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Channels, Power Spectrum, and AM Modulation

Today:

Amplitude Modulation

Quadrature Receivers

Modulators

Commercial AM

Single Sideband Modulation (SSB)

Covers Madhow sections 3.1–3.2
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Baseband Communication

The baseband is the frequency band of the original signal.

• Telephones: 300–3700 Hz

• High-fidelity audio: 0–20 KHz

• Television (NTSC) video: 0–4.3 MHz

• Ethernet (10 Mbs): 0–20 MHz

Baseband communication usually requires wire (single, twisted pair, coax).

Multiple baseband signals cannot share a channel without time division

multiplexing (TDM).
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Carrier Communication

Carrier communication uses modulation to shift spectrum of signal.

• Wireless communication requires frequencies higher than baseband

• Multiple signals can be sent at same time using different frequencies:

frequency division multiplexing (FDM)

In carrier communication, the signal modulates a sinusoidal carrier.

The signal modifies the amplitude, frequency, or phase of carrier.

s(t) = A(t) cos
(
2πfc(t)t+ ϕ(t)

)

• amplitude modulation: A(t) is proportional to m(t)

• frequency modulation: fc(t) is proportional to m(t)

• phase modulation: ϕ(t) is proportional to m(t)

Frequency and phase modulation are called angle modulation.
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Double-Sideband Suppressed Carrier (DSB-SC) Modulation

• This is a complicated way of saying ”multiply by a cosine.”

• We have a message (baseband) signal, and cosine cos(2πfct) at a

frequency fc.

• The modulated message signal and its Fourier transform are

m(t) cos(2πfct) ⇔
1

2
[M(f + fc) +M(f − fc)]

where m(t) ⇔ M(f). The block diagram is

⇥
m(t)

<latexit sha1_base64="omwgzsEWFdN1oLJWo+Z4mS2sAco=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBahXkpSRD0WvHisYGuhCWWz3bRLN7thd1Ioof/EiwdFvPpPvPlv3LY5aOuDgcd7M8zMi1LBDXjet1Pa2Nza3invVvb2Dw6P3OOTjlGZpqxNlVC6GxHDBJesDRwE66aakSQS7Cka3839pwnThiv5CNOUhQkZSh5zSsBKfdcNqDK1RpByHPcphsu+W/Xq3gJ4nfgFqaICrb77FQwUzRImgQpiTM/3UghzooFTwWaVIDMsJXRMhqxnqSQJM2G+uHyGL6wywLHStiTghfp7IieJMdMksp0JgZFZ9ebif14vg/g2zLlMM2CSLhfFmcCg8DwGPOCaURBTSwjV3N6K6YhoQsGGVbEh+Ksvr5NOo+5f1/2Hq2qzUcRRRmfoHNWQj25QE92jFmojiiboGb2iNyd3Xpx352PZWnKKmVP0B87nD92gknY=</latexit>

cos(2⇡fct)

<latexit sha1_base64="3HVgwhPENQd+aRIzcQQFGPF9keg=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IR2ktJiqjHghePFWwtNCFstpt26W4SdidCCQX/ihcPinj1d3jz37htc9DWBwOP92aYmRemgmtwnG+rtLa+sblV3q7s7O7tH9iHR12dZIqyDk1Eonoh0UzwmHWAg2C9VDEiQ8EewvHNzH94ZErzJL6HScp8SYYxjzglYKTAPpE1qGOPJrrW9FKOo4BiqAd21Wk4c+BV4hakigq0A/vLGyQ0kywGKojWfddJwc+JAk4Fm1a8TLOU0DEZsr6hMZFM+/n8/Ck+N8oAR4kyFQOeq78nciK1nsjQdEoCI73szcT/vH4G0bWf8zjNgMV0sSjKBIYEz7LAA64YBTExhFDFza2YjogiFExiFROCu/zyKuk2G+5lw727qLaaRRxldIrOUA256Aq10C1qow6iKEfP6BW9WU/Wi/VufSxaS1Yxc4z+wPr8AbArk/o=</latexit>

m(t) cos(2⇡fct)

• This signal and its spectrum are illustrated on the next page:
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DSB-SC

m(t)

�m(t)

m(t)

t

t

,

,

<latexit sha1_base64="PoehpR5HMjN9yJUZWmHF5BAcSMY=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRahXspuKeqx4MWLUMF+QLuUbJptQ5PskmSFsvQvePGgiFf/kDf/jdl2D9r6YODx3gwz84KYM21c99spbGxube8Ud0t7+weHR+Xjk46OEkVom0Q8Ur0Aa8qZpG3DDKe9WFEsAk67wfQ287tPVGkWyUczi6kv8FiykBFsMum+Gl4OyxW35i6A1omXkwrkaA3LX4NRRBJBpSEca9333Nj4KVaGEU7npUGiaYzJFI9p31KJBdV+urh1ji6sMkJhpGxJgxbq74kUC61nIrCdApuJXvUy8T+vn5jwxk+ZjBNDJVkuChOOTISyx9GIKUoMn1mCiWL2VkQmWGFibDwlG4K3+vI66dRr3lXNe2hUmvU8jiKcwTlUwYNraMIdtKANBCbwDK/w5gjnxXl3PpatBSefOYU/cD5/ACf+jZw=</latexit>

M(f)

<latexit sha1_base64="XAmj+nJI5hn4EB+utfA388i7Vmk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jpp16reddVrXlXqtTyOIpzBOVyCBzdQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AyBmM4A==</latexit>

f

<latexit sha1_base64="XAmj+nJI5hn4EB+utfA388i7Vmk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jpp16reddVrXlXqtTyOIpzBOVyCBzdQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AyBmM4A==</latexit>

f

<latexit sha1_base64="6HySOD8TvJ+tiEDCdSG2JYHerj0=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSxCuylJEXVZcOOygn1AE8JkOmmHTiZh5kaopfgrblwo4tb/cOffOG2z0NYDFw7n3Mu994Sp4Boc59sqrK1vbG4Vt0s7u3v7B/bhUVsnmaKsRRORqG5INBNcshZwEKybKkbiULBOOLqZ+Z0HpjRP5D2MU+bHZCB5xCkBIwX2SVyBqkcTXal7KcdRQDFUA7vs1Jw58Cpxc1JGOZqB/eX1E5rFTAIVROue66TgT4gCTgWblrxMs5TQERmwnqGSxEz7k/n1U3xulD6OEmVKAp6rvycmJNZ6HIemMyYw1MveTPzP62UQXfsTLtMMmKSLRVEmMCR4FgXuc8UoiLEhhCpubsV0SBShYAIrmRDc5ZdXSbtecy9r7t1FuVHP4yiiU3SGKshFV6iBblETtRBFj+gZvaI368l6sd6tj0VrwcpnjtEfWJ8/V1CT0A==</latexit>

m(t) cos(2⇡fct)

<latexit sha1_base64="4HpHj0BmuPyCRjvkCz4KWLRjKuI=">AAAB/HicbVBNS8NAEJ3Ur1q/oj16CRahIpSkiHosePEiVLAf0Iaw2W7apZtN2N0IIcS/4sWDIl79Id78N27bHLT1wcDjvRlm5vkxo1LZ9rdRWlvf2Nwqb1d2dvf2D8zDo66MEoFJB0csEn0fScIoJx1FFSP9WBAU+oz0/OnNzO89EiFpxB9UGhM3RGNOA4qR0pJnVoeBQDhz8qyZ39WD88DDZ55Zsxv2HNYqcQpSgwJtz/wajiKchIQrzJCUA8eOlZshoShmJK8ME0lihKdoTAaachQS6Wbz43PrVCsjK4iELq6sufp7IkOhlGno684QqYlc9mbif94gUcG1m1EeJ4pwvFgUJMxSkTVLwhpRQbBiqSYIC6pvtfAE6TSUzquiQ3CWX14l3WbDuWw49xe1VrOIowzHcAJ1cOAKWnALbegAhhSe4RXejCfjxXg3PhatJaOYqcIfGJ8/jRiUAQ==</latexit>

