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Todays Topics

I Modulators

I Typical Radio Receivers

I Commercial AM

I Envelope detection

I AM power

I Single Sideband AM (SSB)

I SSB idea

I SSB generation

I SSD detection



Modulators

I There are lots of ways to make modulators

I Often the problem is how not to make a modulator, say when you are
designing an amplifier.

I We will look at some very common types
I Just about any non-linearity

I Multipliers such as choppers



Modulators Using Nonlinearities

Suppose we have the non-linear input-output characteristic:

y(t) = ax(t) + bx2(t)

Let

x1(t) = cos(2πfct) +m(t)

x2(t) = cos(2πfct)−m(t)

Then, it we apply x1(t) and x2(t) to the non-linear modulator, and look at
the difference

y1(t)− y2(t) = a(cos(2πfct) +m(t)) + b(cos(2πfct) +m(t))2

− a(cos(2πfct)−m(t))− b(cos(2πfct)−m(t))2

= 2am(t) + 4bm(t) cos(2πfct)

Convince yourself this is true!



From the previous page

y1(t)− y2(t) = 2am(t) + 4bm(t) cos(2πfct)

This has the term we want at ωc = 2πfc, plus another copy of the message
at baseband.
The unwanted baseband component is blocked by a bandpass filter. This
could be the antenna or the amplifier.

<latexit sha1_base64="spkYoMXUcKBaOOHWrjI/kXIs+30=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBahXkpSRD0WvHisYGuhCWGz3bRLN7thd1Ioof/EiwdFvPpPvPlv3H4ctPXBwOO9GWbmxZngBjzv2yltbG5t75R3K3v7B4dH7vFJx6hcU9amSijdjYlhgkvWBg6CdTPNSBoL9hSP7mb+05hpw5V8hEnGwpQMJE84JWClyHUDqkytEWQcJxHFcBm5Va/uzYHXib8kVbREK3K/gr6iecokUEGM6fleBmFBNHAq2LQS5IZlhI7IgPUslSRlJizml0/xhVX6OFHalgQ8V39PFCQ1ZpLGtjMlMDSr3kz8z+vlkNyGBZdZDkzSxaIkFxgUnsWA+1wzCmJiCaGa21sxHRJNKNiwKjYEf/XlddJp1P3ruv9wVW16yzjK6Aydoxry0Q1qonvUQm1E0Rg9o1f05hTOi/PufCxaS85y5hT9gfP5A90GknQ=</latexit>

cos(2⇡fct)

<latexit sha1_base64="dRipZ22WXNisJA3TNvH1KlB4LeE=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBahRShJEfVY8OKxgv2ANpbNdtMu3WzS3U1pCf0dXjwo4tUf481/47bNQVsfDDzem2FmnhdxprRtf1uZjc2t7Z3sbm5v/+DwKH980lBhLAmtk5CHsuVhRTkTtK6Z5rQVSYoDj9OmN7yb+80xlYqF4lFPI+oGuC+YzwjWRnLxpFhCl8ibPFWKpW6+YJftBdA6cVJSgBS1bv6r0wtJHFChCcdKtR070m6CpWaE01muEysaYTLEfdo2VOCAKjdZHD1DF0bpIT+UpoRGC/X3RIIDpaaBZzoDrAdq1ZuL/3ntWPu3bsJEFGsqyHKRH3OkQzRPAPWYpETzqSGYSGZuRWSAJSba5JQzITirL6+TRqXsXJedh6tC1U7jyMIZnEMRHLiBKtxDDepAYATP8Apv1th6sd6tj2VrxkpnTuEPrM8fAtaQQA==</latexit>

ax() + bx2()

<latexit sha1_base64="dRipZ22WXNisJA3TNvH1KlB4LeE=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBahRShJEfVY8OKxgv2ANpbNdtMu3WzS3U1pCf0dXjwo4tUf481/47bNQVsfDDzem2FmnhdxprRtf1uZjc2t7Z3sbm5v/+DwKH980lBhLAmtk5CHsuVhRTkTtK6Z5rQVSYoDj9OmN7yb+80xlYqF4lFPI+oGuC+YzwjWRnLxpFhCl8ibPFWKpW6+YJftBdA6cVJSgBS1bv6r0wtJHFChCcdKtR070m6CpWaE01muEysaYTLEfdo2VOCAKjdZHD1DF0bpIT+UpoRGC/X3RIIDpaaBZzoDrAdq1ZuL/3ntWPu3bsJEFGsqyHKRH3OkQzRPAPWYpETzqSGYSGZuRWSAJSba5JQzITirL6+TRqXsXJedh6tC1U7jyMIZnEMRHLiBKtxDDepAYATP8Apv1th6sd6tj2VrxkpnTuEPrM8fAtaQQA==</latexit>

