL585hj/wPn8AoIWPHA==</latexit>

✓

<latexit sha1_base64="XidlyTw9qJLgRee8iCiVmju82j4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9WtVrXlfqbh5HEc7gHC7Bgxuowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AdaeMqA==</latexit>

0

• Dashed line is the carrier phase

• Solid line is the phase of the transmitted signal

• Slope of the solid line is the instantaneous frequency of the

transmitted signal.
11



Phase Modulation (PM)

• In PM, phase is varied linearly with m(t):

θ(t) = 2πfct+ kpm(t)

which produces a transmitted signal

ϕPM (t) = cos
(
2πfct+ kpm(t)

)

• The instantaneous frequency is

ωi(t) =
dθ

dt
= 2πfc + kpṁ(t)

• If m(t) varies rapidly, then the frequency deviations are larger.

• The bandwidth of the signal is determined by ṁ(t), similar to AM.

12



Frequency Modulation (FM)

• In FM, frequency is is varied linear in m(t):

ωi(t) = 2πfc + kfm(t)

which produces a signal

ϕFM (t) = cos
(
(2πfc + kfm(t))t)

)

• The bandwidth of the signal is determined by the amplitude of kfm(t)

(obvious), and also the bandwidth of m(t) (less obvious).

• The angle is

θ(t) =

∫ t

−∞

(
2πfc + kfm(u)

)
du = 2πfct+ kf

∫ t

−∞
m(u) du

• We could apply this θ(t) to a phase modulator, and get exactly the

same effect as applying ωi(t) to a frequency modulator.

13



Relationship Between FM and PM

• Phase modulation of m(t) = frequency modulation of ṁ(t).

• Frequency modulation of m(t) = phase modulation of
∫
m(u) du.

<latexit sha1_base64="3LyFHLb5JMB4fgYD5tH5gRwQ1OM=">AAAB9HicbVDLSgMxFM34rPVVdekmWIS6KTMi6rLgxmUF+4B2KJlMpg1NMmNyp1CGfocbF4q49WPc+Tdm2llo64HA4Zx7uScnSAQ34Lrfztr6xubWdmmnvLu3f3BYOTpumzjVlLVoLGLdDYhhgivWAg6CdRPNiAwE6wTju9zvTJg2PFaPME2YL8lQ8YhTAlby+1wBljW4wCGUB5WqW3fnwKvEK0gVFWgOKl/9MKapZAqoIMb0PDcBPyMaOBVsVu6nhiWEjsmQ9SxVRDLjZ/PQM3xulRBHsbbPhpirvzcyIo2ZysBOSgIjs+zl4n9eL4Xo1s+4SlJgii4ORanAEOO8ARxyzSiIqSWEam6zYjoimlCwPeUleMtfXiXty7p3XfcerqoNt6ijhE7RGaohD92gBrpHTdRCFD2hZ/SK3pyJ8+K8Ox+L0TWn2DlBf+B8/gALoZDr</latexit>Z
m(t)dt Phase

Modulator

<latexit sha1_base64="E/ufOFEJlK7X3CgN9TEfGD1Qwng=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0lE1GPBi8cK9gPaUDbbTbt0dxN2J0IJ/QtePCji1T/kzX9j0uagrQ8GHu/NMDMviKWw6Lrfztr6xubWdmmnvLu3f3BYOTpu2ygxjLdYJCPTDajlUmjeQoGSd2PDqQok7wSTu9zvPHFjRaQfcRpzX9GRFqFgFHNJ1fBiUKm6dXcOskq8glShQHNQ+eoPI5YorpFJam3Pc2P0U2pQMMln5X5ieUzZhI54L6OaKm79dH7rjJxnypCEkclKI5mrvydSqqydqiDrVBTHdtnLxf+8XoLhrZ8KHSfINVssChNJMCL542QoDGcopxmhzIjsVsLG1FCGWTzlLARv+eVV0r6se9d17+Gq2nCLOEpwCmdQAw9uoAH30IQWMBjDM7zCm6OcF+fd+Vi0rjnFzAn8gfP5A22Kjcg=</latexit>

m(t)
<latexit sha1_base64="OY3nqvpcBBHFuLq84PcTvf4YKOg=">AAAB83icbVBNS8NAEJ34WetX1aOXYBHqpSQi6rEgiBehgv2AJpTNdtsu3WyW3YlQQv+GFw+KePXPePPfuG1z0NYHA4/3ZpiZFynBDXret7Oyura+sVnYKm7v7O7tlw4OmyZJNWUNmohEtyNimOCSNZCjYG2lGYkjwVrR6Gbqt56YNjyRjzhWLIzJQPI+pwStFARqyLvZ7f2kgmfdUtmrejO4y8TPSRly1Lulr6CX0DRmEqkgxnR8T2GYEY2cCjYpBqlhitARGbCOpZLEzITZ7OaJe2qVnttPtC2J7kz9PZGR2JhxHNnOmODQLHpT8T+vk2L/Osy4VCkySeeL+qlwMXGnAbg9rhlFMbaEUM3trS4dEk0o2piKNgR/8eVl0jyv+pdV/+GiXPPyOApwDCdQAR+uoAZ3UIcGUFDwDK/w5qTOi/PufMxbV5x85gj+wPn8AWBVkTI=</latexit>

�FM (t)

<latexit sha1_base64="kBbrlNogm5GncNKP5CmNzCLgLx4=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBahXkoioh4LXrwIFewHNKFsttt26WYTdidCCf0bXjwo4tU/481/47bNQVsfDDzem2FmXphIYdB1v53C2vrG5lZxu7Szu7d/UD48apk41Yw3WSxj3Qmp4VIo3kSBkncSzWkUSt4Ox7czv/3EtRGxesRJwoOIDpUYCEbRSr6fjEQva9xPq3jeK1fcmjsHWSVeTiqQo9Erf/n9mKURV8gkNabruQkGGdUomOTTkp8anlA2pkPetVTRiJsgm988JWdW6ZNBrG0pJHP190RGI2MmUWg7I4ojs+zNxP+8boqDmyATKkmRK7ZYNEglwZjMAiB9oTlDObGEMi3srYSNqKYMbUwlG4K3/PIqaV3UvKua93BZqbt5HEU4gVOoggfXUIc7aEATGCTwDK/w5qTOi/PufCxaC04+cwx/4Hz+AG+vkTw=</latexit>

�PM (t)
<latexit sha1_base64="E/ufOFEJlK7X3CgN9TEfGD1Qwng=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0lE1GPBi8cK9gPaUDbbTbt0dxN2J0IJ/QtePCji1T/kzX9j0uagrQ8GHu/NMDMviKWw6Lrfztr6xubWdmmnvLu3f3BYOTpu2ygxjLdYJCPTDajlUmjeQoGSd2PDqQok7wSTu9zvPHFjRaQfcRpzX9GRFqFgFHNJ1fBiUKm6dXcOskq8glShQHNQ+eoPI5YorpFJam3Pc2P0U2pQMMln5X5ieUzZhI54L6OaKm79dH7rjJxnypCEkclKI5mrvydSqqydqiDrVBTHdtnLxf+8XoLhrZ8KHSfINVssChNJMCL542QoDGcopxmhzIjsVsLG1FCGWTzlLARv+eVV0r6se9d17+Gq2nCLOEpwCmdQAw9uoAH30IQWMBjDM7zCm6OcF+fd+Vi0rjnFzAn8gfP5A22Kjcg=</latexit>

m(t) <latexit sha1_base64="WKsWzMfrei1WQ1KSXX23S0z+Ns8=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBahXkoioh4LXjxWsB/QhrLZbNqlu5uwOymU0H/ixYMiXv0n3vw3btsctPXBwOO9GWbmhangBjzv2yltbG5t75R3K3v7B4dH7vFJ2ySZpqxFE5HobkgME1yxFnAQrJtqRmQoWCcc38/9zoRpwxP1BNOUBZIMFY85JWClgev2Y01oHs3yCGayBpcDt+rVvQXwOvELUkUFmgP3qx8lNJNMARXEmJ7vpRDkRAOngs0q/cywlNAxGbKepYpIZoJ8cfkMX1glwnGibSnAC/X3RE6kMVMZ2k5JYGRWvbn4n9fLIL4Lcq7SDJiiy0VxJjAkeB4DjrhmFMTUEkI1t7diOiI2CrBhVWwI/urL66R9Vfdv6v7jdbXhFXGU0Rk6RzXko1vUQA+oiVqIogl6Rq/ozcmdF+fd+Vi2lpxi5hT9gfP5A5u2k5U=</latexit>

d

dt
m(t)

Frequency
Modulator

Frequency Modulator

Phase Modulator

• We can produce both types of modulation with either modulator.

• Direct digital synthesis (DDS) chips will do this for you.

14



Generalized Angle Modulation

• We can generalize modulation by convolving the message signal with

an impulse response h(t)

ϕEM (t) = A cos
(
2πfct+ h(t) ∗m(t)

)

This is a filter with a transfer function H(f).

• We recover m(t) from phase by using inverse filter H−1(f).

E.g., for FM the inverse of integration is differention.
<latexit sha1_base64="E/ufOFEJlK7X3CgN9TEfGD1Qwng=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0lE1GPBi8cK9gPaUDbbTbt0dxN2J0IJ/QtePCji1T/kzX9j0uagrQ8GHu/NMDMviKWw6Lrfztr6xubWdmmnvLu3f3BYOTpu2ygxjLdYJCPTDajlUmjeQoGSd2PDqQok7wSTu9zvPHFjRaQfcRpzX9GRFqFgFHNJ1fBiUKm6dXcOskq8glShQHNQ+eoPI5YorpFJam3Pc2P0U2pQMMln5X5ieUzZhI54L6OaKm79dH7rjJxnypCEkclKI5mrvydSqqydqiDrVBTHdtnLxf+8XoLhrZ8KHSfINVssChNJMCL542QoDGcopxmhzIjsVsLG1FCGWTzlLARv+eVV0r6se9d17+Gq2nCLOEpwCmdQAw9uoAH30IQWMBjDM7zCm6OcF+fd+Vi0rjnFzAn8gfP5A22Kjcg=</latexit>

m(t)
<latexit sha1_base64="55X/rUIi9+Y9KPwJBiP5vIUO05E=">AAAB63icbVBNS8NAEJ3Ur1q/oh69LBahXkoioh4LXnqsYD+gDWWz3bRLdzdhdyOU0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmhQln2njet1Pa2Nza3invVvb2Dw6P3OOTjo5TRWibxDxWvRBrypmkbcMMp71EUSxCTrvh9D73u09UaRbLRzNLaCDwWLKIEWxyqVmLLodu1at7C6B14hekCgVaQ/drMIpJKqg0hGOt+76XmCDDyjDC6bwySDVNMJniMe1bKrGgOsgWt87RhVVGKIqVLWnQQv09kWGh9UyEtlNgM9GrXi7+5/VTE90FGZNJaqgky0VRypGJUf44GjFFieEzSzBRzN6KyAQrTIyNp2JD8FdfXiedq7p/U/cfrqsNr4ijDGdwDjXw4RYa0IQWtIHABJ7hFd4c4bw4787HsrXkFDOn8AfO5w8fwY2V</latexit>

H(f)

<latexit sha1_base64="OxNf00D2vs2rXbVoHlqz19hxZyc=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahHiy7RdRjwUuPFeyHtGvJptk2NMkuSVYoS3+FFw+KePXnePPfmLZ70NYHA4/3ZpiZF8ScaeO6305ubX1jcyu/XdjZ3ds/KB4etXSUKEKbJOKR6gRYU84kbRpmOO3EimIRcNoOxrczv/1ElWaRvDeTmPoCDyULGcHGSg/1x/TCm5bD836x5FbcOdAq8TJSggyNfvGrN4hIIqg0hGOtu54bGz/FyjDC6bTQSzSNMRnjIe1aKrGg2k/nB0/RmVUGKIyULWnQXP09kWKh9UQEtlNgM9LL3kz8z+smJrzxUybjxFBJFovChCMTodn3aMAUJYZPLMFEMXsrIiOsMDE2o4INwVt+eZW0qhXvquLdXZZqbhZHHk7gFMrgwTXUoA4NaAIBAc/wCm+Ocl6cd+dj0Zpzsplj+APn8wd3XI97</latexit>

H�1(f)

Phase
Modulator

Phase
Detector

<latexit sha1_base64="E/ufOFEJlK7X3CgN9TEfGD1Qwng=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0lE1GPBi8cK9gPaUDbbTbt0dxN2J0IJ/QtePCji1T/kzX9j0uagrQ8GHu/NMDMviKWw6Lrfztr6xubWdmmnvLu3f3BYOTpu2ygxjLdYJCPTDajlUmjeQoGSd2PDqQok7wSTu9zvPHFjRaQfcRpzX9GRFqFgFHNJ1fBiUKm6dXcOskq8glShQHNQ+eoPI5YorpFJam3Pc2P0U2pQMMln5X5ieUzZhI54L6OaKm79dH7rjJxnypCEkclKI5mrvydSqqydqiDrVBTHdtnLxf+8XoLhrZ8KHSfINVssChNJMCL542QoDGcopxmhzIjsVsLG1FCGWTzlLARv+eVV0r6se9d17+Gq2nCLOEpwCmdQAw9uoAH30IQWMBjDM7zCm6OcF+fd+Vi0rjnFzAn8gfP5A22Kjcg=</latexit>

m(t)

Transmission

• PM (h(t) = kpδ(t)) and FM (h(t) = kfu(t)) are special cases.

• Also used for pre-emphasis to improve noise characteristics, and pulse

shaping to reduce signal bandwidth. 15



Frequency Shift Keying (FSK)

• Basic idea is to send a string of bits as two different frequencies

• These are encoded in m(t) as a value of 1 for a bit 1, and a value of -1

for a bit 0.