1

2
M(f + fc)

<latexit sha1_base64="lHkJOAGy4FZjgaL3cioLo/6HaFU=">AAAB/HicbVBNS8NAEJ3Ur1q/oj16CRahHixJEfVY8OJFqGA/oA1hs920SzebsLsRQoh/xYsHRbz6Q7z5b9y2OWjrg4HHezPMzPNjRqWy7W+jtLa+sblV3q7s7O7tH5iHR10ZJQKTDo5YJPo+koRRTjqKKkb6sSAo9Bnp+dObmd97JELSiD+oNCZuiMacBhQjpSXPrA4DgXDm5Fkzv6sH54GHzzyzZjfsOaxV4hSkBgXanvk1HEU4CQlXmCEpB44dKzdDQlHMSF4ZJpLECE/RmAw05Sgk0s3mx+fWqVZGVhAJXVxZc/X3RIZCKdPQ150hUhO57M3E/7xBooJrN6M8ThTheLEoSJilImuWhDWigmDFUk0QFlTfauEJ0mkonVdFh+Asv7xKus2Gc9lw7i9qrWYRRxmO4QTq4MAVtOAW2tABDCk8wyu8GU/Gi/FufCxaS0YxU4U/MD5/AJAolAM=</latexit>

1

2
M(f � fc)

<latexit sha1_base64="nm0+UBCpgrQY0W88FHgwVjkKWto=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKVI8FLx4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ7dzvPKHSPJaPZpqgH9GR5CFn1FjpIRywQbniVt0FyDrxclKBHM1B+as/jFkaoTRMUK17npsYP6PKcCZwVuqnGhPKJnSEPUsljVD72eLUGbmwypCEsbIlDVmovycyGmk9jQLbGVEz1qveXPzP66UmvPEzLpPUoGTLRWEqiInJ/G8y5AqZEVNLKFPc3krYmCrKjE2nZEPwVl9eJ+1a1atXvfurSqOWx1GEMziHS/DgGhpwB01oAYMRPMMrvDnCeXHenY9la8HJZ07hD5zPHzk0jbY=</latexit>

fc

<latexit sha1_base64="wj1+Ecw6oNRo2HlQiQSw0Zcbcss=">AAAB63icbVDLSgNBEOz1GeMr6tHLYBC8GHaDqMeAF48RzAOSJcxOZpMh81hmZoWw5Be8eFDEqz/kzb9xNtmDJhY0FFXddHdFCWfG+v63t7a+sbm1Xdop7+7tHxxWjo7bRqWa0BZRXOluhA3lTNKWZZbTbqIpFhGnnWhyl/udJ6oNU/LRThMaCjySLGYE21y6jAdkUKn6NX8OtEqCglShQHNQ+eoPFUkFlZZwbEwv8BMbZlhbRjidlfupoQkmEzyiPUclFtSE2fzWGTp3yhDFSruSFs3V3xMZFsZMReQ6BbZjs+zl4n9eL7XxbZgxmaSWSrJYFKccWYXyx9GQaUosnzqCiWbuVkTGWGNiXTxlF0Kw/PIqaddrwXUteLiqNupFHCU4hTO4gABuoAH30IQWEBjDM7zCmye8F+/d+1i0rnnFzAn8gff5A6LXje0=</latexit>�fc
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We can think of modulation as frequency domain convolution.

F [m(t) cos(2πfct)] = M(f) ∗
(
1

2
δ(f + fc) +

1

2
δ(f − fc)

)
<latexit sha1_base64="uMGQmAG6i/EC+jDx3h1tFLUtu10=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoioh4LXrwIFewHtKFstpt26e4m7G6EEvoXvHhQxKt/yJv/xk2ag7Y+GHi8N8PMvCDmTBvX/XZKa+sbm1vl7crO7t7+QfXwqKOjRBHaJhGPVC/AmnImadsww2kvVhSLgNNuML3N/O4TVZpF8tHMYuoLPJYsZASbTLqvh+fDas1tuDnQKvEKUoMCrWH1azCKSCKoNIRjrfueGxs/xcowwum8Mkg0jTGZ4jHtWyqxoNpP81vn6MwqIxRGypY0KFd/T6RYaD0Tge0U2Ez0speJ/3n9xIQ3fspknBgqyWJRmHBkIpQ9jkZMUWL4zBJMFLO3IjLBChNj46nYELzll1dJ56LhXTW8h8ta0y3iKMMJnEIdPLiGJtxBC9pAYALP8ApvjnBenHfnY9FacoqZY/gD5/MHJ2SNmg==</latexit>

M(f)

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

f

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

f

<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="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

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

<latexit sha1_base64="Yt+bze9GQhor+trpKFfjJRdz0OQ=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSKIh5KIaI8FLx5bsB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777aytb2xubRd2irt7+weHpaPjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxmW/VHYr7hxklXg5KUOOer/01RvELI1QGiao1l3PTYyfUWU4Ezgt9lKNCWVjOsSupZJGqP1sfuiUnFtlQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNW/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynaELzll1dJ66ri3VS8xnW5Vs3jKMApnMEFeHALNbiHOjSBAcIzvMKb8+i8OO/Ox6J1zclnTuAPnM8fbveMqg==</latexit>⇤

<latexit sha1_base64="s1h1KcnoTfeWDnysQjH+rh6L3pk=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomI9iIUvHhswX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut7O2vrG5tV3YKe7u7R8clo6OWzpOFcMmi0WsOgHVKLjEpuFGYCdRSKNAYDsY38389hMqzWP5YCYJ+hEdSh5yRo2VGrf9UtmtuHOQVeLlpAw56v3SV28QszRCaZigWnc9NzF+RpXhTOC02Es1JpSN6RC7lkoaofaz+aFTcm6VAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU1Y9TMuk9SgZItFYSqIicnsazLgCpkRE0soU9zeStiIKsqMzaZoQ/CWX14lrcuKd13xGlflWjWPowCncAYX4MEN1OAe6tAEBgjP8ApvzqPz4rw7H4vWNSefOYE/cD5/AIvDjL0=</latexit>=

<latexit sha1_base64="Bc7nm4tZzztvXWw5FFM4A+PleY4=">AAACAXicbVBNS8NAEJ3Ur1q/ol4EL8EiVISSFFGPBS8eK9gPaELYbDbt0s0m7G6EEurFv+LFgyJe/Rfe/Ddu2xy09cHA470ZZuYFKaNS2fa3UVpZXVvfKG9WtrZ3dvfM/YOOTDKBSRsnLBG9AEnCKCdtRRUjvVQQFAeMdIPRzdTvPhAhacLv1TglXowGnEYUI6Ul3zxyI4Fw7kzyxsQNCVOoFp1HPj7zzapdt2ewlolTkCoUaPnmlxsmOIsJV5ghKfuOnSovR0JRzMik4maSpAiP0ID0NeUoJtLLZx9MrFOthFaUCF1cWTP190SOYinHcaA7Y6SGctGbiv95/UxF115OeZopwvF8UZQxSyXWNA4rpIJgxcaaICyovtXCQ6QjUTq0ig7BWXx5mXQadeey7txdVJt2EUcZjuEEauDAFTThFlrQBgyP8Ayv8GY8GS/Gu/Exby0Zxcwh/IHx+QOecpZK</latexit>