ax() + bx2()
<latexit sha1_base64="CStZuvJtI2cMLAAkBu26nxf9reA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoioh4LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxkW/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+hmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1mXVu656jatKzc3jKMIJnMI5eHADNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPbhOMow==</latexit>

+
<latexit sha1_base64="VoiwZDTTxfmiXX2JEInUw26w9Eg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBiyURUY8FLx5bsB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju5nffkKleSwfzCRBP6JDyUPOqLFS46JfrrhVdw6ySrycVCBHvV/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQlv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ67LqXVe9xlWl5uZxFOEETuEcPLiBGtxDHZrAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHcRuMpQ==</latexit>�

<latexit sha1_base64="CStZuvJtI2cMLAAkBu26nxf9reA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoioh4LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxkW/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+hmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1mXVu656jatKzc3jKMIJnMI5eHADNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPbhOMow==</latexit>

+

<latexit sha1_base64="CStZuvJtI2cMLAAkBu26nxf9reA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoioh4LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxkW/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+hmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1mXVu656jatKzc3jKMIJnMI5eHADNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPbhOMow==</latexit>

+
<latexit sha1_base64="CStZuvJtI2cMLAAkBu26nxf9reA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoioh4LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxkW/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+hmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1mXVu656jatKzc3jKMIJnMI5eHADNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPbhOMow==</latexit>

+

<latexit sha1_base64="CStZuvJtI2cMLAAkBu26nxf9reA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoioh4LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxkW/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+hmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1mXVu656jatKzc3jKMIJnMI5eHADNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPbhOMow==</latexit>

+

<latexit sha1_base64="CStZuvJtI2cMLAAkBu26nxf9reA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoioh4LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxkW/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+hmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1mXVu656jatKzc3jKMIJnMI5eHADNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPbhOMow==</latexit>

+
<latexit sha1_base64="VoiwZDTTxfmiXX2JEInUw26w9Eg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBiyURUY8FLx5bsB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju5nffkKleSwfzCRBP6JDyUPOqLFS46JfrrhVdw6ySrycVCBHvV/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQlv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ67LqXVe9xlWl5uZxFOEETuEcPLiBGtxDHZrAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHcRuMpQ==</latexit>�

<latexit sha1_base64="CStZuvJtI2cMLAAkBu26nxf9reA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoioh4LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxkW/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+hmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1mXVu656jatKzc3jKMIJnMI5eHADNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPbhOMow==</latexit>

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

m(t)

<latexit sha1_base64="e9iIwW8JAHbswKndBo6dxx05pMk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5KIVI8FLx4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ7dzvPKHSPJaPZpqgH9GR5CFn1FjpIRywQbni1twFyDrxclKBHM1B+as/jFkaoTRMUK17npsYP6PKcCZwVuqnGhPKJnSEPUsljVD72eLUGbmwypCEsbIlDVmovycyGmk9jQLbGVEz1qveXPzP66UmvPEzLpPUoGTLRWEqiInJ/G8y5AqZEVNLKFPc3krYmCrKjE2nZEPwVl9eJ+3LmlevefdXlUY1j6MIZ3AOVfDgGhpwB01oAYMRPMMrvDnCeXHenY9la8HJZ07hD5zPHzYyjaw=</latexit>

fc
<latexit sha1_base64="Lgi7XdRJpkQOgIFIEz4XaFBjTK4=">AAAB63icbVBNSwMxEJ34WetX1aOXYBF6seyKqMeCF48V7Ae0S8mm2TY0yS5JVihL/4IXD4p49Q9589+YbfegrQ8GHu/NMDMvTAQ31vO+0dr6xubWdmmnvLu3f3BYOTpumzjVlLVoLGLdDYlhgivWstwK1k00IzIUrBNO7nK/88S04bF6tNOEBZKMFI84JTaXLqIBHVSqXt2bA68SvyBVKNAcVL76w5imkilLBTGm53uJDTKiLaeCzcr91LCE0AkZsZ6jikhmgmx+6wyfO2WIo1i7UhbP1d8TGZHGTGXoOiWxY7Ps5eJ/Xi+10W2QcZWklim6WBSlAtsY54/jIdeMWjF1hFDN3a2Yjokm1Lp4yi4Ef/nlVdK+rPvXdf/hqtqoFXGU4BTOoAY+3EAD7qEJLaAwhmd4hTck0Qt6Rx+L1jVUzJzAH6DPH5/VjeM=</latexit>�fc