• We then transmit a frequency 2πfct+ kf for a 1, and 2πfc − kf for a

zero.
<latexit sha1_base64="E/ufOFEJlK7X3CgN9TEfGD1Qwng=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0lE1GPBi8cK9gPaUDbbTbt0dxN2J0IJ/QtePCji1T/kzX9j0uagrQ8GHu/NMDMviKWw6Lrfztr6xubWdmmnvLu3f3BYOTpu2ygxjLdYJCPTDajlUmjeQoGSd2PDqQok7wSTu9zvPHFjRaQfcRpzX9GRFqFgFHNJ1fBiUKm6dXcOskq8glShQHNQ+eoPI5YorpFJam3Pc2P0U2pQMMln5X5ieUzZhI54L6OaKm79dH7rjJxnypCEkclKI5mrvydSqqydqiDrVBTHdtnLxf+8XoLhrZ8KHSfINVssChNJMCL542QoDGcopxmhzIjsVsLG1FCGWTzlLARv+eVV0r6se9d17+Gq2nCLOEpwCmdQAw9uoAH30IQWMBjDM7zCm6OcF+fd+Vi0rjnFzAn8gfP5A22Kjcg=</latexit>

m(t)

<latexit sha1_base64="qh2eEc7IU/MqzHN2fOPGVFg1vcg=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRoh4LXjxWsR/QhrLZbtqlm03YnQgl9B948aCIV/+RN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38789hPXRsTqEScJ9yM6VCIUjKKVHi68frniVt05yCrxclKBHI1++as3iFkacYVMUmO6npugn1GNgkk+LfVSwxPKxnTIu5YqGnHjZ/NLp+TMKgMSxtqWQjJXf09kNDJmEgW2M6I4MsveTPzP66YY3viZUEmKXLHFojCVBGMye5sMhOYM5cQSyrSwtxI2opoytOGUbAje8surpHVZ9a6q3n2tUnfzOIpwAqdwDh5cQx3uoAFNYBDCM7zCmzN2Xpx352PRWnDymWP4A+fzB+BwjOA=</latexit>�1

<latexit sha1_base64="DfZS2DjG3v3tDeg4Q3Ezo1Yk8zY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q3KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9WtVrXlfqbh5HEc7gHC7Bgxuowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AdyuMqQ==</latexit>

1

<latexit sha1_base64="emzqdfvp2W6jnj5MV5dGAwnb8wo=">AAAB6HicbVBNS8NAEJ34WetX1aOXYBE8lUREPRa8eGzBfkAbymY7adduNmF3IpTSX+DFgyJe/Une/Ddu2xy09cHA470ZZuaFqRSGPO/bWVvf2NzaLuwUd/f2Dw5LR8dNk2SaY4MnMtHtkBmUQmGDBElspxpZHEpshaO7md96Qm1Eoh5onGIQs4ESkeCMrFSnXqnsVbw53FXi56QMOWq90le3n/AsRkVcMmM6vpdSMGGaBJc4LXYzgynjIzbAjqWKxWiCyfzQqXtulb4bJdqWIneu/p6YsNiYcRzazpjR0Cx7M/E/r5NRdBtMhEozQsUXi6JMupS4s6/dvtDISY4tYVwLe6vLh0wzTjabog3BX355lTQvK/51xa9flateHkcBTuEMLsCHG6jCPdSgARwQnuEV3pxH58V5dz4WrWtOPnMCf+B8/gDct4zs</latexit>

t

<latexit sha1_base64="OY3nqvpcBBHFuLq84PcTvf4YKOg=">AAAB83icbVBNS8NAEJ34WetX1aOXYBHqpSQi6rEgiBehgv2AJpTNdtsu3WyW3YlQQv+GFw+KePXPePPfuG1z0NYHA4/3ZpiZFynBDXret7Oyura+sVnYKm7v7O7tlw4OmyZJNWUNmohEtyNimOCSNZCjYG2lGYkjwVrR6Gbqt56YNjyRjzhWLIzJQPI+pwStFARqyLvZ7f2kgmfdUtmrejO4y8TPSRly1Lulr6CX0DRmEqkgxnR8T2GYEY2cCjYpBqlhitARGbCOpZLEzITZ7OaJe2qVnttPtC2J7kz9PZGR2JhxHNnOmODQLHpT8T+vk2L/Osy4VCkySeeL+qlwMXGnAbg9rhlFMbaEUM3trS4dEk0o2piKNgR/8eVl0jyv+pdV/+GiXPPyOApwDCdQAR+uoAZ3UIcGUFDwDK/w5qTOi/PufMxbV5x85gj+wPn8AWBVkTI=</latexit>

�FM (t)

<latexit sha1_base64="HrtHF3kaYlUQQmjTlmZAalVt0C0=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0WoCCUpom6EghuXFewDmhAm00k7dB5hZiKU0rUbf8WNC0Xc+gXu/BunbRZaPXDhcM693HtPnDKqjed9OYWl5ZXVteJ6aWNza3vH3d1raZkpTJpYMqk6MdKEUUGahhpGOqkiiMeMtOPh9dRv3xOlqRR3ZpSSkKO+oAnFyFgpcg8DyUkfRbRiTuAVrAUphUmE4SkcRgnkVo3cslf1ZoB/iZ+TMsjRiNzPoCdxxokwmCGtu76XmnCMlKGYkUkpyDRJER6iPulaKhAnOhzPXpnAY6v0YCKVLWHgTP05MUZc6xGPbSdHZqAXvan4n9fNTHIZjqlIM0MEni9KMgaNhNNcYI8qgg0bWYKwovZWiAdIIWxseiUbgr/48l/SqlX986p/e1aue3kcRXAAjkAF+OAC1MENaIAmwOABPIEX8Oo8Os/Om/M+by04+cw++AXn4xsq8pf0</latexit>

!i(t) = 2⇡fc + kfm(t)

<latexit sha1_base64="emzqdfvp2W6jnj5MV5dGAwnb8wo=">AAAB6HicbVBNS8NAEJ34WetX1aOXYBE8lUREPRa8eGzBfkAbymY7adduNmF3IpTSX+DFgyJe/Une/Ddu2xy09cHA470ZZuaFqRSGPO/bWVvf2NzaLuwUd/f2Dw5LR8dNk2SaY4MnMtHtkBmUQmGDBElspxpZHEpshaO7md96Qm1Eoh5onGIQs4ESkeCMrFSnXqnsVbw53FXi56QMOWq90le3n/AsRkVcMmM6vpdSMGGaBJc4LXYzgynjIzbAjqWKxWiCyfzQqXtulb4bJdqWIneu/p6YsNiYcRzazpjR0Cx7M/E/r5NRdBtMhEozQsUXi6JMupS4s6/dvtDISY4tYVwLe6vLh0wzTjabog3BX355lTQvK/51xa9flateHkcBTuEMLsCHG6jCPdSgARwQnuEV3pxH58V5dz4WrWtOPnMCf+B8/gDct4zs</latexit>

t
<latexit sha1_base64="qh2eEc7IU/MqzHN2fOPGVFg1vcg=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRoh4LXjxWsR/QhrLZbtqlm03YnQgl9B948aCIV/+RN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38789hPXRsTqEScJ9yM6VCIUjKKVHi68frniVt05yCrxclKBHI1++as3iFkacYVMUmO6npugn1GNgkk+LfVSwxPKxnTIu5YqGnHjZ/NLp+TMKgMSxtqWQjJXf09kNDJmEgW2M6I4MsveTPzP66YY3viZUEmKXLHFojCVBGMye5sMhOYM5cQSyrSwtxI2opoytOGUbAje8surpHVZ9a6q3n2tUnfzOIpwAqdwDh5cQx3uoAFNYBDCM7zCmzN2Xpx352PRWnDymWP4A+fzB+BwjOA=</latexit>�1

<latexit sha1_base64="DfZS2DjG3v3tDeg4Q3Ezo1Yk8zY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q3KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9WtVrXlfqbh5HEc7gHC7Bgxuowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AdyuMqQ==</latexit>

1

• This type of modulation is very common in modems, and also digital

radio

• We’ll see this later in one of the labs. 16



FSK with a Phase Modulator

• We could achieve the same effect with a phase modulator.

• The input is now
∫ t
o m(u)du

<latexit sha1_base64="qh2eEc7IU/MqzHN2fOPGVFg1vcg=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRoh4LXjxWsR/QhrLZbtqlm03YnQgl9B948aCIV/+RN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38789hPXRsTqEScJ9yM6VCIUjKKVHi68frniVt05yCrxclKBHI1++as3iFkacYVMUmO6npugn1GNgkk+LfVSwxPKxnTIu5YqGnHjZ/NLp+TMKgMSxtqWQjJXf09kNDJmEgW2M6I4MsveTPzP66YY3viZUEmKXLHFojCVBGMye5sMhOYM5cQSyrSwtxI2opoytOGUbAje8surpHVZ9a6q3n2tUnfzOIpwAqdwDh5cQx3uoAFNYBDCM7zCmzN2Xpx352PRWnDymWP4A+fzB+BwjOA=</latexit>�1

<latexit sha1_base64="DfZS2DjG3v3tDeg4Q3Ezo1Yk8zY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q3KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9WtVrXlfqbh5HEc7gHC7Bgxuowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AdyuMqQ==</latexit>

1

<latexit sha1_base64="emzqdfvp2W6jnj5MV5dGAwnb8wo=">AAAB6HicbVBNS8NAEJ34WetX1aOXYBE8lUREPRa8eGzBfkAbymY7adduNmF3IpTSX+DFgyJe/Une/Ddu2xy09cHA470ZZuaFqRSGPO/bWVvf2NzaLuwUd/f2Dw5LR8dNk2SaY4MnMtHtkBmUQmGDBElspxpZHEpshaO7md96Qm1Eoh5onGIQs4ESkeCMrFSnXqnsVbw53FXi56QMOWq90le3n/AsRkVcMmM6vpdSMGGaBJc4LXYzgynjIzbAjqWKxWiCyfzQqXtulb4bJdqWIneu/p6YsNiYcRzazpjR0Cx7M/E/r5NRdBtMhEozQsUXi6JMupS4s6/dvtDISY4tYVwLe6vLh0wzTjabog3BX355lTQvK/51xa9flateHkcBTuEMLsCHG6jCPdSgARwQnuEV3pxH58V5dz4WrWtOPnMCf+B8/gDct4zs</latexit>

t
<latexit sha1_base64="emzqdfvp2W6jnj5MV5dGAwnb8wo=">AAAB6HicbVBNS8NAEJ34WetX1aOXYBE8lUREPRa8eGzBfkAbymY7adduNmF3IpTSX+DFgyJe/Une/Ddu2xy09cHA470ZZuaFqRSGPO/bWVvf2NzaLuwUd/f2Dw5LR8dNk2SaY4MnMtHtkBmUQmGDBElspxpZHEpshaO7md96Qm1Eoh5onGIQs4ESkeCMrFSnXqnsVbw53FXi56QMOWq90le3n/AsRkVcMmM6vpdSMGGaBJc4LXYzgynjIzbAjqWKxWiCyfzQqXtulb4bJdqWIneu/p6YsNiYcRzazpjR0Cx7M/E/r5NRdBtMhEozQsUXi6JMupS4s6/dvtDISY4tYVwLe6vLh0wzTjabog3BX355lTQvK/51xa9flateHkcBTuEMLsCHG6jCPdSgARwQnuEV3pxH58V5dz4WrWtOPnMCf+B8/gDct4zs</latexit>

t
<latexit sha1_base64="qh2eEc7IU/MqzHN2fOPGVFg1vcg=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRoh4LXjxWsR/QhrLZbtqlm03YnQgl9B948aCIV/+RN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38789hPXRsTqEScJ9yM6VCIUjKKVHi68frniVt05yCrxclKBHI1++as3iFkacYVMUmO6npugn1GNgkk+LfVSwxPKxnTIu5YqGnHjZ/NLp+TMKgMSxtqWQjJXf09kNDJmEgW2M6I4MsveTPzP66YY3viZUEmKXLHFojCVBGMye5sMhOYM5cQSyrSwtxI2opoytOGUbAje8surpHVZ9a6q3n2tUnfzOIpwAqdwDh5cQx3uoAFNYBDCM7zCmzN2Xpx352PRWnDymWP4A+fzB+BwjOA=</latexit>�1

<latexit sha1_base64="DfZS2DjG3v3tDeg4Q3Ezo1Yk8zY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q3KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9WtVrXlfqbh5HEc7gHC7Bgxuowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AdyuMqQ==</latexit>

1

<latexit sha1_base64="AlmA8bxmD4Xi87vIqlH61/MyKG8=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBahXkoioh4LXjxWsLXQxrDZbNulm03YnS2U0H/ixYMiXv0n3vw3btsctPXBwOO9GWbmRZngGjzv2ymtrW9sbpW3Kzu7e/sH7uFRW6dGUdaiqUhVJyKaCS5ZCzgI1skUI0kk2GM0up35j2OmNE/lA0wyFiRkIHmfUwJWCl23xyWE3hPgpGbOcWxCt+rVvTnwKvELUkUFmqH71YtTahImgQqiddf3MghyooBTwaaVntEsI3REBqxrqSQJ00E+v3yKz6wS436qbEnAc/X3RE4SrSdJZDsTAkO97M3E/7yugf5NkHOZGWCSLhb1jcCQ4lkMOOaKURATSwhV3N6K6ZAoQsGGVbEh+Msvr5L2Rd2/qvv3l9WGV8RRRifoFNWQj65RA92hJmohisboGb2iNyd3Xpx352PRWnKKmWP0B87nDw0SkpM=</latexit>Z t

0

m(u)du
<latexit sha1_base64="kBbrlNogm5GncNKP5CmNzCLgLx4=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBahXkoioh4LXrwIFewHNKFsttt26WYTdidCCf0bXjwo4tU/481/47bNQVsfDDzem2FmXphIYdB1v53C2vrG5lZxu7Szu7d/UD48apk41Yw3WSxj3Qmp4VIo3kSBkncSzWkUSt4Ox7czv/3EtRGxesRJwoOIDpUYCEbRSr6fjEQva9xPq3jeK1fcmjsHWSVeTiqQo9Erf/n9mKURV8gkNabruQkGGdUomOTTkp8anlA2pkPetVTRiJsgm988JWdW6ZNBrG0pJHP190RGI2MmUWg7I4ojs+zNxP+8boqDmyATKkmRK7ZYNEglwZjMAiB9oTlDObGEMi3srYSNqKYMbUwlG4K3/PIqaV3UvKua93BZqbt5HEU4gVOoggfXUIc7aEATGCTwDK/w5qTOi/PufCxaC04+cwx/4Hz+AG+vkTw=</latexit>

�PM (t)

<latexit sha1_base64="uOWtV8cn2NqgwLqS6b5De7vgXlM=">AAACFHicbVDLSsNAFJ34rPUVdelmsAgthZIUUTdCwY3LCvYBTQyT6aQdOpmEmRuhlH6EG3/FjQtF3Lpw5984fSy09cCFwzn3cu89YSq4Bsf5tlZW19Y3NnNb+e2d3b19++CwqZNMUdagiUhUOySaCS5ZAzgI1k4VI3EoWCscXE/81gNTmifyDoYp82PSkzzilICRArvsQZ8BKUIJX+Gql3IcBRQDLuNBkHpcQuDcA46LWambBXbBqThT4GXizkkBzVEP7C+vm9AsZhKoIFp3XCcFf0QUcCrYOO9lmqWEDkiPdQyVJGbaH02fGuNTo3RxlChTEvBU/T0xIrHWwzg0nTGBvl70JuJ/XieD6NIfcZlmwCSdLYoygSHBk4RwlytGQQwNIVRxcyumfaIIBZNj3oTgLr68TJrVintecW/PCjVnHkcOHaMTVEQuukA1dIPqqIEoekTP6BW9WU/Wi/VufcxaV6z5zBH6A+vzB8wnnB0=</latexit>

✓(t) = 2⇡fct + kp

Z t

0

m(u)du

• This results in exactly the same waveform given kp is properly scaled.
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Phase Shift Keying (PSK)

• Basic idea is to send a string of bits as two (or more) phases of a carrier

• These are encoded in m(t) as a value of 0 for a bit 1, and a value of 1

for a bit 0, which is then scaled to 0 and π.