1

2
�(f + fc)

<latexit sha1_base64="2nGT/OgX0AoVkPhgMWBjBpumP50=">AAAB/HicbVBNS8NAEJ3Ur1q/oj16CRahIpSkiHosePEiVLAf0Iaw2W7apZtN2N0IIcS/4sWDIl79Id78N27bHLT1wcDjvRlm5vkxo1LZ9rdRWlvf2Nwqb1d2dvf2D8zDo66MEoFJB0csEn0fScIoJx1FFSP9WBAU+oz0/OnNzO89EiFpxB9UGhM3RGNOA4qR0pJnVoeBQDhz8qyZ39WD88DDZ55Zsxv2HNYqcQpSgwJtz/wajiKchIQrzJCUA8eOlZshoShmJK8ME0lihKdoTAaachQS6Wbz43PrVCsjK4iELq6sufp7IkOhlGno684QqYlc9mbif94gUcG1m1EeJ4pwvFgUJMxSkTVLwhpRQbBiqSYIC6pvtfAE6TSUzquiQ3CWX14l3WbDuWw49xe1ll3EUYZjOIE6OHAFLbiFNnQAQwrP8ApvxpPxYrwbH4vWklHMVOEPjM8fjH6T/w==</latexit>

1

2
M(f + fc)

<latexit sha1_base64="7iE15vSDq9yE7mt1BHF94zLiJ+s=">AAAB/HicbVBNS8NAEJ3Ur1q/oj16CRahHixJEfVY8OJFqGA/oA1hs920SzebsLsRQoh/xYsHRbz6Q7z5b9y2OWjrg4HHezPMzPNjRqWy7W+jtLa+sblV3q7s7O7tH5iHR10ZJQKTDo5YJPo+koRRTjqKKkb6sSAo9Bnp+dObmd97JELSiD+oNCZuiMacBhQjpSXPrA4DgXDm5Fkzv6sH54GHzzyzZjfsOaxV4hSkBgXanvk1HEU4CQlXmCEpB44dKzdDQlHMSF4ZJpLECE/RmAw05Sgk0s3mx+fWqVZGVhAJXVxZc/X3RIZCKdPQ150hUhO57M3E/7xBooJrN6M8ThTheLEoSJilImuWhDWigmDFUk0QFlTfauEJ0mkonVdFh+Asv7xKus2Gc9lw7i9qLbuIowzHcAJ1cOAKWnALbegAhhSe4RXejCfjxXg3PhatJaOYqcIfGJ8/j46UAQ==</latexit>

1

2
M(f � fc)

<latexit sha1_base64="V5y9twji8yRnyogj4Zd9C/m/b0s=">AAACAXicbVBNS8NAEJ3Ur1q/ol4EL8Ei1IMlKaIeC148VrAf0ISw2WzapZtN2N0IJdSLf8WLB0W8+i+8+W/ctjlo64OBx3szzMwLUkalsu1vo7Syura+Ud6sbG3v7O6Z+wcdmWQCkzZOWCJ6AZKEUU7aiipGeqkgKA4Y6Qajm6nffSBC0oTfq3FKvBgNOI0oRkpLvnnkRgLh3JnkjYkbEqZQLTqPfHzmm1W7bs9gLROnIFUo0PLNLzdMcBYTrjBDUvYdO1VejoSimJFJxc0kSREeoQHpa8pRTKSXzz6YWKdaCa0oEbq4smbq74kcxVKO40B3xkgN5aI3Ff/z+pmKrr2c8jRThOP5oihjlkqsaRxWSAXBio01QVhQfauFh0hHonRoFR2Cs/jyMuk06s5l3bm7qDbtIo4yHMMJ1MCBK2jCLbSgDRge4Rle4c14Ml6Md+Nj3loyiplD+APj8wehgpZM</latexit>

1

2
�(f � fc)

7



To demodulate this signal, consider what happens if we multiply again by

cos(2πfct). Again, we can think of this as a convolution in the frequency

domain:

=

0

Lowpass Filter

<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

<latexit sha1_base64="2nGT/OgX0AoVkPhgMWBjBpumP50=">AAAB/HicbVBNS8NAEJ3Ur1q/oj16CRahIpSkiHosePEiVLAf0Iaw2W7apZtN2N0IIcS/4sWDIl79Id78N27bHLT1wcDjvRlm5vkxo1LZ9rdRWlvf2Nwqb1d2dvf2D8zDo66MEoFJB0csEn0fScIoJx1FFSP9WBAU+oz0/OnNzO89EiFpxB9UGhM3RGNOA4qR0pJnVoeBQDhz8qyZ39WD88DDZ55Zsxv2HNYqcQpSgwJtz/wajiKchIQrzJCUA8eOlZshoShmJK8ME0lihKdoTAaachQS6Wbz43PrVCsjK4iELq6sufp7IkOhlGno684QqYlc9mbif94gUcG1m1EeJ4pwvFgUJMxSkTVLwhpRQbBiqSYIC6pvtfAE6TSUzquiQ3CWX14l3WbDuWw49xe1ll3EUYZjOIE6OHAFLbiFNnQAQwrP8ApvxpPxYrwbH4vWklHMVOEPjM8fjH6T/w==</latexit>

1

2
M(f + fc)

<latexit sha1_base64="7iE15vSDq9yE7mt1BHF94zLiJ+s=">AAAB/HicbVBNS8NAEJ3Ur1q/oj16CRahHixJEfVY8OJFqGA/oA1hs920SzebsLsRQoh/xYsHRbz6Q7z5b9y2OWjrg4HHezPMzPNjRqWy7W+jtLa+sblV3q7s7O7tH5iHR10ZJQKTDo5YJPo+koRRTjqKKkb6sSAo9Bnp+dObmd97JELSiD+oNCZuiMacBhQjpSXPrA4DgXDm5Fkzv6sH54GHzzyzZjfsOaxV4hSkBgXanvk1HEU4CQlXmCEpB44dKzdDQlHMSF4ZJpLECE/RmAw05Sgk0s3mx+fWqVZGVhAJXVxZc/X3RIZCKdPQ150hUhO57M3E/7xBooJrN6M8ThTheLEoSJilImuWhDWigmDFUk0QFlTfauEJ0mkonVdFh+Asv7xKus2Gc9lw7i9qLbuIowzHcAJ1cOAKWnALbegAhhSe4RXejCfjxXg3PhatJaOYqcIfGJ8/j46UAQ==</latexit>

1

2
M(f � fc)

<latexit sha1_base64="Bc7nm4tZzztvXWw5FFM4A+PleY4=">AAACAXicbVBNS8NAEJ3Ur1q/ol4EL8EiVISSFFGPBS8eK9gPaELYbDbt0s0m7G6EEurFv+LFgyJe/Rfe/Ddu2xy09cHA470ZZuYFKaNS2fa3UVpZXVvfKG9WtrZ3dvfM/YOOTDKBSRsnLBG9AEnCKCdtRRUjvVQQFAeMdIPRzdTvPhAhacLv1TglXowGnEYUI6Ul3zxyI4Fw7kzyxsQNCVOoFp1HPj7zzapdt2ewlolTkCoUaPnmlxsmOIsJV5ghKfuOnSovR0JRzMik4maSpAiP0ID0NeUoJtLLZx9MrFOthFaUCF1cWTP190SOYinHcaA7Y6SGctGbiv95/UxF115OeZopwvF8UZQxSyXWNA4rpIJgxcaaICyovtXCQ6QjUTq0ig7BWXx5mXQadeey7txdVJt2EUcZjuEEauDAFTThFlrQBgyP8Ayv8GY8GS/Gu/Exby0Zxcwh/IHx+QOecpZK</latexit>