<latexit sha1_base64="smH8m8z86CAhje7//Jvi0tlXQIo=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBahp5KIqMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfmLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX9a865rXvKrUq3kcRTiDc6iCBzdQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AxReM1g==</latexit>

f

<latexit sha1_base64="72T+sFDSyZ0lyZCxTCLPCU4vdC0=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1iEFqQkpajLghuXFewDmhAm00k7dPJg5kYoobjxV9y4UMStX+HOv3HaZqGtBy4czrmXe+/xE8EVWNa3UVhb39jcKm6Xdnb39g/Mw6OOilNJWZvGIpY9nygmeMTawEGwXiIZCX3Buv74ZuZ3H5hUPI7uYZIwNyTDiAecEtCSZ540fOcirEAVOzRWlbqTcBx4FEPVM8tWzZoDrxI7J2WUo+WZX84gpmnIIqCCKNW3rQTcjEjgVLBpyUkVSwgdkyHraxqRkCk3m78wxedaGeAglroiwHP190RGQqUmoa87QwIjtezNxP+8fgrBtZvxKEmBRXSxKEgFhhjP8sADLhkFMdGEUMn1rZiOiCQUdGolHYK9/PIq6dRr9mXNvmuUm1YeRxGdojNUQTa6Qk10i1qojSh6RM/oFb0ZT8aL8W58LFoLRj5zjP7A+PwBDyCVPg==</latexit>

4b m(t) cos(2⇡fct)

Or we can just forget about the baseband signal, it won’t propagate!



Switching Modulators

Multiply message by a simple periodic function.

Suppose w(t) is periodic with a fundament frequency fc:

w(t) =

∞∑
n=−∞

Dne
j2πfcnt

This weighted sum of complex exponentials that are impulses at all
multiples of fc. Then

m(t)w(t) =

∞∑
n=−∞

Dnm(t)ej2πfcnt

By the convolution theorem, the spectrum of m(t)w(t) consists of M(f)
shifted to ±fc,±2fc,±3fc, . . .
For example if w(t) is a 50% duty cycle square wave centered at t = 0,

w(t) =
1

2
+

1

π

∞∑
n=−∞

1

n
ej2πfcnt; n odd



In general, the spectrum of m(t)w(t) is then

F{m(t)w(t)} = M(f) ∗W (f)

=

∞∑
n=−∞

DnM(f − nfc)

There are replicas at multiples of fc.
I can choose any of these provided Dn doesn’t happen to be zero.
The next page illustrates this modulation method



Switching Modulator

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

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

f
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Typical Radio Receiver

Assume we want to listen to a radio signal at fc. This is a typical receiver.

RF Filter IF Filter Detector⇥ ⇥
fc � fI fI

The input RF at fc is mixed down to a fixed intermediate frequency fI
I RF filter is not very selective

I First modulation frequency is adjustable

I The IF filter is selective

I Everything from the IF filter onward doesn’t change with tuning



Typical Radio Receiver Spectrum

The spectrum of the signals in the receiver look like this:

fc�fc f

RF Filter

f

IF Filter

f

Baseband

fI�fI

The RF filter selects some part of the band of interest, while the IF filter
selects the signal you are interested in.
For your SDR, you can sample directly instead of the IF filter, and do the
rest in software.



Frequency Translation

The key to this receiver is being able to translate signals in frequency.

fc�fc f

ffc � fI�(fc � fI)

f�(2fc � fI) 2fc � fIfI�fI

Sub-Heterodyne

⇤

=

fc�fc f

f

f

fI�fI

Super-Heterodyne

⇤

=

�(2fc + fI) 2fc + fI

fc + fI�(fc + fI)

I To help keep track of what is happening, one of the bands has been
shaded gray. In fact, both are the same.