• This inverts the carrier for zero bits

<latexit sha1_base64="E/ufOFEJlK7X3CgN9TEfGD1Qwng=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0lE1GPBi8cK9gPaUDbbTbt0dxN2J0IJ/QtePCji1T/kzX9j0uagrQ8GHu/NMDMviKWw6Lrfztr6xubWdmmnvLu3f3BYOTpu2ygxjLdYJCPTDajlUmjeQoGSd2PDqQok7wSTu9zvPHFjRaQfcRpzX9GRFqFgFHNJ1fBiUKm6dXcOskq8glShQHNQ+eoPI5YorpFJam3Pc2P0U2pQMMln5X5ieUzZhI54L6OaKm79dH7rjJxnypCEkclKI5mrvydSqqydqiDrVBTHdtnLxf+8XoLhrZ8KHSfINVssChNJMCL542QoDGcopxmhzIjsVsLG1FCGWTzlLARv+eVV0r6se9d17+Gq2nCLOEpwCmdQAw9uoAH30IQWMBjDM7zCm6OcF+fd+Vi0rjnFzAn8gfP5A22Kjcg=</latexit>

m(t)

<latexit sha1_base64="emzqdfvp2W6jnj5MV5dGAwnb8wo=">AAAB6HicbVBNS8NAEJ34WetX1aOXYBE8lUREPRa8eGzBfkAbymY7adduNmF3IpTSX+DFgyJe/Une/Ddu2xy09cHA470ZZuaFqRSGPO/bWVvf2NzaLuwUd/f2Dw5LR8dNk2SaY4MnMtHtkBmUQmGDBElspxpZHEpshaO7md96Qm1Eoh5onGIQs4ESkeCMrFSnXqnsVbw53FXi56QMOWq90le3n/AsRkVcMmM6vpdSMGGaBJc4LXYzgynjIzbAjqWKxWiCyfzQqXtulb4bJdqWIneu/p6YsNiYcRzazpjR0Cx7M/E/r5NRdBtMhEozQsUXi6JMupS4s6/dvtDISY4tYVwLe6vLh0wzTjabog3BX355lTQvK/51xa9flateHkcBTuEMLsCHG6jCPdSgARwQnuEV3pxH58V5dz4WrWtOPnMCf+B8/gDct4zs</latexit>

t
<latexit sha1_base64="emzqdfvp2W6jnj5MV5dGAwnb8wo=">AAAB6HicbVBNS8NAEJ34WetX1aOXYBE8lUREPRa8eGzBfkAbymY7adduNmF3IpTSX+DFgyJe/Une/Ddu2xy09cHA470ZZuaFqRSGPO/bWVvf2NzaLuwUd/f2Dw5LR8dNk2SaY4MnMtHtkBmUQmGDBElspxpZHEpshaO7md96Qm1Eoh5onGIQs4ESkeCMrFSnXqnsVbw53FXi56QMOWq90le3n/AsRkVcMmM6vpdSMGGaBJc4LXYzgynjIzbAjqWKxWiCyfzQqXtulb4bJdqWIneu/p6YsNiYcRzazpjR0Cx7M/E/r5NRdBtMhEozQsUXi6JMupS4s6/dvtDISY4tYVwLe6vLh0wzTjabog3BX355lTQvK/51xa9flateHkcBTuEMLsCHG6jCPdSgARwQnuEV3pxH58V5dz4WrWtOPnMCf+B8/gDct4zs</latexit>

t
<latexit sha1_base64="qh2eEc7IU/MqzHN2fOPGVFg1vcg=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRoh4LXjxWsR/QhrLZbtqlm03YnQgl9B948aCIV/+RN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38789hPXRsTqEScJ9yM6VCIUjKKVHi68frniVt05yCrxclKBHI1++as3iFkacYVMUmO6npugn1GNgkk+LfVSwxPKxnTIu5YqGnHjZ/NLp+TMKgMSxtqWQjJXf09kNDJmEgW2M6I4MsveTPzP66YY3viZUEmKXLHFojCVBGMye5sMhOYM5cQSyrSwtxI2opoytOGUbAje8surpHVZ9a6q3n2tUnfzOIpwAqdwDh5cQx3uoAFNYBDCM7zCmzN2Xpx352PRWnDymWP4A+fzB+BwjOA=</latexit>�1

<latexit sha1_base64="DfZS2DjG3v3tDeg4Q3Ezo1Yk8zY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q3KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9WtVrXlfqbh5HEc7gHC7Bgxuowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AdyuMqQ==</latexit>

1

<latexit sha1_base64="kBbrlNogm5GncNKP5CmNzCLgLx4=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBahXkoioh4LXrwIFewHNKFsttt26WYTdidCCf0bXjwo4tU/481/47bNQVsfDDzem2FmXphIYdB1v53C2vrG5lZxu7Szu7d/UD48apk41Yw3WSxj3Qmp4VIo3kSBkncSzWkUSt4Ox7czv/3EtRGxesRJwoOIDpUYCEbRSr6fjEQva9xPq3jeK1fcmjsHWSVeTiqQo9Erf/n9mKURV8gkNabruQkGGdUomOTTkp8anlA2pkPetVTRiJsgm988JWdW6ZNBrG0pJHP190RGI2MmUWg7I4ojs+zNxP+8boqDmyATKkmRK7ZYNEglwZjMAiB9oTlDObGEMi3srYSNqKYMbUwlG4K3/PIqaV3UvKua93BZqbt5HEU4gVOoggfXUIc7aEATGCTwDK/w5qTOi/PufCxaC04+cwx/4Hz+AG+vkTw=</latexit>

�PM (t)
<latexit sha1_base64="DfZS2DjG3v3tDeg4Q3Ezo1Yk8zY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q3KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9WtVrXlfqbh5HEc7gHC7Bgxuowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AdyuMqQ==</latexit>

1

<latexit sha1_base64="ExYL8bd5ibEI43nnmPa0qoSgwWI=">AAAB/nicbZDLSgMxFIYz9VbrbVRcuQkWoW7KjIi6EQpuXFawF+gMJZOmbWiSGZIzQhkKvoobF4q49Tnc+Tam7Sy09YfAx3/O4Zz8USK4Ac/7dgorq2vrG8XN0tb2zu6eu3/QNHGqKWvQWMS6HRHDBFesARwEayeaERkJ1opGt9N665Fpw2P1AOOEhZIMFO9zSsBaXfcogCEDUoEzfINxkHAsLXfdslf1ZsLL4OdQRrnqXfcr6MU0lUwBFcSYju8lEGZEA6eCTUpBalhC6IgMWMeiIpKZMJudP8Gn1unhfqztU4Bn7u+JjEhjxjKynZLA0CzWpuZ/tU4K/esw4ypJgSk6X9RPBYYYT7PAPa4ZBTG2QKjm9lZMh0QTCjaxkg3BX/zyMjTPq/5l1b+/KNe8PI4iOkYnqIJ8dIVq6A7VUQNRlKFn9IrenCfnxXl3PuatBSefOUR/5Hz+AG+vk8w=</latexit>

✓(t) = ⇡m(t)

<latexit sha1_base64="DfZS2DjG3v3tDeg4Q3Ezo1Yk8zY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q3KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9WtVrXlfqbh5HEc7gHC7Bgxuowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AdyuMqQ==</latexit>

1
<latexit sha1_base64="XidlyTw9qJLgRee8iCiVmju82j4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9WtVrXlfqbh5HEc7gHC7Bgxuowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AdaeMqA==</latexit>

0
<latexit sha1_base64="XidlyTw9qJLgRee8iCiVmju82j4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9WtVrXlfqbh5HEc7gHC7Bgxuowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AdaeMqA==</latexit>

0
<latexit sha1_base64="XidlyTw9qJLgRee8iCiVmju82j4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9WtVrXlfqbh5HEc7gHC7Bgxuowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AdaeMqA==</latexit>

0
<latexit sha1_base64="DfZS2DjG3v3tDeg4Q3Ezo1Yk8zY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q3KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9WtVrXlfqbh5HEc7gHC7Bgxuowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AdyuMqQ==</latexit>

1
<latexit sha1_base64="DfZS2DjG3v3tDeg4Q3Ezo1Yk8zY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q3KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9WtVrXlfqbh5HEc7gHC7Bgxuowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AdyuMqQ==</latexit>

1

• This is also common for digital radio and modems

• Some car key fobs used this. We will also see this later.
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PSK with a Frequency Modulator

• We could achieve the same effect with a frequency modulator

• The input is now d
dtm(t).

<latexit sha1_base64="OY3nqvpcBBHFuLq84PcTvf4YKOg=">AAAB83icbVBNS8NAEJ34WetX1aOXYBHqpSQi6rEgiBehgv2AJpTNdtsu3WyW3YlQQv+GFw+KePXPePPfuG1z0NYHA4/3ZpiZFynBDXret7Oyura+sVnYKm7v7O7tlw4OmyZJNWUNmohEtyNimOCSNZCjYG2lGYkjwVrR6Gbqt56YNjyRjzhWLIzJQPI+pwStFARqyLvZ7f2kgmfdUtmrejO4y8TPSRly1Lulr6CX0DRmEqkgxnR8T2GYEY2cCjYpBqlhitARGbCOpZLEzITZ7OaJe2qVnttPtC2J7kz9PZGR2JhxHNnOmODQLHpT8T+vk2L/Osy4VCkySeeL+qlwMXGnAbg9rhlFMbaEUM3trS4dEk0o2piKNgR/8eVl0jyv+pdV/+GiXPPyOApwDCdQAR+uoAZ3UIcGUFDwDK/w5qTOi/PufMxbV5x85gj+wPn8AWBVkTI=</latexit>

�FM (t)

<latexit sha1_base64="emzqdfvp2W6jnj5MV5dGAwnb8wo=">AAAB6HicbVBNS8NAEJ34WetX1aOXYBE8lUREPRa8eGzBfkAbymY7adduNmF3IpTSX+DFgyJe/Une/Ddu2xy09cHA470ZZuaFqRSGPO/bWVvf2NzaLuwUd/f2Dw5LR8dNk2SaY4MnMtHtkBmUQmGDBElspxpZHEpshaO7md96Qm1Eoh5onGIQs4ESkeCMrFSnXqnsVbw53FXi56QMOWq90le3n/AsRkVcMmM6vpdSMGGaBJc4LXYzgynjIzbAjqWKxWiCyfzQqXtulb4bJdqWIneu/p6YsNiYcRzazpjR0Cx7M/E/r5NRdBtMhEozQsUXi6JMupS4s6/dvtDISY4tYVwLe6vLh0wzTjabog3BX355lTQvK/51xa9flateHkcBTuEMLsCHG6jCPdSgARwQnuEV3pxH58V5dz4WrWtOPnMCf+B8/gDct4zs</latexit>

t
<latexit sha1_base64="emzqdfvp2W6jnj5MV5dGAwnb8wo=">AAAB6HicbVBNS8NAEJ34WetX1aOXYBE8lUREPRa8eGzBfkAbymY7adduNmF3IpTSX+DFgyJe/Une/Ddu2xy09cHA470ZZuaFqRSGPO/bWVvf2NzaLuwUd/f2Dw5LR8dNk2SaY4MnMtHtkBmUQmGDBElspxpZHEpshaO7md96Qm1Eoh5onGIQs4ESkeCMrFSnXqnsVbw53FXi56QMOWq90le3n/AsRkVcMmM6vpdSMGGaBJc4LXYzgynjIzbAjqWKxWiCyfzQqXtulb4bJdqWIneu/p6YsNiYcRzazpjR0Cx7M/E/r5NRdBtMhEozQsUXi6JMupS4s6/dvtDISY4tYVwLe6vLh0wzTjabog3BX355lTQvK/51xa9flateHkcBTuEMLsCHG6jCPdSgARwQnuEV3pxH58V5dz4WrWtOPnMCf+B8/gDct4zs</latexit>

t
<latexit sha1_base64="qh2eEc7IU/MqzHN2fOPGVFg1vcg=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRoh4LXjxWsR/QhrLZbtqlm03YnQgl9B948aCIV/+RN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38789hPXRsTqEScJ9yM6VCIUjKKVHi68frniVt05yCrxclKBHI1++as3iFkacYVMUmO6npugn1GNgkk+LfVSwxPKxnTIu5YqGnHjZ/NLp+TMKgMSxtqWQjJXf09kNDJmEgW2M6I4MsveTPzP66YY3viZUEmKXLHFojCVBGMye5sMhOYM5cQSyrSwtxI2opoytOGUbAje8surpHVZ9a6q3n2tUnfzOIpwAqdwDh5cQx3uoAFNYBDCM7zCmzN2Xpx352PRWnDymWP4A+fzB+BwjOA=</latexit>�1

<latexit sha1_base64="DfZS2DjG3v3tDeg4Q3Ezo1Yk8zY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q3KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9WtVrXlfqbh5HEc7gHC7Bgxuowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AdyuMqQ==</latexit>

1

<latexit sha1_base64="6q1JzkXEu0UeW4KxQOa2bwU5v3o=">AAACEHicbVDLSsNAFJ3UV62vqEs3g0WsCCUpom6EghuXFewDmhIm00k7dCYJMzdCCf0EN/6KGxeKuHXpzr9x2mah1QMDh3Pu4c49QSK4Bsf5sgpLyyura8X10sbm1vaOvbvX0nGqKGvSWMSqExDNBI9YEzgI1kkUIzIQrB2Mrqd++54pzePoDsYJ60kyiHjIKQEj+faxF0s2ID6vwAm+wjUv4Tj0KT7FIz/EXj+GTE6M59tlp+rMgP8SNydllKPh258mTFPJIqCCaN11nQR6GVHAqWCTkpdqlhA6IgPWNTQikuleNjtogo+M0sdhrMyLAM/Un4mMSK3HMjCTksBQL3pT8T+vm0J42ct4lKTAIjpfFKYCQ4yn7eA+V4yCGBtCqOLmr5gOiSIUTIclU4K7ePJf0qpV3fOqe3tWrjt5HUV0gA5RBbnoAtXRDWqgJqLoAT2hF/RqPVrP1pv1Ph8tWHlmH/2C9fENQ1eayw==</latexit>

!i(t) = 2⇡fc + kfṁ(t)