1

2
�(f + fc)

<latexit sha1_base64="V5y9twji8yRnyogj4Zd9C/m/b0s=">AAACAXicbVBNS8NAEJ3Ur1q/ol4EL8Ei1IMlKaIeC148VrAf0ISw2WzapZtN2N0IJdSLf8WLB0W8+i+8+W/ctjlo64OBx3szzMwLUkalsu1vo7Syura+Ud6sbG3v7O6Z+wcdmWQCkzZOWCJ6AZKEUU7aiipGeqkgKA4Y6Qajm6nffSBC0oTfq3FKvBgNOI0oRkpLvnnkRgLh3JnkjYkbEqZQLTqPfHzmm1W7bs9gLROnIFUo0PLNLzdMcBYTrjBDUvYdO1VejoSimJFJxc0kSREeoQHpa8pRTKSXzz6YWKdaCa0oEbq4smbq74kcxVKO40B3xkgN5aI3Ff/z+pmKrr2c8jRThOP5oihjlkqsaRxWSAXBio01QVhQfauFh0hHonRoFR2Cs/jyMuk06s5l3bm7qDbtIo4yHMMJ1MCBK2jCLbSgDRge4Rle4c14Ml6Md+Nj3loyiplD+APj8wehgpZM</latexit>

1

2
�(f � fc)

0
<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

0
<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

<latexit sha1_base64="yDXw6Bx/qk2Nc5ROOh7Srw1m+Xg=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1iEurAkpajLghs3QgX7gDaEyXTSDp08mJkINQR/xY0LRdz6H+78G6dtFtp64MLhnHu59x4v5kwqy/o2Ciura+sbxc3S1vbO7p65f9CWUSIIbZGIR6LrYUk5C2lLMcVpNxYUBx6nHW98PfU7D1RIFoX3ahJTJ8DDkPmMYKUl1zzq+wKT1M7SenZb8c9rvkvOXLNsVa0Z0DKxc1KGHE3X/OoPIpIENFSEYyl7thUrJ8VCMcJpVuonksaYjPGQ9jQNcUClk86uz9CpVgbIj4SuUKGZ+nsixYGUk8DTnQFWI7noTcX/vF6i/CsnZWGcKBqS+SI/4UhFaBoFGjBBieITTTARTN+KyAjrOJQOrKRDsBdfXibtWtW+qNp39XLDyuMowjGcQAVsuIQG3EATWkDgEZ7hFd6MJ+PFeDc+5q0FI585hD8wPn8ACcOUPw==</latexit>

1

4
M(f � 2fc)

<latexit sha1_base64="sKgULaOe4Q6eMf/dSzshADISEs4=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1iEilCSUtRlwY0boYJ9QBvCZDpph04ezEyEGoK/4saFIm79D3f+jdM2C209cOFwzr3ce48XcyaVZX0bhZXVtfWN4mZpa3tnd8/cP2jLKBGEtkjEI9H1sKSchbSlmOK0GwuKA4/Tjje+nvqdByoki8J7NYmpE+BhyHxGsNKSax71fYFJamdpPbut+Oc13yVnrlm2qtYMaJnYOSlDjqZrfvUHEUkCGirCsZQ924qVk2KhGOE0K/UTSWNMxnhIe5qGOKDSSWfXZ+hUKwPkR0JXqNBM/T2R4kDKSeDpzgCrkVz0puJ/Xi9R/pWTsjBOFA3JfJGfcKQiNI0CDZigRPGJJpgIpm9FZIR1HEoHVtIh2IsvL5N2rWpfVO27erlh5XEU4RhOoAI2XEIDbqAJLSDwCM/wCm/Gk/FivBsf89aCkc8cwh8Ynz8GsZQ9</latexit>

1

4
M(f + 2fc)

<latexit sha1_base64="otazcFhWMTrX0MTtCxHBkCfAdVc=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEI9VKSUtRjwYsXoYL9gDaUzXbTLt1swu5GqCG/xIsHRbz6U7z5b9y2OWjrg4HHezPMzPNjzpR2nG+rsLG5tb1T3C3t7R8clu2j446KEklom0Q8kj0fK8qZoG3NNKe9WFIc+px2/enN3O8+UqlYJB70LKZeiMeCBYxgbaShXR4EEpPUzdJ6dlcNLoZ2xak5C6B14uakAjlaQ/trMIpIElKhCcdK9V0n1l6KpWaE06w0SBSNMZniMe0bKnBIlZcuDs/QuVFGKIikKaHRQv09keJQqVnom84Q64la9ebif14/0cG1lzIRJ5oKslwUJBzpCM1TQCMmKdF8ZggmkplbEZlgk4Q2WZVMCO7qy+ukU6+5lzX3vlFpOnkcRTiFM6iCC1fQhFtoQRsIJPAMr/BmPVkv1rv1sWwtWPnMCfyB9fkD3maShA==</latexit>

1

2
M(f)

<latexit sha1_base64="jxrOGmoB+cmoQhwealijHW6I1e4=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4sSRF1GPBi8cKpi20oWy2k3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAqujet+O2vrG5tb26Wd8u7e/sFh5ei4pZNMMfRZIhLVCalGwSX6hhuBnVQhjUOB7XB8N/PbT6g0T+SjmaQYxHQoecQZNVbyL+tRn/UrVbfmzkFWiVeQKhRo9itfvUHCshilYYJq3fXc1AQ5VYYzgdNyL9OYUjamQ+xaKmmMOsjnx07JuVUGJEqULWnIXP09kdNY60kc2s6YmpFe9mbif143M9FtkHOZZgYlWyyKMkFMQmafkwFXyIyYWEKZ4vZWwkZUUWZsPmUbgrf88ipp1Wvedc17uKo23CKOEpzCGVyABzfQgHtogg8MODzDK7w50nlx3p2PReuaU8ycwB84nz8TwY4n</latexit>�2fc

<latexit sha1_base64="4qXTaP+RSzX5GLrigukRvaWYhVw=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKewGUY8BLx4jmAckS5idzCZD5rHMzAphyS948aCIV3/Im3/jbLIHTSxoKKq66e6KEs6M9f1vr7SxubW9U96t7O0fHB5Vj086RqWa0DZRXOlehA3lTNK2ZZbTXqIpFhGn3Wh6l/vdJ6oNU/LRzhIaCjyWLGYE21xqxEMyrNb8ur8AWidBQWpQoDWsfg1GiqSCSks4NqYf+IkNM6wtI5zOK4PU0ASTKR7TvqMSC2rCbHHrHF04ZYRipV1Jixbq74kMC2NmInKdAtuJWfVy8T+vn9r4NsyYTFJLJVkuilOOrEL542jENCWWzxzBRDN3KyITrDGxLp6KCyFYfXmddBr14LoePFzVmn4RRxnO4BwuIYAbaMI9tKANBCbwDK/w5gnvxXv3PpatJa+YOYU/8D5/AKngjfA=</latexit>

2fc

<latexit sha1_base64="Yt+bze9GQhor+trpKFfjJRdz0OQ=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSKIh5KIaI8FLx5bsB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777aytb2xubRd2irt7+weHpaPjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxmW/VHYr7hxklXg5KUOOer/01RvELI1QGiao1l3PTYyfUWU4Ezgt9lKNCWVjOsSupZJGqP1sfuiUnFtlQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNW/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynaELzll1dJ66ri3VS8xnW5Vs3jKMApnMEFeHALNbiHOjSBAcIzvMKb8+i8OO/Ox6J1zclnTuAPnM8fbveMqg==</latexit>⇤
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After the convolution there is a replica of the spectrum centered at f = 0,

which we can extract with a lowpass filter.