I Both produce the same IF signals.



AM Modulation

AM modulation is a form of amplitude modulation. For µ > 0,

s(t) = (Ac +m(t)) cos(2πfct) = Ac(1 + µm(t)) cos(2πfct)

We need bandwidth of m(t)� fc and modulation index µ < 1.

Spectrum of modulated signal:

S(f) =
Ac
2

(δ(f + fc) + δ(f − fc)) +
Acµ

2
(M(f + fc) +M(f − fc))

fc�fc f

Ac(�(f) + µM(f))

fc�fc f

Ac

2
(�(f + fc) + µM(f + fc))

Ac

2
(�(f � fc) + µM(f � fc))



DSB-SC vs. AM

DSB-SC modulated signals undergo phase reversal when m(t) changes sign.
It is difficult to extract carrier from received signal.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

−1

−0.5

0

0.5

1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

−1

−0.5

0

0.5

1



DSB-SC vs. AM (cont.)

In AM, the carrier signal is modulated by Ac +m(t) = Ac(1 + µm(t)).
Examples: µ = 1 and µ = 0.5.
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Envelope Detection of AM Signals

The term detection means extracting signal from received data. In some
cases it means demodulation.

Suppose that a signal x(t) can be written as

x(t) = E(t) cos(2πfct)

where E(t) varies slowly compared to the carrier cos(2πfct).

Then |E(t)| is called the envelope of x(t).

For envelope detection to work, we need

I fc � bandwidth of m(t)

Otherwise positive and negative spectral components overlap.

I A+m(t) ≥ 0

Otherwise phase reversals occur when A+m(t) < 0.



Modulation index

The maximum deviation of m(t) from zero is

mp = max(|m(t)|)

The modulation index of the modulated signal is defined by

µ =
mp

A

Larger modulation index reduces power but makes demodulation harder.

Broadcast AM stations use modulation index close to 1. Input signals are
controlled using automatic gain control (AGC).



Modulation Index Example

This is an captured airband signal

You can clearly see the carrier, and when it is keyed on and off.
The first transmission has a much higher modulation index than the second
two. Why might this be?



Envelope Detector for AM

Rectify the RF signal, then lowpass filter:

t

[A+m(t)]cos(ω0t)[A+m(t)]

�[A+m(t)]

t

[A+m(t)] [A+m(t)] |cos(ωct)|

+
� [A+m(t)]RC

+

�

Full Wave Rectifier Lowpass 
Filter

[A+m(t)]cos(ω0t)



AM Demodulation Experiment

m(t) = cos 2πt , fc = 10 , h(t) =
1

RC
e−t/RCu(t)
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Cat’s Whiskers (Crystal) Radio

This radio was powered only by received radio energy.

The point-contact semiconductor detector was subsequently resurrected around World War II
because of the military requirement for microwave radar detectors.



Power of AM Signals

The power of an AM signal is the sum of the power of two components.

ϕAM(t) = (A+m(t)) cos(2πfct) = A cos(2πfct)︸ ︷︷ ︸
carrier

+ m(t) cos(2πfct)︸ ︷︷ ︸
sidebands

The carrier and sideband signals are orthogonal, so powers add. Carrier
power is

Pc = A2

∫ T

0
cos2(2πfct) dt =

1

2
A2

Signal power after modulation is 1/2 the original message power

Ps =
1
2Pm ,

where message power is average power as T gets large,

Pm = m2(t) =
1

T

∫ t0+T

t0

m2(t) dt

E.g., the power of a tone cos(2πfmt) is 1
2 .



Power of AM Signals (cont.)

The carrier tone simplifies demodulation but carries no information.
The power efficiency is defined by

η =
useful power

total power
=

Ps
Pc + Ps

=
m2(t)

A2 +m2(t)

Examples: tone modulation m(t) = µA cos(2πfct) where 0 < µ ≤ 1.

η =
1
2(µA)

2/2

A2/2 + 1
2(µA)

2/2
=

µ2

2 + µ2

The efficiency increases with µ; the maximum value is 1/3.
Efficiency falls off rapidly as µ decreases. For µ = 0.5,

η =
(0.5)2

2 + (0.5)2
=

1

9

AM is inefficient in both power and bandwidth.