<latexit sha1_base64="WKsWzMfrei1WQ1KSXX23S0z+Ns8=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBahXkoioh4LXjxWsB/QhrLZbNqlu5uwOymU0H/ixYMiXv0n3vw3btsctPXBwOO9GWbmhangBjzv2yltbG5t75R3K3v7B4dH7vFJ2ySZpqxFE5HobkgME1yxFnAQrJtqRmQoWCcc38/9zoRpwxP1BNOUBZIMFY85JWClgev2Y01oHs3yCGayBpcDt+rVvQXwOvELUkUFmgP3qx8lNJNMARXEmJ7vpRDkRAOngs0q/cywlNAxGbKepYpIZoJ8cfkMX1glwnGibSnAC/X3RE6kMVMZ2k5JYGRWvbn4n9fLIL4Lcq7SDJiiy0VxJjAkeB4DjrhmFMTUEkI1t7diOiI2CrBhVWwI/urL66R9Vfdv6v7jdbXhFXGU0Rk6RzXko1vUQA+oiVqIogl6Rq/ozcmdF+fd+Vi2lpxi5hT9gfP5A5u2k5U=</latexit>

d

dt
m(t)

<latexit sha1_base64="DfZS2DjG3v3tDeg4Q3Ezo1Yk8zY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q3KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9WtVrXlfqbh5HEc7gHC7Bgxuowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AdyuMqQ==</latexit>

1

<latexit sha1_base64="qh2eEc7IU/MqzHN2fOPGVFg1vcg=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRoh4LXjxWsR/QhrLZbtqlm03YnQgl9B948aCIV/+RN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38789hPXRsTqEScJ9yM6VCIUjKKVHi68frniVt05yCrxclKBHI1++as3iFkacYVMUmO6npugn1GNgkk+LfVSwxPKxnTIu5YqGnHjZ/NLp+TMKgMSxtqWQjJXf09kNDJmEgW2M6I4MsveTPzP66YY3viZUEmKXLHFojCVBGMye5sMhOYM5cQSyrSwtxI2opoytOGUbAje8surpHVZ9a6q3n2tUnfzOIpwAqdwDh5cQx3uoAFNYBDCM7zCmzN2Xpx352PRWnDymWP4A+fzB+BwjOA=</latexit>�1

<latexit sha1_base64="DfZS2DjG3v3tDeg4Q3Ezo1Yk8zY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q3KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9WtVrXlfqbh5HEc7gHC7Bgxuowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AdyuMqQ==</latexit>

1
<latexit sha1_base64="DfZS2DjG3v3tDeg4Q3Ezo1Yk8zY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q3KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9WtVrXlfqbh5HEc7gHC7Bgxuowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AdyuMqQ==</latexit>

1

<latexit sha1_base64="qh2eEc7IU/MqzHN2fOPGVFg1vcg=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRoh4LXjxWsR/QhrLZbtqlm03YnQgl9B948aCIV/+RN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38789hPXRsTqEScJ9yM6VCIUjKKVHi68frniVt05yCrxclKBHI1++as3iFkacYVMUmO6npugn1GNgkk+LfVSwxPKxnTIu5YqGnHjZ/NLp+TMKgMSxtqWQjJXf09kNDJmEgW2M6I4MsveTPzP66YY3viZUEmKXLHFojCVBGMye5sMhOYM5cQSyrSwtxI2opoytOGUbAje8surpHVZ9a6q3n2tUnfzOIpwAqdwDh5cQx3uoAFNYBDCM7zCmzN2Xpx352PRWnDymWP4A+fzB+BwjOA=</latexit>�1
<latexit sha1_base64="qh2eEc7IU/MqzHN2fOPGVFg1vcg=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRoh4LXjxWsR/QhrLZbtqlm03YnQgl9B948aCIV/+RN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38789hPXRsTqEScJ9yM6VCIUjKKVHi68frniVt05yCrxclKBHI1++as3iFkacYVMUmO6npugn1GNgkk+LfVSwxPKxnTIu5YqGnHjZ/NLp+TMKgMSxtqWQjJXf09kNDJmEgW2M6I4MsveTPzP66YY3viZUEmKXLHFojCVBGMye5sMhOYM5cQSyrSwtxI2opoytOGUbAje8surpHVZ9a6q3n2tUnfzOIpwAqdwDh5cQx3uoAFNYBDCM7zCmzN2Xpx352PRWnDymWP4A+fzB+BwjOA=</latexit>�1

• Again, this results in exactly the same waveform given kf is properly

scaled.
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Direct Digital Synthesis

Direct Digital Synthesis (DDS) system block diagram

<latexit sha1_base64="JdII7O97Tuai3qxwasPxXpG85bI=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKaI4BLx4jmgckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+mfntJ6oNU/LBThIaCjyULGYEWye1evdsKHC/XPGr/hxolQQ5qUCORr/81RsokgoqLeHYmG7gJzbMsLaMcDot9VJDE0zGeEi7jkosqAmz+bVTdOaUAYqVdiUtmqu/JzIsjJmIyHUKbEdm2ZuJ/3nd1Ma1MGMySS2VZLEoTjmyCs1eRwOmKbF84ggmmrlbERlhjYl1AZVcCMHyy6ukdVENrqrB3WWlXsvjKMIJnMI5BHANdbiFBjSBwCM8wyu8ecp78d69j0VrwctnjuEPvM8falWO/w==</latexit>

⌃
<latexit sha1_base64="IVCoeUnizH8bjRcQ8fwrKirEvJw=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSIIQklEtMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dtbWNza3tgs7xd29/YPD0tFxS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju5nffkKleSwfzCRBP6JDyUPOqLFS47JfKrsVdw6ySryclCFHvV/66g1ilkYoDRNU667nJsbPqDKcCZwWe6nGhLIxHWLXUkkj1H42P3RKzq0yIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmrfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2RRtCN7yy6ukdVXxbipe47pcq+ZxFOAUzuACPLiFGtxDHZrAAOEZXuHNeXRenHfnY9G65uQzJ/AHzucPcHuMqw==</latexit>

+

<latexit sha1_base64="P+rSAVFR+Xo+pb9U2Z5tfH/a1cw=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMeAF48RzAOSJcxOepMhsw9neoUQ8hNePCji1d/x5t84SfagiQUNRVU33V1BqqQh1/12CmvrG5tbxe3Szu7e/kH58KhpkkwLbIhEJbodcINKxtggSQrbqUYeBQpbweh25reeUBuZxA80TtGP+CCWoRScrNTu0hCJ92SvXHGr7hxslXg5qUCOeq/81e0nIoswJqG4MR3PTcmfcE1SKJyWupnBlIsRH2DH0phHaPzJ/N4pO7NKn4WJthUTm6u/JyY8MmYcBbYz4jQ0y95M/M/rZBTe+BMZpxlhLBaLwkwxStjsedaXGgWpsSVcaGlvZWLINRdkIyrZELzll1dJ86LqXVW9+8tKzc3jKMIJnMI5eHANNbiDOjRAgIJneIU359F5cd6dj0VrwclnjuEPnM8fHuSP+A==</latexit>

✓i

<latexit sha1_base64="AI4YuQEDHaquNgRm0WWn5JNy+/k=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMeAF48RzAOSJcxOepMhMzvrzKwQQn7CiwdFvPo73vwbJ8keNLGgoajqprsrSgU31ve/vcLa+sbmVnG7tLO7t39QPjxqGpVphg2mhNLtiBoUPMGG5VZgO9VIZSSwFY1uZ37rCbXhKnmw4xRDSQcJjzmj1kntrpI4oD3eK1f8qj8HWSVBTiqQo94rf3X7imUSE8sENaYT+KkNJ1RbzgROS93MYErZiA6w42hCJZpwMr93Ss6c0iex0q4SS+bq74kJlcaMZeQ6JbVDs+zNxP+8Tmbjm3DCkzSzmLDFojgTxCoye570uUZmxdgRyjR3txI2pJoy6yIquRCC5ZdXSfOiGlxVg/vLSs3P4yjCCZzCOQRwDTW4gzo0gIGAZ3iFN+/Re/HevY9Fa8HLZ47hD7zPHwsEj+s=</latexit>!i
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�(t)

32b

• LUT is 216 samples of a cosine. It takes an index and outputs the value

• Generating the FM or PM waveform consists of stepping through this

array at the right speed

• The 10 MHz clock sets the speed. Every 0.1 µ s there is a new output

• The step size is set by ωi. For the current ω(t), how much does the

address advance in 0.1 µ

• The phase θi is just an offset into the
[
0..216

]
samples for [0..2π].
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Narrowband and Wideband FM

• FM bandwidth and Carson’s rule

• Spectral analysis of FM

• Narrowband FM Modulation

• Wideband FM Modulation

21



Bandwidth of Angle-Modulated Waves

Angle modulation is nonlinear and complex to analyze.

Early developers thought that bandwidth could be reduced to 0.

They were wrong. FM has infinite bandwidth.

Two approximations for FM:

• Narrowband approximation (NBFM)

• Wideband approximation (WBFM)

This depend on if the FM modulation is larger than the signal bandwidth.

If we define

a(t) =

∫ t

−∞
m(u) du

Then the frequency modulated signal is

ϕFM(t) = cos(2πfct+ kfa(t))

since phase modulation is the integral of frequency modulation. 22



For the narrow band case

|kfa(t)| ≪ 1

We will show that the NBFM bandwidth is the same as the signal

bandwidth

2Bs ≈ 2Bm

and

ϕFM (t) ≈ A
(
cos(2πfct)− kfa(t) sin(2πfct)

)

This is what we saw last time. The NBFM case looks like a small

modulation in quadrature with the carrier.

For the wideband case, if the peak frequency modulation is

∆f = max |kfm(t)|
then the bandwidth of the WBFM signal is

2Bs = 2∆f + 2Bm

This is known as known as Carson’s rule. (Carson, Proc. IRE, 1922.) 23



Narrowband FM

Recall that

a(t) =

∫ t

−∞
m(u) du

The complex FM signal from last time is

ϕ̂FM (t) = Aej(2πfct+kfa(t))

= Aejkfa(t)ej2πfct

The transmitted signal is just the real part, ϕFM (t) = ℜ
(
ϕ̂FM (t)

)
.

Using the Maclaurin power series for the exponential ejkfa(t) in ϕ̂FM (t):

ϕ̂FM (t) = A

(
1 + jkfa(t)−

k2f
2!
a2(t) + · · ·+ jn

knf
n!
an(t) + · · ·

)
ej2πfct

If a(t) has a bandwidth 2B Hz, then the nth term has a bandwidth n2B!

This expansion for ϕ̂FM (t) shows that the bandwidth is infinite.

However, things aren’t quite that bad ...
24



Since knf /n! → 0, all but a small amount of power is in a finite band.

Using ϕFM (t) = R
{
ϕ̂FM (t)

}
, the FM signal is

ϕFM (t) = R
{
A

(
1 + jkfa(t)−

k2f
2!
a2(t) + · · ·+

)
(cos(2πfct) + j sin(2πfct)

}

= A
(
cos 2πfct− kfa(t) sin 2πfct−

k2f
2!
a2(t) cos 2πfct+ · · ·

)

If |kfa(t)| ≪ 1 then all but first two terms are negligible.

The narrowband FM approximation is

ϕFM (t) ≈ A
(
cos(2πfct)− kfa(t) sin(2πfct)

)

NBFM signal has bandwidth 2B, same as bandwidth of AM.

NBFM has power 1
2A

2, which does not depend directly on m(t).

A narrowband argument for phase modulation gives is similar result:

ϕPM (t) ≈ A
(
cos(2πfct− kpm(t) sin(2πfct)

)
25



Tone Frequency Modulation, fc = 20, fm = 1

φFM(t) = cos
(
2πfct+ kaa(t)

)
, |kfa(t)| = 0.2, 0.8, 3.2
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Fourier Transforms of Tone FM

φFM(t) = cos
(
2πfct+ kaa(t)

)
, |kfa(t)| = 0.2, 0.8, 3.2
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Wideband FM (WBFM) Bandwidth

For wideband FM, the frequency deviation contributes to the FM

bandwidth. If the message signal is m(t), and the FM signal is

ϕFM (t) = cos(2πfct+ kfa(t))

where again

a(t) =

∫ t

∞
m(τ)dτ.

If m(t) has a bandwidth 2B Hz, then a(t) also has a bandwidth of 2B Hz.

What is the bandwidth of ϕFM (t)? This is a difficult question in general.

There are explicit solutions for only a few signals, such as sinusoids.

In practice, there are two contributors to the bandwidth

• Signal bandwidth 2B

• FM deviation frequency ∆f =
kfmp

2π

This leads to Carson’s rule.
28



m(t)

mp

�mp
t

f�B B

ffc + �f

fc + �f + Bfc ��f � B

fc ��f

A(f � (fc + �f))A(f � (fc ��f))

2�f + 2B

Signal

Signal Spectrum

FM Spectrum
�f =

kfmp

2⇡

f�B B

 Intergral Spectrum
a(t) =

Z t

�1
m(⌧)d⌧A(f)

M(f)

fc

Carson’s Rule for the FM bandwidth is then

BFM = 2∆f + 2B

where BFM is the total signal bandwidth (not the half bandwidth).
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Frequency Modulation of Tone

Spectral analysis of FM is difficult/impossible for general signals.

The special case of a sinusoidal input m(t) = cos(2πfmt) is tractable. In

this case Bm = fm, and

a(t) =

∫ t

−∞
m(u) du =

1

2πfm
sin(2πfmt)

assuming a(−∞) = 0. Then

ϕ̂FM = Aej2πfct ejβ sin 2πfmt

where β = kf / 2πfm is frequency deviation ratio (also called FM

modulation index).

30



Since ejβ sin(2πfmt) is periodic with a fundamental frequency fm we can

compute it’s Fourier series as

ejβ sin(2πfmt) =
∑

n

Jn(β)e
jn2πfmt

where the coefficients are

Jn(β) =
1

2π

∫ π

−π
ej(β sin t−nt) dt

Each frequency component n has a coefficient that is Jn(β), where n is the

order of the Bessel function, and β is the frequency deviation ratio. Jn(β)

is negligible if n > β + 1.
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FM Harmonic Amplitudes

The spectrum is the discrete values of the bessel function, sampled at the

harmonic index. This looks like
A
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The harmonics fall off above the modulation index value.
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US Broadcast FM

• Frequency range: 88.0− 108.0 MHz

• Channel width: 200 KHz (100 channels)

• Channel center frequencies: 88.1, 88.3, . . . , 107.9

• Frequency deviation: ±75 KHz

• Signal bandwidth: high-fidelity audio requires ±20 KHz, so bandwidth
is available for other applications:

• Muzak (elevator music) (1936)

• Stock market quotations

• Interactive games

• Stereo uses sum and difference of L/R audio channels

FM radio was assigned the 42–50 MHz band of the spectrum in 1940. In 1945, at the behest of

RCA (David Sarnoff CEO), the FCC moved FM to 88–108 MHz, obsoleting all existing receivers.
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NBFM Modulation

For narrowband signals, |kfa(t)| ≪ 1 and |kpm(t)| ≪ 1,

ϕNBFM ≈ A(cos(2πfct)− kfa(t) sin(2πfct))

We can use a DSB-SC modulator with a phase shifter. In practice, this

modulation will not be perfect, and there will be some amplitude

modulation remaining.