The modulated signal spectrum is

F [m(t) cos(2πfct)] =
1

2
M(f + fc) +

1

2
M(f − fc)

Multiplying this by cos(2πfct) corresponds to convolving in frequency,

F
[
m(t) cos2(2πfct)

]
=

[
1

2
M(f + fc)) +

1

2
M(f − fc)

]
∗
[
1

2
δ(f + fc) +

1

2
δ(f − fc)

]
=

1

4
[M(f + fc) +M(f − fc))]

∗ [δ(f + fc) + δ(f − fc)]

=
1

4
M(f + 2fc) +

1

2
M(f) +

1

4
M(f − 2fc)

Lowpass filtering extracts the M(f term, recovering the original message.
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The block diagram of the entire system is now:

⇥
m(t)

⇥
m(t)Propagation

Transmitter Receiver

2

<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="RT+pKzzMzktpDpANdV8A5SzCKbs=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSxCuylJEXVZcOOygn1AE8JkOmmHziRh5kaopfgrblwo4tb/cOffOG2z0NYDFw7n3Mu994Sp4Boc59sqrK1vbG4Vt0s7u3v7B/bhUVsnmaKsRRORqG5INBM8Zi3gIFg3VYzIULBOOLqZ+Z0HpjRP4nsYp8yXZBDziFMCRgrsE1mBqkcTXal7KcdRQDFUA7vs1Jw58Cpxc1JGOZqB/eX1E5pJFgMVROue66TgT4gCTgWblrxMs5TQERmwnqExkUz7k/n1U3xulD6OEmUqBjxXf09MiNR6LEPTKQkM9bI3E//zehlE1/6Ex2kGLKaLRVEmMCR4FgXuc8UoiLEhhCpubsV0SBShYAIrmRDc5ZdXSbtecy9r7t1FueHkcRTRKTpDFeSiK9RAt6iJWoiiR/SMXtGb9WS9WO/Wx6K1YOUzx+gPrM8fVraTzg==</latexit>

m(t) cos(2⇡fct)

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

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

f

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

cos(2⇡fct)

• This is a synchronous receiver, meaning the transmitter and receiver

must be in phase. Synchronising the receiver requires a more complex

system.

• In practice the propagation delay is unknown and time varying, and the

transmitter and receiver phase can drift with respect to each other.
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DSB-SC Synchronization and Quadrature Receivers

Often we won’t know the phase of the signal we are receiving, and this can

cause problems with a synchronous receiver.

Consider the case where the transmitter has a phase of −π/2, so that the

modulated signal is

m(t) cos(2πfct− π/2) = m(t) sin(2πfct).

The spectrum of the transmitted signal is now

F [m(t) sin(2πfct)] =
j

2
M(f + fc)−

j

2
M(f − fc)).

If we demodulate with a cosine, the result is shown in the next plot:
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=

<latexit sha1_base64="x+ikSDE5B6rKe54+SypXr8Ouahk=">AAAB/HicbVBNS8NAEJ3Ur1q/oj16CRahIpSkiHosePEiVLAf0Iaw2W7atZtN2N0IIcS/4sWDIl79Id78N27bHLT6YODx3gwz8/yYUals+8sorayurW+UNytb2zu7e+b+QVdGicCkgyMWib6PJGGUk46iipF+LAgKfUZ6/vRq5vceiJA04ncqjYkbojGnAcVIackzq8NAIJzd51kzv6kHp4GHTzyzZjfsOay/xClIDQq0PfNzOIpwEhKuMENSDhw7Vm6GhKKYkbwyTCSJEZ6iMRloylFIpJvNj8+tY62MrCASuriy5urPiQyFUqahrztDpCZy2ZuJ/3mDRAWXbkZ5nCjC8WJRkDBLRdYsCWtEBcGKpZogLKi+1cITpNNQOq+KDsFZfvkv6TYbznnDuT2rtewijjIcwhHUwYELaME1tKEDGFJ4ghd4NR6NZ+PNeF+0loxipgq/YHx8A+WOlDg=</latexit>

j

2
M(f + fc)

<latexit sha1_base64="y8aZSiFzIJzCtdsUxRezWwiZnQw=">AAAB/XicbVDLSsNAFL3xWesrPnZuBotQEUpSirosuHEjVLAPaEOYTCft2MmDmYlQQ/BX3LhQxK3/4c6/cdpmoa0HLhzOuZd77/FizqSyrG9jaXlldW29sFHc3Nre2TX39lsySgShTRLxSHQ8LClnIW0qpjjtxILiwOO07Y2uJn77gQrJovBOjWPqBHgQMp8RrLTkmoc9X2CS3mdpLbsp+2dV3yWnrlmyKtYUaJHYOSlBjoZrfvX6EUkCGirCsZRd24qVk2KhGOE0K/YSSWNMRnhAu5qGOKDSSafXZ+hEK33kR0JXqNBU/T2R4kDKceDpzgCroZz3JuJ/XjdR/qWTsjBOFA3JbJGfcKQiNIkC9ZmgRPGxJpgIpm9FZIh1HEoHVtQh2PMvL5JWtWKfV+zbWqlu5XEU4AiOoQw2XEAdrqEBTSDwCM/wCm/Gk/FivBsfs9YlI585gD8wPn8AX/qUdg==</latexit>

j

4
M(f + 2fc)

<latexit sha1_base64="K1RHUIqfCcNTCuDJFq4Nbng7DHg=">AAAB/nicbVBNS8NAEJ3Ur1q/ouLJS7AI9dCSlKIeC168CBXsB7QhbLabdu1mE3Y3QgkB/4oXD4p49Xd489+4bXPQ6oOBx3szzMzzY0alsu0vo7Cyura+UdwsbW3v7O6Z+wcdGSUCkzaOWCR6PpKEUU7aiipGerEgKPQZ6fqTq5nffSBC0ojfqWlM3BCNOA0oRkpLnnlUHQQC4fQ+SxvZTSWo1gMPn3lm2a7Zc1h/iZOTMuRoeebnYBjhJCRcYYak7Dt2rNwUCUUxI1lpkEgSIzxBI9LXlKOQSDedn59Zp1oZWkEkdHFlzdWfEykKpZyGvu4MkRrLZW8m/uf1ExVcuinlcaIIx4tFQcIsFVmzLKwhFQQrNtUEYUH1rRYeIx2H0omVdAjO8st/Sadec85rzm2j3LTzOIpwDCdQAQcuoAnX0II2YEjhCV7g1Xg0no03433RWjDymUP4BePjG8/tlK8=</latexit>

� j

4
M(f � 2fc)

<latexit sha1_base64="VXwnRQFekZ+J+5RZTnYSu/1RSNs=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1iEumhJiqjLghs3QgX7gDaEyXTSjp08mJkINQR/xY0LRdz6H+78G6dtFlo9cOFwzr3ce48XcyaVZX0ZhaXlldW14nppY3Nre8fc3WvLKBGEtkjEI9H1sKSchbSlmOK0GwuKA4/Tjje+nPqdeyoki8JbNYmpE+BhyHxGsNKSax5U+77AJL3L0np2XfGrvktOXLNs1awZ0F9i56QMOZqu+dkfRCQJaKgIx1L2bCtWToqFYoTTrNRPJI0xGeMh7Wka4oBKJ51dn6FjrQyQHwldoUIz9edEigMpJ4GnOwOsRnLRm4r/eb1E+RdOysI4UTQk80V+wpGK0DQKNGCCEsUnmmAimL4VkRHWaSgdWEmHYC++/Je06zX7rGbfnJYbVh5HEQ7hCCpgwzk04Aqa0AICD/AEL/BqPBrPxpvxPm8tGPnMPvyC8fENVV+UcQ==</latexit>