Single Sideband (SSB)

DSB-SC is spectrally inefficient. It uses twice the bandwidth of the
message.
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fc

<latexit sha1_base64="EmuVeAjh3VodhuQrLGYJVwHX27Y=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgxbIroh4LXjxWsB/QLiWbZtvQJLskWaEs/QtePCji1T/kzX9jtt2Dtj4YeLw3w8y8MBHcWM/7RqW19Y3NrfJ2ZWd3b/+genjUNnGqKWvRWMS6GxLDBFesZbkVrJtoRmQoWCec3OV+54lpw2P1aKcJCyQZKR5xSmwuXUQDOqjWvLo3B14lfkFqUKA5qH71hzFNJVOWCmJMz/cSG2REW04Fm1X6qWEJoRMyYj1HFZHMBNn81hk+c8oQR7F2pSyeq78nMiKNmcrQdUpix2bZy8X/vF5qo9sg4ypJLVN0sShKBbYxzh/HQ64ZtWLqCKGau1sxHRNNqHXxVFwI/vLLq6R9Wfev6/7DVa3hFXGU4QRO4Rx8uIEG3EMTWkBhDM/wCm9Iohf0jj4WrSVUzBzDH6DPH6I9jes=</latexit>�fc

<latexit sha1_base64="Snq+eTdTD93quiB9tNtOVAglkkE=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoMQD4ZdEfUY8OJFiGAekIQwO5lNhszOrjO9QljyE148KOLV3/Hm3zhJ9qCJBQ1FVTfdXX4shUHX/XZyK6tr6xv5zcLW9s7uXnH/oGGiRDNeZ5GMdMunhkuheB0FSt6KNaehL3nTH91M/eYT10ZE6gHHMe+GdKBEIBhFK7XuysFZ0GOnvWLJrbgzkGXiZaQEGWq94lenH7Ek5AqZpMa0PTfGbko1Cib5pNBJDI8pG9EBb1uqaMhNN53dOyEnVumTINK2FJKZ+nsipaEx49C3nSHFoVn0puJ/XjvB4LqbChUnyBWbLwoSSTAi0+dJX2jOUI4toUwLeythQ6opQxtRwYbgLb68TBrnFe+y4t1flKpuFkcejuAYyuDBFVThFmpQBwYSnuEV3pxH58V5dz7mrTknmzmEP3A+fwDGfY8X</latexit>

M(f � fc)
<latexit sha1_base64="0aQf8odTuLbpxhJsMiu8lYmfmc4=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoMQEcKuiHoMePEiRDAPSEKYncwmQ2Zn15leISz5CS8eFPHq73jzb5wke9DEgoaiqpvuLj+WwqDrfju5ldW19Y38ZmFre2d3r7h/0DBRohmvs0hGuuVTw6VQvI4CJW/FmtPQl7zpj26mfvOJayMi9YDjmHdDOlAiEIyilVp35eAs6LHTXrHkVtwZyDLxMlKCDLVe8avTj1gScoVMUmPanhtjN6UaBZN8UugkhseUjeiAty1VNOSmm87unZATq/RJEGlbCslM/T2R0tCYcejbzpDi0Cx6U/E/r51gcN1NhYoT5IrNFwWJJBiR6fOkLzRnKMeWUKaFvZWwIdWUoY2oYEPwFl9eJo3zindZ8e4vSlU3iyMPR3AMZfDgCqpwCzWoAwMJz/AKb86j8+K8Ox/z1pyTzRzCHzifP8NtjxU=</latexit>

M(f + fc)

The signal can be reconstructed from either the upper sideband (USB) or
lower sideband.

SSB transmits a bandpass filtered version of the modulated signal.



Single Sideband (cont.)

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

f
<latexit sha1_base64="4KVh7Kpy5owE+lPOsBX8zR54XgU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9xm+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByO/c7T6g0j+WjmSboR3QkecgZNVZ6CAdsUK25dTcHWSVeQWpQoDmofvWHMUsjlIYJqnXPcxPjZ1QZzgTOKv1UY0LZhI6wZ6mkEWo/y0+dkTOrDEkYK1vSkFz9PZHRSOtpFNjOiJqxXvbm4n9eLzXhjZ9xmaQGJVssClNBTEzmf5MhV8iMmFpCmeL2VsLGVFFmbDoVG4K3/PIqaV/Uvau6d39Za7hFHGU4gVM4Bw+uoQF30IQWMBjBM7zCmyOcF+fd+Vi0lpxi5hj+wPn8ATiajbQ=</latexit>