To fix this up, follow with a limiter and a bandpass filter. For the case of

FM,

⇥Zm(t) a(t)

⇡/2

+
�̂FM (t)

Narrowband FM Modulator Limiter Bandpass
Filter

�FM (t)
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NBFM Envelope and Carrier
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<latexit sha1_base64="aDzRWEBZk+mfsOepPjcYCAN20YI=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi8cq9gPaUDbbSbt0s0l3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hodua3nlBpHstHM0nQj+hA8pAzaqzUzrqMCvIw7ZUrbtWdg6wSLycVyFHvlb+6/ZilEUrDBNW647mJ8TOqDGcCp6VuqjGhbEQH2LFU0gi1n83vnZIzq/RJGCtb0pC5+nsio5HWkyiwnRE1Q73szcT/vE5qwhs/4zJJDUq2WBSmgpiYzJ4nfa6QGTGxhDLF7a2EDamizNiISjYEb/nlVdK8qHpXVe/+slJz8ziKcAKncA4eXEMN7qAODWAg4Ble4c0ZOy/Ou/OxaC04+cwx/IHz+QO3Po+0</latexit>R

<latexit sha1_base64="ImRtkJYBliFBh5sSnnaqnjfIPAU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi94q2A9oQ9lsJ+3SzSbd3Qgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSwfzSRBP6IDyUPOqLFSO+syKsj9tFeuuFV3DrJKvJxUIEe9V/7q9mOWRigNE1Trjucmxs+oMpwJnJa6qcaEshEdYMdSSSPUfja/d0rOrNInYaxsSUPm6u+JjEZaT6LAdkbUDPWyNxP/8zqpCW/8jMskNSjZYlGYCmJiMnue9LlCZsTEEsoUt7cSNqSKMmMjKtkQvOWXV0nzoupdVb2Hy0rNzeMowgmcwjl4cA01uIM6NICBgGd4hTdn7Lw4787HorXg5DPH8AfO5w+pkY+r</latexit>I

Carrier Envelope

<latexit sha1_base64="DfZS2DjG3v3tDeg4Q3Ezo1Yk8zY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q3KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9WtVrXlfqbh5HEc7gHC7Bgxuowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AdyuMqQ==</latexit>

1

<latexit sha1_base64="7j2s1KaUaK+wbITluDk/rkl6YMU=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoMQL2FXRD0GvHiMYB6QrGF2MpuMmZ1dZ3oDYcl3ePGgiFc/xpt/4+Rx0GhBQ1HVTXdXkEhh0HW/nNzK6tr6Rn6zsLW9s7tX3D9omDjVjNdZLGPdCqjhUiheR4GStxLNaRRI3gyG11O/OeLaiFjd4TjhfkT7SoSCUbSSz++zh2E3JLSMp5NuseRW3BnIX+ItSAkWqHWLn51ezNKIK2SSGtP23AT9jGoUTPJJoZManlA2pH3etlTRiBs/mx09ISdW6ZEw1rYUkpn6cyKjkTHjKLCdEcWBWfam4n9eO8Xwys+ESlLkis0XhakkGJNpAqQnNGcox5ZQpoW9lbAB1ZShzalgQ/CWX/5LGmcV76Li3Z6Xqu4ijjwcwTGUwYNLqMIN1KAODB7hCV7g1Rk5z86b8z5vzTmLmUP4BefjGwDekYs=</latexit>

ejkf a(t)

<latexit sha1_base64="ZJ6o552Vj5h/Rqo126UEbEttvTI=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSLUS0lE1GPBi8cK9gPbUDbbTbt2swm7E6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGN1O/9cS1EbG6x3HC/YgOlAgFo2ilh0cy6oWEVvCsVyq7VXcGsky8nJQhR71X+ur2Y5ZGXCGT1JiO5yboZ1SjYJJPit3U8ISyER3wjqWKRtz42eziCTm1Sp+EsbalkMzU3xMZjYwZR4HtjCgOzaI3Ff/zOimG134mVJIiV2y+KEwlwZhM3yd9oTlDObaEMi3srYQNqaYMbUhFG4K3+PIyaZ5Xvcuqd3dRrrl5HAU4hhOogAdXUINbqEMDGCh4hld4c4zz4rw7H/PWFSefOYI/cD5/ABPTj9I=</latexit>

jkfa(t)

Output of the Modulator

Output of the Limiter and Filter
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NBFM: Bandpass Limiter

The input-output diagram for an ideal hard limiter is

vo(t) =




+1 vi(t) > 0

−1 vi(t) < 0

This is a signum function, the output of a comparison against 0.

<latexit sha1_base64="TZWiREJ3blNDQbVEesw/0nPEz3U=">AAAB7XicbVDLSgMxFL3js9ZX1aWbYBFclRkRdVlw47KCfUA7lEyatrGZZEjuFMrQf3DjQhG3/o87/8a0nYW2HggczrmX3HOiRAqLvv/tra1vbG5tF3aKu3v7B4elo+OG1alhvM601KYVUculULyOAiVvJYbTOJK8GY3uZn5zzI0VWj3iJOFhTAdK9AWj6KTGuJsJNe2Wyn7Fn4OskiAnZchR65a+Oj3N0pgrZJJa2w78BMOMGhRM8mmxk1qeUDaiA952VNGY2zCbXzsl507pkb427ikkc/X3RkZjaydx5CZjikO77M3E/7x2iv3b0OVJUuSKLT7qp5KgJrPopCcMZygnjlBmhLuVsCE1lKErqOhKCJYjr5LGZSW4rgQPV+Wqn9dRgFM4gwsI4AaqcA81qAODJ3iGV3jztPfivXsfi9E1L985gT/wPn8A7LaPTg==</latexit>vin

<latexit sha1_base64="BM2CycC5T+MmSFNZhJst2+d9TdM=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMeAF48RzAOSJcxOJsmQ2ZllpjcQlnyEFw+KePV7vPk3TpI9aGJBQ1HVTXdXlEhh0fe/vcLG5tb2TnG3tLd/cHhUPj5pWp0axhtMS23aEbVcCsUbKFDydmI4jSPJW9H4fu63JtxYodUTThMexnSoxEAwik5qTXqZTnHWK1f8qr8AWSdBTiqQo94rf3X7mqUxV8gktbYT+AmGGTUomOSzUje1PKFsTIe846iiMbdhtjh3Ri6c0icDbVwpJAv190RGY2unceQ6Y4oju+rNxf+8ToqDuzATKkmRK7ZcNEglQU3mv5O+MJyhnDpCmRHuVsJG1FCGLqGSCyFYfXmdNK+qwU01eLyu1Pw8jiKcwTlcQgC3UIMHqEMDGIzhGV7hzUu8F+/d+1i2Frx85hT+wPv8Adfyj9k=</latexit>vout
<latexit sha1_base64="DfZS2DjG3v3tDeg4Q3Ezo1Yk8zY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q3KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9WtVrXlfqbh5HEc7gHC7Bgxuowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AdyuMqQ==</latexit>

1

<latexit sha1_base64="qh2eEc7IU/MqzHN2fOPGVFg1vcg=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRoh4LXjxWsR/QhrLZbtqlm03YnQgl9B948aCIV/+RN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38789hPXRsTqEScJ9yM6VCIUjKKVHi68frniVt05yCrxclKBHI1++as3iFkacYVMUmO6npugn1GNgkk+LfVSwxPKxnTIu5YqGnHjZ/NLp+TMKgMSxtqWQjJXf09kNDJmEgW2M6I4MsveTPzP66YY3viZUEmKXLHFojCVBGMye5sMhOYM5cQSyrSwtxI2opoytOGUbAje8surpHVZ9a6q3n2tUnfzOIpwAqdwDh5cQx3uoAFNYBDCM7zCmzN2Xpx352PRWnDymWP4A+fzB+BwjOA=</latexit>�1

A hard limiter can be implemented by an op amp inverting amplifier, with

back-to-back zener diodes to limit the output amplitude.

-
+

x(t) y(t)
R1

R2
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Input to bandpass limiter is

vi(t) = A(t) cos θ(t) , where θ(t) = 2πfct+ kfa(t)

Ideally, A(t) is constant, but it may vary slowly. We assume A(t) > 0. The
input to the bandpass filter is

vo(θ) =




+1 cos θ > 0

−1 cos θ < 0

which is periodic in θ with period 2π. Its Fourier series is

vo(θ) =
4

π

(
cos θ − 1

3
cos 3θ +

1

5
cos 5θ + · · ·

)

=
4

π

(
cos
(
2πfct+ kfa(t)

)
− 1

3 cos 3
(
2πfct+ kfa(t)

)
+ · · ·

)

The bandpass filter eliminates all but the first term.

Note that the angle modulation for the third term is three times greater.

We’ll return to this next time.
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WBFM Modulation: Direct Generation Using VCO

A voltage controlled oscillator generates a signal whose instantaneous

frequency proportional to an input m(t):

fi(t) = fc +
kf
2π
m(t)

The signal with frequency fi(t) is bandpass filtered, then used in a

modulator.

VCO can be constructed by using input voltage to control one or more

circuit parameters in an oscillator

One example is using a reverse-biased diode as a variable capacitor in the

tank circuit of an oscillator.

• Input voltage is the message signal, and it modulates the reverse bias

potential

• This changes the capacitance, and hence the frequency of the oscillator
38



FM Direct Digital Synthesis

Currently, it is very common to synthesize the FM waveform digitally either

at an intermediate frequency fi and then mix it up to the desired carrier, or

to directly synthesize the waveform at the carrier frequency.

This is Direct Digital Synthesis, or DDS.

Typical intermediate frequencies are a few MHz, so that the calculations are

accurate but manageable, and the undesired sidebands can be suppressed

easily.

FM DDS @ fi
m(t) ⇥

cos(2⇡(fc � fi)t)

fc�fc

�fi fi fc�fc fc�fc

�FM (t)

�FM (f)
M(f)
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FM Demodulation

There are many ways to demodulation the WBFM signal. Most use

differentiation one way or another.

Differentiator

Slope detection

Frequency-selective filter

• RC high-pass filter

H(f) =
j2πRCf

1 + j2πRCf
≈ j2πRCf (2πRC ≪ 1)

• RLC circuit with carrier frequency ωc < ω0 = 1/
√
LC

Zero-crossing detectors

Phase-locked loop

40



Derivative Theorem for Fourier Transform

If G(f) is the Fourier transform of g(t), then

dg(t)

dt
⇋ j2πf G(f)

and ∫ t

−∞
g(τ) dτ ⇋

G(f)

j2πf
+

1

2
G(0)δ(f)

We can show this by differentiating the inverse transform

dg(t)

dt
=

d

dt

∫ ∞

−∞
G(f)ej2πftdt

=

∫ ∞

−∞

d

dt
G(f)ej2πftdt =

∫ ∞

−∞
j2πf G(f) ej2πftdt

By the Fourier inversion theorem, j2πf G(f) is transform of g′(t).
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FM Detection by Differentiation

The complex FM signal is

ϕ̂FM (t) = Aej(2πfct+kfa(t))

= Aejkfa(t)ej2πfct

The transmitted signal is just the real part, ϕFM (t) = ℜ
(
ϕ̂FM (t)

)
.

First we demodulate the signal to baseband, which eliminates the carrier

ϕ̂BB(t) = Aejkfa(t)

Then we differentiate

˙̂
ϕBB(t) =

d

dt

(
Aej(kfa(t))

)

= A(jkfm(t))ej(kfa(t))

Note that for this to work A must really be constant.
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Extracting the Message with and SDR

We can then extract the FM signal by cancelling out the phase with the

original signal

˙̂φBB(t)φ̂
∗
BB(t) = A(jkfm(t))ej(kfa(t))Ae−j(kfa(t))

= A2(jkfm(t))

This is the message with a scale factor A2jkf .

A simpler way is to demodulate to just below the carrier,

• The frequency is always positive

• This is the same as an AM signal with a carrier

• Use an envelope detector
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WBFM Envelope Detection

After demodulation to an intermediate freqeuncy fi,

φ̂IF (t) = Aejkfa(t)ej2πfit

Then when we differentiate we get

˙̂φIF (t) =
d

dt

(
Aej(kfa(t))ej2πfit

)

= Aj(2πfi + kfm(t))ej(kfa(t))ej2πfit

As long as 2πfi > kfm(t)) the envelope will always be positive, and we can

just take the magnitude of the signal, just like we did with AM.

Then ∣∣∣ ˙̂φIF (t)
∣∣∣ = A(2πfi + kfm(t))

The DC term due to fi is then filtered out by a highpass filter.

This is a more common way to demodulate WBFM.
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FM Demodulator and Differentiator

<latexit sha1_base64="J+2lXFCr1r8WgV5hy25+uBGE190=">AAAB/XicbVDLSsNAFL3xWesrPnZuBovQIpSkFHVZceOygn1AG8JkOmmHziRhZiLUUvwVNy4Ucet/uPNvnLZZaOuBC4dz7uXee4KEM6Ud59taWV1b39jMbeW3d3b39u2Dw6aKU0log8Q8lu0AK8pZRBuaaU7biaRYBJy2guHN1G89UKlYHN3rUUI9gfsRCxnB2ki+fXxdrHQThkKfnQ/9EImiLpV8u+CUnRnQMnEzUoAMdd/+6vZikgoaacKxUh3XSbQ3xlIzwukk300VTTAZ4j7tGBphQZU3nl0/QWdG6aEwlqYijWbq74kxFkqNRGA6BdYDtehNxf+8TqrDK2/MoiTVNCLzRWHKkY7RNArUY5ISzUeGYCKZuRWRAZaYaBNY3oTgLr68TJqVsntRdu+qhVo1iyMHJ3AKRXDhEmpwC3VoAIFHeIZXeLOerBfr3fqYt65Y2cwR/IH1+QOkgJNf</latexit>

A(2⇡fi + kfm(t))

<latexit sha1_base64="iBu4rq0pNIEP5y1UGtgsQcBm3fE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipaQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDWz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6reddVr1ir1Wh5HEc7gHC7Bgxuowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8A3euM8A==</latexit>

t

<latexit sha1_base64="QgCB7i5YXNOLMbRvnDPwAGV8DhI=">AAACGHicbVDLSgNBEJyNrxhfUY9eBoOQIMTdENRjxIvHCOYBybrMTmaTMbMPZnqFsOQzvPgrXjwo4jU3/8ZJsqAmFjQUVd10d7mR4ApM88vIrKyurW9kN3Nb2zu7e/n9g6YKY0lZg4YilG2XKCZ4wBrAQbB2JBnxXcFa7vB66rcemVQ8DO5gFDHbJ/2Ae5wS0JKTP7t6KFa6Eceew0+Hjof9IpRK7D75kTHMDDI1xk6+YJbNGfAysVJSQCnqTn7S7YU09lkAVBClOpYZgZ0QCZwKNs51Y8UiQoekzzqaBsRnyk5mj43xiVZ62AulrgDwTP09kRBfqZHv6k6fwEAtelPxP68Tg3dpJzyIYmABnS/yYoEhxNOUcI9LRkGMNCFUcn0rpgMiCQWdZU6HYC2+vEyalbJ1XrZuq4VaNY0ji47QMSoiC12gGrpBddRAFD2hF/SG3o1n49X4MD7nrRkjnTlEf2BMvgEAgJ03</latexit>

Aj(2⇡fi + kfm(t))ej(2⇡fit+kf a(t))

The envelope increases with frequency, and is always positive.