� j

2
M(f � fc)

<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

<latexit sha1_base64="jxrOGmoB+cmoQhwealijHW6I1e4=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4sSRF1GPBi8cKpi20oWy2k3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAqujet+O2vrG5tb26Wd8u7e/sFh5ei4pZNMMfRZIhLVCalGwSX6hhuBnVQhjUOB7XB8N/PbT6g0T+SjmaQYxHQoecQZNVbyL+tRn/UrVbfmzkFWiVeQKhRo9itfvUHCshilYYJq3fXc1AQ5VYYzgdNyL9OYUjamQ+xaKmmMOsjnx07JuVUGJEqULWnIXP09kdNY60kc2s6YmpFe9mbif143M9FtkHOZZgYlWyyKMkFMQmafkwFXyIyYWEKZ4vZWwkZUUWZsPmUbgrf88ipp1Wvedc17uKo23CKOEpzCGVyABzfQgHtogg8MODzDK7w50nlx3p2PReuaU8ycwB84nz8TwY4n</latexit>�2fc

<latexit sha1_base64="4qXTaP+RSzX5GLrigukRvaWYhVw=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKewGUY8BLx4jmAckS5idzCZD5rHMzAphyS948aCIV3/Im3/jbLIHTSxoKKq66e6KEs6M9f1vr7SxubW9U96t7O0fHB5Vj086RqWa0DZRXOlehA3lTNK2ZZbTXqIpFhGn3Wh6l/vdJ6oNU/LRzhIaCjyWLGYE21xqxEMyrNb8ur8AWidBQWpQoDWsfg1GiqSCSks4NqYf+IkNM6wtI5zOK4PU0ASTKR7TvqMSC2rCbHHrHF04ZYRipV1Jixbq74kMC2NmInKdAtuJWfVy8T+vn9r4NsyYTFJLJVkuilOOrEL542jENCWWzxzBRDN3KyITrDGxLp6KCyFYfXmddBr14LoePFzVmn4RRxnO4BwuIYAbaMI9tKANBCbwDK/w5gnvxXv3PpatJa+YOYU/8D5/AKngjfA=</latexit>

2fc

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

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

0

<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

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

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

0

<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

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

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

0

<latexit sha1_base64="Bc7nm4tZzztvXWw5FFM4A+PleY4=">AAACAXicbVBNS8NAEJ3Ur1q/ol4EL8EiVISSFFGPBS8eK9gPaELYbDbt0s0m7G6EEurFv+LFgyJe/Rfe/Ddu2xy09cHA470ZZuYFKaNS2fa3UVpZXVvfKG9WtrZ3dvfM/YOOTDKBSRsnLBG9AEnCKCdtRRUjvVQQFAeMdIPRzdTvPhAhacLv1TglXowGnEYUI6Ul3zxyI4Fw7kzyxsQNCVOoFp1HPj7zzapdt2ewlolTkCoUaPnmlxsmOIsJV5ghKfuOnSovR0JRzMik4maSpAiP0ID0NeUoJtLLZx9MrFOthFaUCF1cWTP190SOYinHcaA7Y6SGctGbiv95/UxF115OeZopwvF8UZQxSyXWNA4rpIJgxcaaICyovtXCQ6QjUTq0ig7BWXx5mXQadeey7txdVJt2EUcZjuEEauDAFTThFlrQBgyP8Ayv8GY8GS/Gu/Exby0Zxcwh/IHx+QOecpZK</latexit>

1

2
�(f + fc)

<latexit sha1_base64="V5y9twji8yRnyogj4Zd9C/m/b0s=">AAACAXicbVBNS8NAEJ3Ur1q/ol4EL8Ei1IMlKaIeC148VrAf0ISw2WzapZtN2N0IJdSLf8WLB0W8+i+8+W/ctjlo64OBx3szzMwLUkalsu1vo7Syura+Ud6sbG3v7O6Z+wcdmWQCkzZOWCJ6AZKEUU7aiipGeqkgKA4Y6Qajm6nffSBC0oTfq3FKvBgNOI0oRkpLvnnkRgLh3JnkjYkbEqZQLTqPfHzmm1W7bs9gLROnIFUo0PLNLzdMcBYTrjBDUvYdO1VejoSimJFJxc0kSREeoQHpa8pRTKSXzz6YWKdaCa0oEbq4smbq74kcxVKO40B3xkgN5aI3Ff/z+pmKrr2c8jRThOP5oihjlkqsaRxWSAXBio01QVhQfauFh0hHonRoFR2Cs/jyMuk06s5l3bm7qDbtIo4yHMMJ1MCBK2jCLbSgDRge4Rle4c14Ml6Md+Nj3loyiplD+APj8wehgpZM</latexit>

1

2
�(f � fc)

<latexit sha1_base64="Yt+bze9GQhor+trpKFfjJRdz0OQ=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSKIh5KIaI8FLx5bsB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777aytb2xubRd2irt7+weHpaPjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxmW/VHYr7hxklXg5KUOOer/01RvELI1QGiao1l3PTYyfUWU4Ezgt9lKNCWVjOsSupZJGqP1sfuiUnFtlQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNW/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynaELzll1dJ66ri3VS8xnW5Vs3jKMApnMEFeHALNbiHOjSBAcIzvMKb8+i8OO/Ox6J1zclnTuAPnM8fbveMqg==</latexit>⇤

The baseband signal we want cancels!
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One solution is to demodulate with a complex exponential

ej2πfct ⇔ δ(f − fc)

=
Lowpass Filter

<latexit sha1_base64="x+ikSDE5B6rKe54+SypXr8Ouahk=">AAAB/HicbVBNS8NAEJ3Ur1q/oj16CRahIpSkiHosePEiVLAf0Iaw2W7atZtN2N0IIcS/4sWDIl79Id78N27bHLT6YODx3gwz8/yYUals+8sorayurW+UNytb2zu7e+b+QVdGicCkgyMWib6PJGGUk46iipF+LAgKfUZ6/vRq5vceiJA04ncqjYkbojGnAcVIackzq8NAIJzd51kzv6kHp4GHTzyzZjfsOay/xClIDQq0PfNzOIpwEhKuMENSDhw7Vm6GhKKYkbwyTCSJEZ6iMRloylFIpJvNj8+tY62MrCASuriy5urPiQyFUqahrztDpCZy2ZuJ/3mDRAWXbkZ5nCjC8WJRkDBLRdYsCWtEBcGKpZogLKi+1cITpNNQOq+KDsFZfvkv6TYbznnDuT2rtewijjIcwhHUwYELaME1tKEDGFJ4ghd4NR6NZ+PNeF+0loxipgq/YHx8A+WOlDg=</latexit>

j

2
M(f + fc)

<latexit sha1_base64="VXwnRQFekZ+J+5RZTnYSu/1RSNs=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1iEumhJiqjLghs3QgX7gDaEyXTSjp08mJkINQR/xY0LRdz6H+78G6dtFlo9cOFwzr3ce48XcyaVZX0ZhaXlldW14nppY3Nre8fc3WvLKBGEtkjEI9H1sKSchbSlmOK0GwuKA4/Tjje+nPqdeyoki8JbNYmpE+BhyHxGsNKSax5U+77AJL3L0np2XfGrvktOXLNs1awZ0F9i56QMOZqu+dkfRCQJaKgIx1L2bCtWToqFYoTTrNRPJI0xGeMh7Wka4oBKJ51dn6FjrQyQHwldoUIz9edEigMpJ4GnOwOsRnLRm4r/eb1E+RdOysI4UTQk80V+wpGK0DQKNGCCEsUnmmAimL4VkRHWaSgdWEmHYC++/Je06zX7rGbfnJYbVh5HEQ7hCCpgwzk04Aqa0AICD/AEL/BqPBrPxpvxPm8tGPnMPvyC8fENVV+UcQ==</latexit>