fc

<latexit sha1_base64="EmuVeAjh3VodhuQrLGYJVwHX27Y=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgxbIroh4LXjxWsB/QLiWbZtvQJLskWaEs/QtePCji1T/kzX9jtt2Dtj4YeLw3w8y8MBHcWM/7RqW19Y3NrfJ2ZWd3b/+genjUNnGqKWvRWMS6GxLDBFesZbkVrJtoRmQoWCec3OV+54lpw2P1aKcJCyQZKR5xSmwuXUQDOqjWvLo3B14lfkFqUKA5qH71hzFNJVOWCmJMz/cSG2REW04Fm1X6qWEJoRMyYj1HFZHMBNn81hk+c8oQR7F2pSyeq78nMiKNmcrQdUpix2bZy8X/vF5qo9sg4ypJLVN0sShKBbYxzh/HQ64ZtWLqCKGau1sxHRNNqHXxVFwI/vLLq6R9Wfev6/7DVa3hFXGU4QRO4Rx8uIEG3EMTWkBhDM/wCm9Iohf0jj4WrSVUzBzDH6DPH6I9jes=</latexit>�fc

Double Sideband

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

f
<latexit sha1_base64="4KVh7Kpy5owE+lPOsBX8zR54XgU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9xm+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByO/c7T6g0j+WjmSboR3QkecgZNVZ6CAdsUK25dTcHWSVeQWpQoDmofvWHMUsjlIYJqnXPcxPjZ1QZzgTOKv1UY0LZhI6wZ6mkEWo/y0+dkTOrDEkYK1vSkFz9PZHRSOtpFNjOiJqxXvbm4n9eLzXhjZ9xmaQGJVssClNBTEzmf5MhV8iMmFpCmeL2VsLGVFFmbDoVG4K3/PIqaV/Uvau6d39Za7hFHGU4gVM4Bw+uoQF30IQWMBjBM7zCmyOcF+fd+Vi0lpxi5hj+wPn8ATiajbQ=</latexit>

fc

<latexit sha1_base64="EmuVeAjh3VodhuQrLGYJVwHX27Y=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgxbIroh4LXjxWsB/QLiWbZtvQJLskWaEs/QtePCji1T/kzX9jtt2Dtj4YeLw3w8y8MBHcWM/7RqW19Y3NrfJ2ZWd3b/+genjUNnGqKWvRWMS6GxLDBFesZbkVrJtoRmQoWCec3OV+54lpw2P1aKcJCyQZKR5xSmwuXUQDOqjWvLo3B14lfkFqUKA5qH71hzFNJVOWCmJMz/cSG2REW04Fm1X6qWEJoRMyYj1HFZHMBNn81hk+c8oQR7F2pSyeq78nMiKNmcrQdUpix2bZy8X/vF5qo9sg4ypJLVN0sShKBbYxzh/HQ64ZtWLqCKGau1sxHRNNqHXxVFwI/vLLq6R9Wfev6/7DVa3hFXGU4QRO4Rx8uIEG3EMTWkBhDM/wCm9Iohf0jj4WrSVUzBzDH6DPH6I9jes=</latexit>�fc

Upper Sideband

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

f
<latexit sha1_base64="4KVh7Kpy5owE+lPOsBX8zR54XgU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9xm+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByO/c7T6g0j+WjmSboR3QkecgZNVZ6CAdsUK25dTcHWSVeQWpQoDmofvWHMUsjlIYJqnXPcxPjZ1QZzgTOKv1UY0LZhI6wZ6mkEWo/y0+dkTOrDEkYK1vSkFz9PZHRSOtpFNjOiJqxXvbm4n9eLzXhjZ9xmaQGJVssClNBTEzmf5MhV8iMmFpCmeL2VsLGVFFmbDoVG4K3/PIqaV/Uvau6d39Za7hFHGU4gVM4Bw+uoQF30IQWMBjBM7zCmyOcF+fd+Vi0lpxi5hj+wPn8ATiajbQ=</latexit>