The same envelope detector that we used for AM will work here.
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WBFM Envelope Detection

• The block diagram now looks like

⇥ <latexit sha1_base64="Hb2MHdobdWBbWCtHEF2q45vJIdM=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi8cKthaaUDabTbt0swm7E6GE/g0vHhTx6p/x5r9x2+agrQ8GHu/NMDMvzKQw6LrfTmVtfWNzq7pd29nd2z+oHx51TZprxjsslanuhdRwKRTvoEDJe5nmNAklfwzHtzP/8YlrI1L1gJOMBwkdKhELRtFKvh9ryopoWkQ4HdQbbtOdg6wSryQNKNEe1L/8KGV5whUySY3pe26GQUE1Cib5tObnhmeUjemQ9y1VNOEmKOY3T8mZVSISp9qWQjJXf08UNDFmkoS2M6E4MsveTPzP6+cY3wSFUFmOXLHFojiXBFMyC4BEQnOGcmIJZVrYWwkbURsD2phqNgRv+eVV0r1oeldN7/6y0XLLOKpwAqdwDh5cQwvuoA0dYJDBM7zCm5M7L86787ForTjlzDH8gfP5A6lekgo=</latexit>

d

dt

<latexit sha1_base64="ffzQE9jcxTXjJieNKyIj2gkQUrA=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5KIqMeCF48VbCs0oWy2m3bpZjfsTsSS9q948aCIV/+IN/+N2zYHbX0w8Hhvhpl5USq4Ac/7dkpr6xubW+Xtys7u3v6Be1htG5VpylpUCaUfImKY4JK1gINgD6lmJIkE60Sjm5nfeWTacCXvYZyyMCEDyWNOCVip51YDwWKYBLSvINB8MIRJz615dW8OvEr8gtRQgWbP/Qr6imYJk0AFMabreymEOdHAqWDTSpAZlhI6IgPWtVSShJkwn98+xadW6eNYaVsS8Fz9PZGTxJhxEtnOhMDQLHsz8T+vm0F8HeZcphkwSReL4kxgUHgWBO5zzSiIsSWEam5vxXRINKFg46rYEPzll1dJ+7zuX9b9u4tawyviKKNjdILOkI+uUAPdoiZqIYqe0DN6RW/O1Hlx3p2PRWvJKWaO0B84nz+1A5TS</latexit>|·|

<latexit sha1_base64="jMhjudPuvrhUMEpcjMY/qCPJmUI=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovQLixJEXVZcOOygn1AE8JkOmmHTmbCzEQIof6KGxeKuPVD3Pk3TtsstPXAhcM593LvPWHCqNKO822VNja3tnfKu5W9/YPDI/v4pKdEKjHpYsGEHIRIEUY56WqqGRkkkqA4ZKQfTm/nfv+RSEUFf9BZQvwYjTmNKEbaSIFd9bBQ9ZaX0HoU4IsooI1GYNecprMAXCduQWqgQCewv7yRwGlMuMYMKTV0nUT7OZKaYkZmFS9VJEF4isZkaChHMVF+vjh+Bs+NMoKRkKa4hgv190SOYqWyODSdMdITterNxf+8YaqjGz+nPEk14Xi5KEoZ1ALOk4AjKgnWLDMEYUnNrRBPkERYm7wqJgR39eV10ms13aume39ZaztFHGVwCs5AHbjgGrTBHeiALsAgA8/gFbxZT9aL9W59LFtLVjFTBX9gff4A1fqTig==</latexit>

cos(2⇡(fc � fi))

Antenna

Preamp

Limiter Bandpass Differentiator
Envelope
Detector Lowpass<latexit sha1_base64="s8nlDHnlJpEU6QNvkyczQmJ4A/Q=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBDiJeyKqMeAF48RzAOSJcxOJsmQ2dlhplcISz7CiwdFvPo93vwbJ8keNLGgoajqprsr0lJY9P1vb219Y3Nru7BT3N3bPzgsHR03bZIaxhsskYlpR9RyKRRvoEDJ29pwGkeSt6Lx3cxvPXFjRaIecaJ5GNOhEgPBKDqp1dUjUcGLXqnsV/05yCoJclKGHPVe6avbT1gac4VMUms7ga8xzKhBwSSfFrup5ZqyMR3yjqOKxtyG2fzcKTl3Sp8MEuNKIZmrvycyGls7iSPXGVMc2WVvJv7ndVIc3IaZUDpFrthi0SCVBBMy+530heEM5cQRyoxwtxI2ooYydAkVXQjB8surpHlZDa6rwcNVuebncRTgFM6gAgHcQA3uoQ4NYDCGZ3iFN097L96797FoXfPymRP4A+/zB68YjxY=</latexit>

�(t)
<latexit sha1_base64="E/ufOFEJlK7X3CgN9TEfGD1Qwng=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0lE1GPBi8cK9gPaUDbbTbt0dxN2J0IJ/QtePCji1T/kzX9j0uagrQ8GHu/NMDMviKWw6Lrfztr6xubWdmmnvLu3f3BYOTpu2ygxjLdYJCPTDajlUmjeQoGSd2PDqQok7wSTu9zvPHFjRaQfcRpzX9GRFqFgFHNJ1fBiUKm6dXcOskq8glShQHNQ+eoPI5YorpFJam3Pc2P0U2pQMMln5X5ieUzZhI54L6OaKm79dH7rjJxnypCEkclKI5mrvydSqqydqiDrVBTHdtnLxf+8XoLhrZ8KHSfINVssChNJMCL542QoDGcopxmhzIjsVsLG1FCGWTzlLARv+eVV0r6se9d17+Gq2nCLOEpwCmdQAw9uoAH30IQWMBjDM7zCm6OcF+fd+Vi0rjnFzAn8gfP5A22Kjcg=</latexit>

m(t)

Intermediate Frequency, IF Audio

• By demodulating to an IF, we can use an envelope detector
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Advantages of FM

FM is less susceptible to amplifier nonlinearities. If input is

x(t) = A cos(ωct+ ψ(t))

and the output is

y(t) = a0 + a1x(t) + a2x
2(t) + · · ·

= c0 + c1 cos(ωct+ ψ(t)) + c2 cos(2ωct+ 2ψ(t)) + · · ·
The extra terms have spectrum outside the carrier signal band. They will

be blocked by bandpass filter.

Nonlinearities in AM cause signal distortion. For y(t) = ax(t) + bx3(t),

y(t) = am(t) cosωct+ bm3(t) cos3 ωct

= (am(t) +
3

4
bm3(t)) cosωct+

1

4
b cos 3ωct

FM is preferred for high power applications, such as microwave relay towers.
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FM can adjust to rapid fading (change of amplitude) using AGC (automatic

gain control)

FM is less vulnerable to signal interference from adjacent channels.

Suppose interference is I cos(ωc + ω)t. Then received signal is

r(t) = A cosωct+ I cos(ωct+ ω)t

= (A+ I cosωt) cosωct− I sinωt sinωct

= Er(t) cos(ωct+ ψ(t))

where

ψ(t) = tan−1

(
I sinωt

A+ I cosωt

)
≈ I

A
sinωt (I ≪ A)

The output of an ideal frequency modulator is ψ̇(t) for FM is

yd(t) =
Iω

A
cosωt ,

which is inversely proportional to amplitude A.
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Noise and FM

• The FM modulator and demodulator looks like

<latexit sha1_base64="E/ufOFEJlK7X3CgN9TEfGD1Qwng=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0lE1GPBi8cK9gPaUDbbTbt0dxN2J0IJ/QtePCji1T/kzX9j0uagrQ8GHu/NMDMviKWw6Lrfztr6xubWdmmnvLu3f3BYOTpu2ygxjLdYJCPTDajlUmjeQoGSd2PDqQok7wSTu9zvPHFjRaQfcRpzX9GRFqFgFHNJ1fBiUKm6dXcOskq8glShQHNQ+eoPI5YorpFJam3Pc2P0U2pQMMln5X5ieUzZhI54L6OaKm79dH7rjJxnypCEkclKI5mrvydSqqydqiDrVBTHdtnLxf+8XoLhrZ8KHSfINVssChNJMCL542QoDGcopxmhzIjsVsLG1FCGWTzlLARv+eVV0r6se9d17+Gq2nCLOEpwCmdQAw9uoAH30IQWMBjDM7zCm6OcF+fd+Vi0rjnFzAn8gfP5A22Kjcg=</latexit>

m(t) Phase
Modulator

Phase
Detector

<latexit sha1_base64="E/ufOFEJlK7X3CgN9TEfGD1Qwng=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0lE1GPBi8cK9gPaUDbbTbt0dxN2J0IJ/QtePCji1T/kzX9j0uagrQ8GHu/NMDMviKWw6Lrfztr6xubWdmmnvLu3f3BYOTpu2ygxjLdYJCPTDajlUmjeQoGSd2PDqQok7wSTu9zvPHFjRaQfcRpzX9GRFqFgFHNJ1fBiUKm6dXcOskq8glShQHNQ+eoPI5YorpFJam3Pc2P0U2pQMMln5X5ieUzZhI54L6OaKm79dH7rjJxnypCEkclKI5mrvydSqqydqiDrVBTHdtnLxf+8XoLhrZ8KHSfINVssChNJMCL542QoDGcopxmhzIjsVsLG1FCGWTzlLARv+eVV0r6se9d17+Gq2nCLOEpwCmdQAw9uoAH30IQWMBjDM7zCm6OcF+fd+Vi0rjnFzAn8gfP5A22Kjcg=</latexit>

m(t)

Transmission

<latexit sha1_base64="151ZWGKDNkgO+uyp6aG3VH3FnE4=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBg5RERD0WvHisYD+gCWWz2bRLNx/sToQS8je8eFDEq3/Gm//GbZuDtj4YeLw3w8w8P5VCo21/W5W19Y3Nrep2bWd3b/+gfnjU1UmmGO+wRCaq71PNpYh5BwVK3k8Vp5Evec+f3M383hNXWiTxI05T7kV0FItQMIpGct1QUZYHRR5gMaw37KY9B1klTkkaUKI9rH+5QcKyiMfIJNV64NgpejlVKJjkRc3NNE8pm9ARHxga04hrL5/fXJAzowQkTJSpGMlc/T2R00jraeSbzojiWC97M/E/b5BheOvlIk4z5DFbLAozSTAhswBIIBRnKKeGUKaEuZWwMTUxoImpZkJwll9eJd3LpnPddB6uGq2LMo4qnMApnIMDN9CCe2hDBxik8Ayv8GZl1ov1bn0sWitWOXMMf2B9/gCoKpIG</latexit>

d

dt

<latexit sha1_base64="2I8x8lEbWyigB5/VcmYAfWy/fJ8=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBg5RERD0WvHisYD+gDWWz3bRLdzdhdyKU0L/gxYMiXv1D3vw3Jm0O2vpg4PHeDDPzglgKi6777ZTW1jc2t8rblZ3dvf2D6uFR20aJYbzFIhmZbkAtl0LzFgqUvBsbTlUgeSeY3OV+54kbKyL9iNOY+4qOtAgFo5hLfaFxUK25dXcOskq8gtSgQHNQ/eoPI5YorpFJam3Pc2P0U2pQMMlnlX5ieUzZhI54L6OaKm79dH7rjJxlypCEkclKI5mrvydSqqydqiDrVBTHdtnLxf+8XoLhrZ8KHSfINVssChNJMCL542QoDGcopxmhzIjsVsLG1FCGWTyVLARv+eVV0r6se9d17+Gq1rgo4ijDCZzCOXhwAw24hya0gMEYnuEV3hzlvDjvzseiteQUM8fwB87nDx4Cjjk=</latexit>Z

FM Modulation

• The integration and differentiation operations are inverses

• The issue is what happens when noise is added during transmission.
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Differentiation Accentuates Noise

• Noise has a flat spectrum, and is added during the transmission

<latexit sha1_base64="E/ufOFEJlK7X3CgN9TEfGD1Qwng=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0lE1GPBi8cK9gPaUDbbTbt0dxN2J0IJ/QtePCji1T/kzX9j0uagrQ8GHu/NMDMviKWw6Lrfztr6xubWdmmnvLu3f3BYOTpu2ygxjLdYJCPTDajlUmjeQoGSd2PDqQok7wSTu9zvPHFjRaQfcRpzX9GRFqFgFHNJ1fBiUKm6dXcOskq8glShQHNQ+eoPI5YorpFJam3Pc2P0U2pQMMln5X5ieUzZhI54L6OaKm79dH7rjJxnypCEkclKI5mrvydSqqydqiDrVBTHdtnLxf+8XoLhrZ8KHSfINVssChNJMCL542QoDGcopxmhzIjsVsLG1FCGWTzlLARv+eVV0r6se9d17+Gq2nCLOEpwCmdQAw9uoAH30IQWMBjDM7zCm6OcF+fd+Vi0rjnFzAn8gfP5A22Kjcg=</latexit>

m(t) Phase
Modulator

Phase
Detector <latexit sha1_base64="E/ufOFEJlK7X3CgN9TEfGD1Qwng=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0lE1GPBi8cK9gPaUDbbTbt0dxN2J0IJ/QtePCji1T/kzX9j0uagrQ8GHu/NMDMviKWw6Lrfztr6xubWdmmnvLu3f3BYOTpu2ygxjLdYJCPTDajlUmjeQoGSd2PDqQok7wSTu9zvPHFjRaQfcRpzX9GRFqFgFHNJ1fBiUKm6dXcOskq8glShQHNQ+eoPI5YorpFJam3Pc2P0U2pQMMln5X5ieUzZhI54L6OaKm79dH7rjJxnypCEkclKI5mrvydSqqydqiDrVBTHdtnLxf+8XoLhrZ8KHSfINVssChNJMCL542QoDGcopxmhzIjsVsLG1FCGWTzlLARv+eVV0r6se9d17+Gq2nCLOEpwCmdQAw9uoAH30IQWMBjDM7zCm6OcF+fd+Vi0rjnFzAn8gfP5A22Kjcg=</latexit>

m(t)