� j

2
M(f � fc)

<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

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

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

0

<latexit sha1_base64="Yt+bze9GQhor+trpKFfjJRdz0OQ=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSKIh5KIaI8FLx5bsB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777aytb2xubRd2irt7+weHpaPjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxmW/VHYr7hxklXg5KUOOer/01RvELI1QGiao1l3PTYyfUWU4Ezgt9lKNCWVjOsSupZJGqP1sfuiUnFtlQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNW/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynaELzll1dJ66ri3VS8xnW5Vs3jKMApnMEFeHALNbiHOjSBAcIzvMKb8+i8OO/Ox6J1zclnTuAPnM8fbveMqg==</latexit>⇤
<latexit sha1_base64="uJ4wvKQYOsTzRhB7BlzlN1x7Zho=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoMQD4ZdEfUY8OIxgnlAsoTZ2dlkyOzDmd5AWPIdXjwo4tWP8ebfOEn2oIkFDUVVN91dXiKFRtv+tgpr6xubW8Xt0s7u3v5B+fCopeNUMd5ksYxVx6OaSxHxJgqUvJMoTkNP8rY3upv57TFXWsTRI04S7oZ0EIlAMIpGcns+l0irwUXQZ+f9csWu2XOQVeLkpAI5Gv3yV8+PWRryCJmkWncdO0E3owoFk3xa6qWaJ5SN6IB3DY1oyLWbzY+ekjOj+CSIlakIyVz9PZHRUOtJ6JnOkOJQL3sz8T+vm2Jw62YiSlLkEVssClJJMCazBIgvFGcoJ4ZQpoS5lbAhVZShyalkQnCWX14lrcuac11zHq4qdTuPowgncApVcOAG6nAPDWgCgyd4hld4s8bWi/VufSxaC1Y+cwx/YH3+AMHxkWI=</latexit>

�(f � fc)

<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

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

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

0

<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

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

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

0
<latexit sha1_base64="4qXTaP+RSzX5GLrigukRvaWYhVw=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKewGUY8BLx4jmAckS5idzCZD5rHMzAphyS948aCIV3/Im3/jbLIHTSxoKKq66e6KEs6M9f1vr7SxubW9U96t7O0fHB5Vj086RqWa0DZRXOlehA3lTNK2ZZbTXqIpFhGn3Wh6l/vdJ6oNU/LRzhIaCjyWLGYE21xqxEMyrNb8ur8AWidBQWpQoDWsfg1GiqSCSks4NqYf+IkNM6wtI5zOK4PU0ASTKR7TvqMSC2rCbHHrHF04ZYRipV1Jixbq74kMC2NmInKdAtuJWfVy8T+vn9r4NsyYTFJLJVkuilOOrEL542jENCWWzxzBRDN3KyITrDGxLp6KCyFYfXmddBr14LoePFzVmn4RRxnO4BwuIYAbaMI9tKANBCbwDK/w5gnvxXv3PpatJa+YOYU/8D5/AKngjfA=</latexit>

2fc

<latexit sha1_base64="YRFTH5LVjcCjJkPc016tov2axNE=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEI9VKSIuqx4MWLUMF+QBvKZrtp1242YXcj1JBf4sWDIl79Kd78N27bHLT1wcDjvRlm5vkxZ0o7zrdVWFvf2Nwqbpd2dvf2y/bBYVtFiSS0RSIeya6PFeVM0JZmmtNuLCkOfU47/uR65nceqVQsEvd6GlMvxCPBAkawNtLALvcDiUn6kKX17LYanA3silNz5kCrxM1JBXI0B/ZXfxiRJKRCE46V6rlOrL0US80Ip1mpnygaYzLBI9ozVOCQKi+dH56hU6MMURBJU0Kjufp7IsWhUtPQN50h1mO17M3E/7xeooMrL2UiTjQVZLEoSDjSEZqlgIZMUqL51BBMJDO3IjLGJgltsiqZENzll1dJu15zL2ru3Xml4eRxFOEYTqAKLlxCA26gCS0gkMAzvMKb9WS9WO/Wx6K1YOUzR/AH1ucPNqGSvQ==</latexit>

j

2
M(f)

<latexit sha1_base64="VMPl+CaIzOAuJTKFgcVkEqe9TQs=">AAAB/nicbVBNS8NAEJ3Ur1q/ouLJS7AI9dCSFFGPBS9ehAr2A9oQNttNu3azCbsboYSAf8WLB0W8+ju8+W/ctjlo64OBx3szzMzzY0alsu1vo7Cyura+UdwsbW3v7O6Z+wdtGSUCkxaOWCS6PpKEUU5aiipGurEgKPQZ6fjj66nfeSRC0ojfq0lM3BANOQ0oRkpLnnlU7QcC4fQhS+vZbSWo1gMPn3lm2a7ZM1jLxMlJGXI0PfOrP4hwEhKuMENS9hw7Vm6KhKKYkazUTySJER6jIelpylFIpJvOzs+sU60MrCASuriyZurviRSFUk5CX3eGSI3kojcV//N6iQqu3JTyOFGE4/miIGGWiqxpFtaACoIVm2iCsKD6VguPkI5D6cRKOgRn8eVl0q7XnIuac3debth5HEU4hhOogAOX0IAbaEILMKTwDK/wZjwZL8a78TFvLRj5zCH8gfH5A8zRlK0=</latexit>

� j

2
M(f � 2fc)

This also works for an arbitrary phase shift. 13



If the input has a phase shift of −θ, the spectrum of the carrier is

F [cos(2πfct− θ)] = F [cos(2πfct) cos θ + sin(2πfct) sin θ]

=
1

2
cos θ [δ(f + fc) + δ(f − fc)]

+
1

2
sin θ [jδ(f + fc)− jδ(f − fc)]

=
1

2

[
ejθδ(f + fc) + e−jθδ(f − fc)

]
and the spectrum of the modulated signal is

F [m(t) cos(2πfct− θ)] =
ejθ

2
M(f + fc) +

e−jθ

2
M(f − fc)

Demodulating with a complex exponential can be plotted as:

14



=
Lowpass Filter

<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

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

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

0

<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

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

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

0

<latexit sha1_base64="uJ4wvKQYOsTzRhB7BlzlN1x7Zho=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoMQD4ZdEfUY8OIxgnlAsoTZ2dlkyOzDmd5AWPIdXjwo4tWP8ebfOEn2oIkFDUVVN91dXiKFRtv+tgpr6xubW8Xt0s7u3v5B+fCopeNUMd5ksYxVx6OaSxHxJgqUvJMoTkNP8rY3upv57TFXWsTRI04S7oZ0EIlAMIpGcns+l0irwUXQZ+f9csWu2XOQVeLkpAI5Gv3yV8+PWRryCJmkWncdO0E3owoFk3xa6qWaJ5SN6IB3DY1oyLWbzY+ekjOj+CSIlakIyVz9PZHRUOtJ6JnOkOJQL3sz8T+vm2Jw62YiSlLkEVssClJJMCazBIgvFGcoJ4ZQpoS5lbAhVZShyalkQnCWX14lrcuac11zHq4qdTuPowgncApVcOAG6nAPDWgCgyd4hld4s8bWi/VufSxaC1Y+cwx/YH3+AMHxkWI=</latexit>