fc

<latexit sha1_base64="EmuVeAjh3VodhuQrLGYJVwHX27Y=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgxbIroh4LXjxWsB/QLiWbZtvQJLskWaEs/QtePCji1T/kzX9jtt2Dtj4YeLw3w8y8MBHcWM/7RqW19Y3NrfJ2ZWd3b/+genjUNnGqKWvRWMS6GxLDBFesZbkVrJtoRmQoWCec3OV+54lpw2P1aKcJCyQZKR5xSmwuXUQDOqjWvLo3B14lfkFqUKA5qH71hzFNJVOWCmJMz/cSG2REW04Fm1X6qWEJoRMyYj1HFZHMBNn81hk+c8oQR7F2pSyeq78nMiKNmcrQdUpix2bZy8X/vF5qo9sg4ypJLVN0sShKBbYxzh/HQ64ZtWLqCKGau1sxHRNNqHXxVFwI/vLLq6R9Wfev6/7DVa3hFXGU4QRO4Rx8uIEG3EMTWkBhDM/wCm9Iohf0jj4WrSVUzBzDH6DPH6I9jes=</latexit>�fc

Lower Sideband



Single Sideband Modulation and Demodulation

I SSB can be transmitted using a DSB-SC modulator with a narrower
bandpass filter. For USB, center frequency is

f̃c = fc +
1
2B

and cutoff frequency is B/2.

The bandfilter must roll off quickly to eliminate unwanted contributions
from the other sideband.

Message frequencies near 0 will be affected by the nonideal filter.

I SSB demodulation can use a DSB-SC demodulator with no change.

The input to the lowpass filter is different from that of DSB-SC.



Which SSB Sideband?

I Transmitter and receiver must agree on use of LSB vs. USB.

I SSB is common for amateur radio
I Below 10 MHz : LSB

I Above 10 MHz : USB

I Exception for 5 MHz :USB

I Exception for digital modes : USB

I SSB also common for shortwave

I 120m (2300-2495 kHz): LSB

I 90m (3200-3400 kHz): LSB

I 75m (3900-4000 kHz): USB

I 60m (4750-5060 kHz): LSB

I 49m (5900-6200 kHz): USB

I 41m (7200-7450 kHz): USB

Your radio knows!



SSB Modulation

fc�fc f

M(f) HSSB(f)

fc�fc f

MSSB(f)

fc�fc f

MSSB(f � fc)

fc�fc f

1

2
MSSB(f � fc)

Single Sideband
Filter

Single Sideband
Signal

Modulate to 
Carrier

Take Real
Part

1

2
M⇤

SSB(�(f � fc))



SSB Demodulation

To decode the SSB signal, we just reverse the operations

fc�fc f

S(f) Received
Spectrum

fc�fc f

1

2
S(f + fc) Demodulate to

Baseband

fc�fc f

Take real
part 

1

2
S⇤(�(f + fc))

1

2
S(f + fc)

I Ideally we want a synchronous demodulator

I In practice, fc is estimated by the sound of the signal

I An error of 50 Hz is quite noticeable



SSB in Time Domain

The upper sideband is the output of filtering a modulated
signal m(t) cosωct with an ideal bandpass filter:

HSSB(f) =

{
2 f > 0

0 f < 0

This is
HSSB(f) = 2u(f)

This looks like

fc�fc f

M(f)
HSSB(f)2

The impulse response of this filter is

hSSB(t) = F−1 {2u(f)}



Hilbert Transform

We know

u(t)

1

2
δ(f) +

1

j2πf

so by duality, and multiplying by 2

δ(t) +
j

πt

 2u(f)

The impulse response of the filter is

hSSB(t) = δ(t) +
j

πt

If m(t) is the input signal, the single sideband signal is

m(t) ∗ hSSB(t) = m(t) ∗
(
δ(t) +

j

πt

)
= m(t) + j

(
m(t) ∗ 1

πt

)
The last term is the Hilbert transform of m(t)

mh(t) = m(t) ∗ 1

πt



Hilbert Transform

The transfer function of the Hilbert transform is

HHT (f) = −j sgn(f) =
{
−j = f > 0

j = f < 0

which looks like

fc�fc f

j

�j

HHT (f)

What happens if m(t) = cos(2πft), or m(t) = sin(2πft)?
The block diagram is

+
⇤hHT (t)

j

1m(t) mSSB(t)



Next time

I Friday : Lab 3, improved spectrograms, and AM receivers

I Next Monday : Vestigial Sideband (VSB) and Quadrature Amplitude
Modulation (QAM), beginning of FM