Transmission

<latexit sha1_base64="151ZWGKDNkgO+uyp6aG3VH3FnE4=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBg5RERD0WvHisYD+gCWWz2bRLNx/sToQS8je8eFDEq3/Gm//GbZuDtj4YeLw3w8w8P5VCo21/W5W19Y3Nrep2bWd3b/+gfnjU1UmmGO+wRCaq71PNpYh5BwVK3k8Vp5Evec+f3M383hNXWiTxI05T7kV0FItQMIpGct1QUZYHRR5gMaw37KY9B1klTkkaUKI9rH+5QcKyiMfIJNV64NgpejlVKJjkRc3NNE8pm9ARHxga04hrL5/fXJAzowQkTJSpGMlc/T2R00jraeSbzojiWC97M/E/b5BheOvlIk4z5DFbLAozSTAhswBIIBRnKKeGUKaEuZWwMTUxoImpZkJwll9eJd3LpnPddB6uGq2LMo4qnMApnIMDN9CCe2hDBxik8Ayv8GZl1ov1bn0sWitWOXMMf2B9/gCoKpIG</latexit>

d

dt

<latexit sha1_base64="2I8x8lEbWyigB5/VcmYAfWy/fJ8=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBg5RERD0WvHisYD+gDWWz3bRLdzdhdyKU0L/gxYMiXv1D3vw3Jm0O2vpg4PHeDDPzglgKi6777ZTW1jc2t8rblZ3dvf2D6uFR20aJYbzFIhmZbkAtl0LzFgqUvBsbTlUgeSeY3OV+54kbKyL9iNOY+4qOtAgFo5hLfaFxUK25dXcOskq8gtSgQHNQ/eoPI5YorpFJam3Pc2P0U2pQMMlnlX5ieUzZhI54L6OaKm79dH7rjJxlypCEkclKI5mrvydSqqydqiDrVBTHdtnLxf+8XoLhrZ8KHSfINVssChNJMCL542QoDGcopxmhzIjsVsLG1FCGWTyVLARv+eVV0r6se9d17+Gq1rgo4ijDCZzCOXhwAw24hya0gMEYnuEV3hzlvDjvzseiteQUM8fwB87nDx4Cjjk=</latexit>Z

f

<latexit sha1_base64="J1n+tLxfioJPeUysTf1wfgFt0Sw=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRahgpTdIuqx4MWLUMF+QLuUbJptQ5PskmSFsvQvePGgiFf/kDf/jdl2D9r6YODx3gwz84KYM21c99sprK1vbG4Vt0s7u3v7B+XDo7aOEkVoi0Q8Ut0Aa8qZpC3DDKfdWFEsAk47weQ28ztPVGkWyUczjakv8EiykBFsMum+Gp4PyhW35s6BVomXkwrkaA7KX/1hRBJBpSEca93z3Nj4KVaGEU5npX6iaYzJBI9oz1KJBdV+Or91hs6sMkRhpGxJg+bq74kUC62nIrCdApuxXvYy8T+vl5jwxk+ZjBNDJVksChOOTISyx9GQKUoMn1qCiWL2VkTGWGFibDwlG4K3/PIqaddr3lXNe7isNC7yOIpwAqdQBQ+uoQF30IQWEBjDM7zCmyOcF+fd+Vi0Fpx85hj+wPn8ASYwjZY=</latexit>

M(f)

f

<latexit sha1_base64="J1n+tLxfioJPeUysTf1wfgFt0Sw=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRahgpTdIuqx4MWLUMF+QLuUbJptQ5PskmSFsvQvePGgiFf/kDf/jdl2D9r6YODx3gwz84KYM21c99sprK1vbG4Vt0s7u3v7B+XDo7aOEkVoi0Q8Ut0Aa8qZpC3DDKfdWFEsAk47weQ28ztPVGkWyUczjakv8EiykBFsMum+Gp4PyhW35s6BVomXkwrkaA7KX/1hRBJBpSEca93z3Nj4KVaGEU5npX6iaYzJBI9oz1KJBdV+Or91hs6sMkRhpGxJg+bq74kUC62nIrCdApuxXvYy8T+vl5jwxk+ZjBNDJVksChOOTISyx9GQKUoMn1qCiWL2VkTGWGFibDwlG4K3/PIqaddr3lXNe7isNC7yOIpwAqdQBQ+uoQF30IQWEBjDM7zCmyOcF+fd+Vi0Fpx85hj+wPn8ASYwjZY=</latexit>

M(f)

fNoise

<latexit sha1_base64="oRH/OmjQ0a73Mo4YtOMRnR1yBqo=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRahgpTdIuqx4MWTVLAf0C4lm2bb0CS7JFmhLP0LXjwo4tU/5M1/Y7bdg7Y+GHi8N8PMvCDmTBvX/XYKa+sbm1vF7dLO7t7+QfnwqK2jRBHaIhGPVDfAmnImacsww2k3VhSLgNNOMLnN/M4TVZpF8tFMY+oLPJIsZASbTLqvhueDcsWtuXOgVeLlpAI5moPyV38YkURQaQjHWvc8NzZ+ipVhhNNZqZ9oGmMywSPas1RiQbWfzm+doTOrDFEYKVvSoLn6eyLFQuupCGynwGasl71M/M/rJSa88VMm48RQSRaLwoQjE6HscTRkihLDp5Zgopi9FZExVpgYG0/JhuAtv7xK2vWad1XzHi4rjYs8jiKcwClUwYNraMAdNKEFBMbwDK/w5gjnxXl3PhatBSefOYY/cD5/ACe3jZc=</latexit>

N(f)

<latexit sha1_base64="JuQUIFi2Q2DEGUJBkpwDGy6RtVI=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSIISklE1GPBi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+Oyura+sbm4Wt4vbO7t5+6eCwqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR3dRvPaHSPJYPZpygH9GB5CFn1Fipft4rld2KOwNZJl5OypCj1it9dfsxSyOUhgmqdcdzE+NnVBnOBE6K3VRjQtmIDrBjqaQRaj+bHTohp1bpkzBWtqQhM/X3REYjrcdRYDsjaoZ60ZuK/3md1IS3fsZlkhqUbL4oTAUxMZl+TfpcITNibAllittbCRtSRZmx2RRtCN7iy8ukeVnxrite/apcvcjjKMAxnMAZeHADVbiHGjSAAcIzvMKb8+i8OO/Ox7x1xclnjuAPnM8fbN+Mnw==</latexit>

+

<latexit sha1_base64="odoFMzQt9A1zTtCt02ekqCL/b78=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRahgpTdIuqx4MWTVLAf0F1KNs22sdlsSLJCWfo3vHhQxKt/xpv/xrTdg1YfDDzem2FmXig508Z1v5zCyura+kZxs7S1vbO7V94/aOskVYS2SMIT1Q2xppwJ2jLMcNqViuI45LQTjq9nfueRKs0ScW8mkgYxHgoWMYKNlfyHui8ZitBtNTrtlytuzZ0D/SVeTiqQo9kvf/qDhKQxFYZwrHXPc6UJMqwMI5xOS36qqcRkjIe0Z6nAMdVBNr95ik6sMkBRomwJg+bqz4kMx1pP4tB2xtiM9LI3E//zeqmJroKMCZkaKshiUZRyZBI0CwANmKLE8IklmChmb0VkhBUmxsZUsiF4yy//Je16zbuoeXfnlcZZHkcRjuAYquDBJTTgBprQAgISnuAFXp3UeXbenPdFa8HJZw7hF5yPbx9BkF4=</latexit>

j2⇡fN(f)

FM Modulation with Noise

• After the differentiator, noise has a highpass characteristic, while the

message is flat spectrally

• We would like the signal to noise ratio (SNR) to be flat
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Preemphasis

• Solution is to add an preemphasis filter Hp(f) to amplify the high

frequency signal

<latexit sha1_base64="E/ufOFEJlK7X3CgN9TEfGD1Qwng=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0lE1GPBi8cK9gPaUDbbTbt0dxN2J0IJ/QtePCji1T/kzX9j0uagrQ8GHu/NMDMviKWw6Lrfztr6xubWdmmnvLu3f3BYOTpu2ygxjLdYJCPTDajlUmjeQoGSd2PDqQok7wSTu9zvPHFjRaQfcRpzX9GRFqFgFHNJ1fBiUKm6dXcOskq8glShQHNQ+eoPI5YorpFJam3Pc2P0U2pQMMln5X5ieUzZhI54L6OaKm79dH7rjJxnypCEkclKI5mrvydSqqydqiDrVBTHdtnLxf+8XoLhrZ8KHSfINVssChNJMCL542QoDGcopxmhzIjsVsLG1FCGWTzlLARv+eVV0r6se9d17+Gq2nCLOEpwCmdQAw9uoAH30IQWMBjDM7zCm6OcF+fd+Vi0rjnFzAn8gfP5A22Kjcg=</latexit>

m(t) Phase
Modulator

Phase
Detector <latexit sha1_base64="E/ufOFEJlK7X3CgN9TEfGD1Qwng=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0lE1GPBi8cK9gPaUDbbTbt0dxN2J0IJ/QtePCji1T/kzX9j0uagrQ8GHu/NMDMviKWw6Lrfztr6xubWdmmnvLu3f3BYOTpu2ygxjLdYJCPTDajlUmjeQoGSd2PDqQok7wSTu9zvPHFjRaQfcRpzX9GRFqFgFHNJ1fBiUKm6dXcOskq8glShQHNQ+eoPI5YorpFJam3Pc2P0U2pQMMln5X5ieUzZhI54L6OaKm79dH7rjJxnypCEkclKI5mrvydSqqydqiDrVBTHdtnLxf+8XoLhrZ8KHSfINVssChNJMCL542QoDGcopxmhzIjsVsLG1FCGWTzlLARv+eVV0r6se9d17+Gq2nCLOEpwCmdQAw9uoAH30IQWMBjDM7zCm6OcF+fd+Vi0rjnFzAn8gfP5A22Kjcg=</latexit>

m(t)

Transmission

<latexit sha1_base64="151ZWGKDNkgO+uyp6aG3VH3FnE4=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBg5RERD0WvHisYD+gCWWz2bRLNx/sToQS8je8eFDEq3/Gm//GbZuDtj4YeLw3w8w8P5VCo21/W5W19Y3Nrep2bWd3b/+gfnjU1UmmGO+wRCaq71PNpYh5BwVK3k8Vp5Evec+f3M383hNXWiTxI05T7kV0FItQMIpGct1QUZYHRR5gMaw37KY9B1klTkkaUKI9rH+5QcKyiMfIJNV64NgpejlVKJjkRc3NNE8pm9ARHxga04hrL5/fXJAzowQkTJSpGMlc/T2R00jraeSbzojiWC97M/E/b5BheOvlIk4z5DFbLAozSTAhswBIIBRnKKeGUKaEuZWwMTUxoImpZkJwll9eJd3LpnPddB6uGq2LMo4qnMApnIMDN9CCe2hDBxik8Ayv8GZl1ov1bn0sWitWOXMMf2B9/gCoKpIG</latexit>

d

dt

<latexit sha1_base64="2I8x8lEbWyigB5/VcmYAfWy/fJ8=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBg5RERD0WvHisYD+gDWWz3bRLdzdhdyKU0L/gxYMiXv1D3vw3Jm0O2vpg4PHeDDPzglgKi6777ZTW1jc2t8rblZ3dvf2D6uFR20aJYbzFIhmZbkAtl0LzFgqUvBsbTlUgeSeY3OV+54kbKyL9iNOY+4qOtAgFo5hLfaFxUK25dXcOskq8gtSgQHNQ/eoPI5YorpFJam3Pc2P0U2pQMMlnlX5ieUzZhI54L6OaKm79dH7rjJxlypCEkclKI5mrvydSqqydqiDrVBTHdtnLxf+8XoLhrZ8KHSfINVssChNJMCL542QoDGcopxmhzIjsVsLG1FCGWTyVLARv+eVV0r6se9d17+Gq1rgo4ijDCZzCOXhwAw24hya0gMEYnuEV3hzlvDjvzseiteQUM8fwB87nDx4Cjjk=</latexit>Z

f
<latexit sha1_base64="J1n+tLxfioJPeUysTf1wfgFt0Sw=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRahgpTdIuqx4MWLUMF+QLuUbJptQ5PskmSFsvQvePGgiFf/kDf/jdl2D9r6YODx3gwz84KYM21c99sprK1vbG4Vt0s7u3v7B+XDo7aOEkVoi0Q8Ut0Aa8qZpC3DDKfdWFEsAk47weQ28ztPVGkWyUczjakv8EiykBFsMum+Gp4PyhW35s6BVomXkwrkaA7KX/1hRBJBpSEca93z3Nj4KVaGEU5npX6iaYzJBI9oz1KJBdV+Or91hs6sMkRhpGxJg+bq74kUC62nIrCdApuxXvYy8T+vl5jwxk+ZjBNDJVksChOOTISyx9GQKUoMn1qCiWL2VkTGWGFibDwlG4K3/PIqaddr3lXNe7isNC7yOIpwAqdQBQ+uoQF30IQWEBjDM7zCmyOcF+fd+Vi0Fpx85hj+wPn8ASYwjZY=</latexit>

M(f)

f

<latexit sha1_base64="J1n+tLxfioJPeUysTf1wfgFt0Sw=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRahgpTdIuqx4MWLUMF+QLuUbJptQ5PskmSFsvQvePGgiFf/kDf/jdl2D9r6YODx3gwz84KYM21c99sprK1vbG4Vt0s7u3v7B+XDo7aOEkVoi0Q8Ut0Aa8qZpC3DDKfdWFEsAk47weQ28ztPVGkWyUczjakv8EiykBFsMum+Gp4PyhW35s6BVomXkwrkaA7KX/1hRBJBpSEca93z3Nj4KVaGEU5npX6iaYzJBI9oz1KJBdV+Or91hs6sMkRhpGxJg+bq74kUC62nIrCdApuxXvYy8T+vl5jwxk+ZjBNDJVksChOOTISyx9GQKUoMn1qCiWL2VkTGWGFibDwlG4K3/PIqaddr3lXNe7isNC7yOIpwAqdQBQ+uoQF30IQWEBjDM7zCmyOcF+fd+Vi0Fpx85hj+wPn8ASYwjZY=</latexit>

M(f)
fNoise

<latexit sha1_base64="oRH/OmjQ0a73Mo4YtOMRnR1yBqo=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRahgpTdIuqx4MWTVLAf0C4lm2bb0CS7JFmhLP0LXjwo4tU/5M1/Y7bdg7Y+GHi8N8PMvCDmTBvX/XYKa+sbm1vF7dLO7t7+QfnwqK2jRBHaIhGPVDfAmnImacsww2k3VhSLgNNOMLnN/M4TVZpF8tFMY+oLPJIsZASbTLqvhueDcsWtuXOgVeLlpAI5moPyV38YkURQaQjHWvc8NzZ+ipVhhNNZqZ9oGmMywSPas1RiQbWfzm+doTOrDFEYKVvSoLn6eyLFQuupCGynwGasl71M/M/rJSa88VMm48RQSRaLwoQjE6HscTRkihLDp5Zgopi9FZExVpgYG0/JhuAtv7xK2vWad1XzHi4rjYs8jiKcwClUwYNraMAdNKEFBMbwDK/w5gjnxXl3PhatBSefOYY/cD5/ACe3jZc=</latexit>

N(f)

<latexit sha1_base64="JuQUIFi2Q2DEGUJBkpwDGy6RtVI=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSIISklE1GPBi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+Oyura+sbm4Wt4vbO7t5+6eCwqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR3dRvPaHSPJYPZpygH9GB5CFn1Fipft4rld2KOwNZJl5OypCj1it9dfsxSyOUhgmqdcdzE+NnVBnOBE6K3VRjQtmIDrBjqaQRaj+bHTohp1bpkzBWtqQhM/X3REYjrcdRYDsjaoZ60ZuK/3md1IS3fsZlkhqUbL4oTAUxMZl+TfpcITNibAllittbCRtSRZmx2RRtCN7iy8ukeVnxrite/apcvcjjKMAxnMAZeHADVbiHGjSAAcIzvMKb8+i8OO/Ox7x1xclnjuAPnM8fbN+Mnw==</latexit>

+

FM Modulation with Preemphasis

f

<latexit sha1_base64="PTA8UUPOzLNtMtvRopsI/agA0wc=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahgpRdEfVY8NJjBfsB7VKyabaNzSZLkhXK0v/gxYMiXv0/3vw3Zts9aOuDgcd7M8zMC2LOtHHdb6ewtr6xuVXcLu3s7u0flA+P2lomitAWkVyqboA15UzQlmGG026sKI4CTjvB5C7zO09UaSbFg5nG1I/wSLCQEWys1G4M4mp4PihX3Jo7B1olXk4qkKM5KH/1h5IkERWGcKx1z3Nj46dYGUY4nZX6iaYxJhM8oj1LBY6o9tP5tTN0ZpUhCqWyJQyaq78nUhxpPY0C2xlhM9bLXib+5/USE976KRNxYqggi0VhwpGRKHsdDZmixPCpJZgoZm9FZIwVJsYGVLIheMsvr5L2Zc27rnn3V5X6RR5HEU7gFKrgwQ3UoQFNaAGBR3iGV3hzpPPivDsfi9aCk88cwx84nz+lio50</latexit>

Hp(f)

<latexit sha1_base64="1azRk98a0Gj42opQD7rF73SeoJ0=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBAiSNgVUY8BL7kIEcwDkyXMTmaTIbOzy0yvEEL+wosHRbz6N978GyfJHjSxoKGo6qa7K0ikMOi6387K6tr6xmZuK7+9s7u3Xzg4bJg41YzXWSxj3Qqo4VIoXkeBkrcSzWkUSN4MhrdTv/nEtRGxesBRwv2I9pUIBaNopcdqNymFZ3e2uoWiW3ZnIMvEy0gRMtS6ha9OL2ZpxBUySY1pe26C/phqFEzySb6TGp5QNqR93rZU0Ygbfzy7eEJOrdIjYaxtKSQz9ffEmEbGjKLAdkYUB2bRm4r/ee0Uwxt/LFSSIldsvihMJcGYTN8nPaE5QzmyhDIt7K2EDaimDG1IeRuCt/jyMmlclL2rsnd/WaycZ3Hk4BhOoAQeXEMFqlCDOjBQ8Ayv8OYY58V5dz7mrStONnMEf+B8/gDMUY+g</latexit>

Hp(f)M(f)

<latexit sha1_base64="5Gm5s2wkmNR+MPMx0JGi//N5HNU=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahgpRdEfVY8NJjBfsB7VKy2Wwbm02WJCuUpf/BiwdFvPp/vPlvTNs9aOuDgcd7M8zMCxLOtHHdb6ewtr6xuVXcLu3s7u0flA+P2lqmitAWkVyqboA15UzQlmGG026iKI4DTjvB+G7md56o0kyKBzNJqB/joWARI9hYqd0YhNXofFCuuDV3DrRKvJxUIEdzUP7qh5KkMRWGcKx1z3MT42dYGUY4nZb6qaYJJmM8pD1LBY6p9rP5tVN0ZpUQRVLZEgbN1d8TGY61nsSB7YyxGellbyb+5/VSE936GRNJaqggi0VRypGRaPY6CpmixPCJJZgoZm9FZIQVJsYGVLIheMsvr5L2Zc27rnn3V5X6RR5HEU7gFKrgwQ3UoQFNaAGBR3iGV3hzpPPivDsfi9aCk88cwx84nz+TNo5o</latexit>

Hd(f)

• A deemphasis filter Hd(f) compensates the spectrum so that

Hp(f)Hd(f) = 1.

• The noise and signal spectra are now flat at the output.

• The preemphasis is approximately a differentiator! Broadcast FM is

effectively a PM system!
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FM Preemphasis and Deemphasis

Pre-emphasis: RLC high pass filter. De-emphasis: RC low pass filter.

<latexit sha1_base64="dRkYrTTAUXdXJByE4h1YMtyZqjg=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsquiHoseOmxgq2FdinZNNvGZpOQZIWy9D948aCIV/+PN/+NabsHbX0w8Hhvhpl5keLMWN//9gpr6xubW8Xt0s7u3v5B+fCobWSqCW0RyaXuRNhQzgRtWWY57ShNcRJx+hCNb2f+wxPVhklxbyeKhgkeChYzgq2T2o2+qsbn/XLFr/lzoFUS5KQCOZr98ldvIEmaUGEJx8Z0A1/ZMMPaMsLptNRLDVWYjPGQdh0VOKEmzObXTtGZUwYoltqVsGiu/p7IcGLMJIlcZ4LtyCx7M/E/r5va+CbMmFCppYIsFsUpR1ai2etowDQllk8cwUQzdysiI6wxsS6gkgshWH55lbQvasFVLbi7rNT9PI4inMApVCGAa6hDA5rQAgKP8Ayv8OZJ78V79z4WrQUvnzmGP/A+fwCmvo54</latexit>

Hp(f)

<latexit sha1_base64="lAGurzIscpFL3Dxa/o7SlqUvH90=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9WtVrXlfqbh5HEc7gHC7Bgxuowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8Ax3+M3g==</latexit>

f
<latexit sha1_base64="OQgCSZHm6mcRT+PT0U4p+d3Y6E8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9xm+agrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST27nfeeLaiFg94jThfkRHSoSCUbTSQzjwBtWaW3dzkFXiFaQGBZqD6ld/GLM04gqZpMb0PDdBP6MaBZN8VumnhieUTeiI9yxVNOLGz/JTZ+TMKkMSxtqWQpKrvycyGhkzjQLbGVEcm2VvLv7n9VIMb/xMqCRFrthiUZhKgjGZ/02GQnOGcmoJZVrYWwkbU00Z2nQqNgRv+eVV0r6oe1d17/6y1nCLOMpwAqdwDh5cQwPuoAktYDCCZ3iFN0c6L86787FoLTnFzDH8gfP5A+zDjYI=</latexit>

f1

<latexit sha1_base64="fiGQ4JCwe1swiLVzs2iCCDTiUSc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKVI8FLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKD+GgNihX3Kq7AFknXk4qkKM5KH/1hzFLI66QSWpMz3MT9DOqUTDJZ6V+anhC2YSOeM9SRSNu/Gxx6oxcWGVIwljbUkgW6u+JjEbGTKPAdkYUx2bVm4v/eb0Uwxs/EypJkSu2XBSmkmBM5n+TodCcoZxaQpkW9lbCxlRThjadkg3BW315nbRrVa9e9e6vKg03j6MIZ3AOl+DBNTTgDprQAgYjeIZXeHOk8+K8Ox/L1oKTz5zCHzifP+5HjYM=</latexit>

f2

Preemphasis

<latexit sha1_base64="lAGurzIscpFL3Dxa/o7SlqUvH90=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9WtVrXlfqbh5HEc7gHC7Bgxuowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8Ax3+M3g==</latexit>

f
<latexit sha1_base64="OQgCSZHm6mcRT+PT0U4p+d3Y6E8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9xm+agrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST27nfeeLaiFg94jThfkRHSoSCUbTSQzjwBtWaW3dzkFXiFaQGBZqD6ld/GLM04gqZpMb0PDdBP6MaBZN8VumnhieUTeiI9yxVNOLGz/JTZ+TMKkMSxtqWQpKrvycyGhkzjQLbGVEcm2VvLv7n9VIMb/xMqCRFrthiUZhKgjGZ/02GQnOGcmoJZVrYWwkbU00Z2nQqNgRv+eVV0r6oe1d17/6y1nCLOMpwAqdwDh5cQwPuoAktYDCCZ3iFN0c6L86787FoLTnFzDH8gfP5A+zDjYI=</latexit>

f1

<latexit sha1_base64="fiGQ4JCwe1swiLVzs2iCCDTiUSc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKVI8FLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKD+GgNihX3Kq7AFknXk4qkKM5KH/1hzFLI66QSWpMz3MT9DOqUTDJZ6V+anhC2YSOeM9SRSNu/Gxx6oxcWGVIwljbUkgW6u+JjEbGTKPAdkYUx2bVm4v/eb0Uwxs/EypJkSu2XBSmkmBM5n+TodCcoZxaQpkW9lbCxlRThjadkg3BW315nbRrVa9e9e6vKg03j6MIZ3AOl+DBNTTgDprQAgYjeIZXeHOk8+K8Ox/L1oKTz5zCHzifP+5HjYM=</latexit>

f2

Deemphasis

<latexit sha1_base64="eHTcU9lV8reekhtvE3+DoRNBM9g=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsquFPVY8NJjBfsB7VKy2Wwbm02WJCuUpf/BiwdFvPp/vPlvTNs9aOuDgcd7M8zMCxLOtHHdb6ewsbm1vVPcLe3tHxwelY9POlqmitA2kVyqXoA15UzQtmGG016iKI4DTrvB5G7ud5+o0kyKBzNNqB/jkWARI9hYqdMchtXocliuuDV3AbROvJxUIEdrWP4ahJKkMRWGcKx133MT42dYGUY4nZUGqaYJJhM8on1LBY6p9rPFtTN0YZUQRVLZEgYt1N8TGY61nsaB7YyxGetVby7+5/VTE936GRNJaqggy0VRypGRaP46CpmixPCpJZgoZm9FZIwVJsYGVLIheKsvr5POVc27rnn39UrDzeMowhmcQxU8uIEGNKEFbSDwCM/wCm+OdF6cd+dj2Vpw8plT+APn8weUao5s</latexit>

Hd(f)

<latexit sha1_base64="t3ttFm7/Ca0KCVrJRriDMJ54INM=">AAAB+nicbVDLSgMxFM3UV62vqS7dBItQNyVTRF0W3HRZwT6gHYZMmmlDM8mQZJQy9lPcuFDErV/izr8xbWehrQcuHM65l3vvCRPOtEHo2ylsbG5t7xR3S3v7B4dHbvm4o2WqCG0TyaXqhVhTzgRtG2Y47SWK4jjktBtObud+94EqzaS4N9OE+jEeCRYxgo2VArdcRwMuR0HmoVkzSKrRReBWUA0tANeJl5MKyNEK3K/BUJI0psIQjrXueygxfoaVYYTTWWmQappgMsEj2rdU4JhqP1ucPoPnVhnCSCpbwsCF+nsiw7HW0zi0nTE2Y73qzcX/vH5qohs/YyJJDRVkuShKOTQSznOAQ6YoMXxqCSaK2VshGWOFibFplWwI3urL66RTr3lXNe/ustJAeRxFcArOQBV44Bo0QBO0QBsQ8AiewSt4c56cF+fd+Vi2Fpx85gT8gfP5A4CVks8=</latexit> 20
lo

g
1
0
H

p
(f

)
<latexit sha1_base64="kIH0W7jNPXr9t+mdD5ngZaw2Cso=">AAAB+nicbVDLSgMxFM3UV62vqS7dBItQNyVTRF0W3HRZwT6gHYZMmmlDM8mQZJQy9lPcuFDErV/izr8xbWehrQcuHM65l3vvCRPOtEHo2ylsbG5t7xR3S3v7B4dHbvm4o2WqCG0TyaXqhVhTzgRtG2Y47SWK4jjktBtObud+94EqzaS4N9OE+jEeCRYxgo2VArdcRwMuR0HmoVkzGFaji8CtoBpaAK4TLycVkKMVuF+DoSRpTIUhHGvd91Bi/Awrwwins9Ig1TTBZIJHtG+pwDHVfrY4fQbPrTKEkVS2hIEL9fdEhmOtp3FoO2NsxnrVm4v/ef3URDd+xkSSGirIclGUcmgknOcAh0xRYvjUEkwUs7dCMsYKE2PTKtkQvNWX10mnXvOuat7dZaWB8jiK4BScgSrwwDVogCZogTYg4BE8g1fw5jw5L86787FsLTj5zAn4A+fzB25BksM=</latexit> 20

lo
g
1
0
H

d
(f

)
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The linear preemphasis range is f1 = 2.1 kHz to f2 = 30 kHz. The

preemphasis filter has transfer function

Hp(f) =
f2
f1

f1 + j2πf

f2 + j2πf

If f ≪ f1 then Hp(f) ≈ 1.

If f1 ≪ f ≪ f2 then

Hp(f) ≈
j2πf

f1

which is a differentiator!

The corresponding deemphasis filter has transfer function.

Hd(f) =
f1

j2πf + f1
≈ 1

Hp(f)
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FM Preemphasis and Deemphasis Filters
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Broadcast FM Signal

• So far we’ve just been talking about WBFM. The broadcast signal has

a lot more in it than the single channel we have so far described.
• Broadcast FM signal is stereo, and has many components

• Left+Right in the middle of the spectrum

• Left-Right offset by 38 kHz

• 19 kHz pilot tone

• Radio Data System (RDS) digital signal at 57 kHz

• Two Subsidiary Communications Authorization (SCA) signals at 67 and

92 kHz

• It may also have up to four High Definition (HD) bands

L+R
L-R

RDS SCA SCA

0 19 38 57 67 92 f, kHz 55



Broadcast FM Signal Spectrogram

This is 2 MHz of the broadcast FM band centered at 104.5 MHz.

56



Broadcast FM Signal Demodulated

After decimating and demodulating the previous signal, we get the

demodulated FM signal.

+/- 100 kHz Centered on 104.5 MHz
57



Next time

• Digital Communications
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