�(f � fc)

<latexit sha1_base64="weYf5GfKYi38/RHJ3xT3X63a0Ao=">AAACCHicbVDJSgNBEO2JW4zbqEcPDgYhHhJmgqjHgBcvQgSzQBJDT6cmadOz0F0jhGGOXvwVLx4U8eonePNv7CwHTXxQ8Hiviqp6biS4Qtv+NjJLyyura9n13Mbm1vaOubtXV2EsGdRYKELZdKkCwQOoIUcBzUgC9V0BDXd4OfYbDyAVD4NbHEXQ8Wk/4B5nFLXUNQ/bnqQsgbukeN/GASBN06ScXhe8YtnrspOumbdL9gTWInFmJE9mqHbNr3YvZLEPATJBlWo5doSdhErkTECaa8cKIsqGtA8tTQPqg+okk0dS61grPcsLpa4ArYn6eyKhvlIj39WdPsWBmvfG4n9eK0bvopPwIIoRAjZd5MXCwtAap2L1uASGYqQJZZLrWy02oDoZ1NnldAjO/MuLpF4uOWcl5+Y0X7FncWTJATkiBeKQc1IhV6RKaoSRR/JMXsmb8WS8GO/Gx7Q1Y8xm9skfGJ8//qyZPg==</latexit>

e�j✓

2
M(f � 2fc)

<latexit sha1_base64="Yh1JWTpuJhCV6dpNvbzTK8skzYA=">AAACAnicbVDJSgNBEO2JW4zbqCfxMhiEeAkzQdRjwIsXIYJZIBlDT6cmadOz0F0jhGHw4q948aCIV7/Cm39jZzlo4oOCx3tVVNXzYsEV2va3kVtaXlldy68XNja3tnfM3b2GihLJoM4iEcmWRxUIHkIdOQpoxRJo4AloesPLsd98AKl4FN7iKAY3oP2Q+5xR1FLXPOj4krIU7tL7Dg4AaZalley65J90zaJdtiewFokzI0UyQ61rfnV6EUsCCJEJqlTbsWN0UyqRMwFZoZMoiCkb0j60NQ1pAMpNJy9k1rFWepYfSV0hWhP190RKA6VGgac7A4oDNe+Nxf+8doL+hZvyME4QQjZd5CfCwsga52H1uASGYqQJZZLrWy02oDoT1KkVdAjO/MuLpFEpO2dl5+a0WLVnceTJITkiJeKQc1IlV6RG6oSRR/JMXsmb8WS8GO/Gx7Q1Z8xm9skfGJ8/T0WXTg==</latexit>

ej✓

2
M(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

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

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

0
<latexit sha1_base64="4qXTaP+RSzX5GLrigukRvaWYhVw=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKewGUY8BLx4jmAckS5idzCZD5rHMzAphyS948aCIV3/Im3/jbLIHTSxoKKq66e6KEs6M9f1vr7SxubW9U96t7O0fHB5Vj086RqWa0DZRXOlehA3lTNK2ZZbTXqIpFhGn3Wh6l/vdJ6oNU/LRzhIaCjyWLGYE21xqxEMyrNb8ur8AWidBQWpQoDWsfg1GiqSCSks4NqYf+IkNM6wtI5zOK4PU0ASTKR7TvqMSC2rCbHHrHF04ZYRipV1Jixbq74kMC2NmInKdAtuJWfVy8T+vn9r4NsyYTFJLJVkuilOOrEL542jENCWWzxzBRDN3KyITrDGxLp6KCyFYfXmddBr14LoePFzVmn4RRxnO4BwuIYAbaMI9tKANBCbwDK/w5gnvxXv3PpatJa+YOYU/8D5/AKngjfA=</latexit>

2fc

<latexit sha1_base64="WeHdXYOY00TnGPFtkQB23z7RcTY=">AAACBnicbVDLSgNBEJyNrxhfqx5FWAxCRAi7QdRjwIsXIYJ5QBLD7KQ3GTP7YKZXCMuevPgrXjwo4tVv8ObfOIl70MSChqKqm+4uNxJcoW1/GbmFxaXllfxqYW19Y3PL3N5pqDCWDOosFKFsuVSB4AHUkaOAViSB+q6Apju6mPjNe5CKh8ENjiPo+nQQcI8zilrqmfsdT1KWwG1y18EhIE3TpJJelbxjr8eOembRLttTWPPEyUiRZKj1zM9OP2SxDwEyQZVqO3aE3YRK5ExAWujECiLKRnQAbU0D6oPqJtM3UutQK33LC6WuAK2p+nsiob5SY9/VnT7FoZr1JuJ/XjtG77yb8CCKEQL2s8iLhYWhNcnE6nMJDMVYE8ok17dabEh1LqiTK+gQnNmX50mjUnZOy871SbFqZ3HkyR45ICXikDNSJZekRuqEkQfyRF7Iq/FoPBtvxvtPa87IZnbJHxgf3w9FmMk=</latexit>

ej✓

2
M(f + fc)

<latexit sha1_base64="ejr6ON6NbeWlj42qML1iYgnoT2U=">AAACB3icbVDJSgNBEO2JW4zbqEdBBoMQDwkzQdRjwIsXIYJZIImhp1OTtOlZ6K4RwjA3L/6KFw+KePUXvPk3dpaDJj4oeLxXRVU9NxJcoW1/G5ml5ZXVtex6bmNza3vH3N2rqzCWDGosFKFsulSB4AHUkKOAZiSB+q6Ahju8HPuNB5CKh8EtjiLo+LQfcI8zilrqmodtT1KWwF1SvG/jAJCmaVJOrwte0euyk66Zt0v2BNYicWYkT2aods2vdi9ksQ8BMkGVajl2hJ2ESuRMQJprxwoiyoa0Dy1NA+qD6iSTP1LrWCs9ywulrgCtifp7IqG+UiPf1Z0+xYGa98bif14rRu+ik/AgihECNl3kxcLC0BqHYvW4BIZipAllkutbLTagOhjU0eV0CM78y4ukXi45ZyXn5jRfsWdxZMkBOSIF4pBzUiFXpEpqhJFH8kxeyZvxZLwY78bHtDVjzGb2yR8Ynz+C+ZkC</latexit>

e�j✓

2
M(f � fc)

<latexit sha1_base64="Yt+bze9GQhor+trpKFfjJRdz0OQ=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSKIh5KIaI8FLx5bsB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777aytb2xubRd2irt7+weHpaPjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxmW/VHYr7hxklXg5KUOOer/01RvELI1QGiao1l3PTYyfUWU4Ezgt9lKNCWVjOsSupZJGqP1sfuiUnFtlQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNW/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynaELzll1dJ66ri3VS8xnW5Vs3jKMApnMEFeHALNbiHOjSBAcIzvMKb8+i8OO/Ox6J1zclnTuAPnM8fbveMqg==</latexit>⇤

The lowpass filter extracts ejθ

2 M(jω) corresponding to the complex signal
ejθ

2 m(t).
15



The system now looks like

⇥
m(t)

⇥Propagation

Transmitter Receiver

2

<latexit sha1_base64="akTw+9qxiMFjnnsnPApgt75Osxw=">AAACAnicbVBNS8NAEN3Ur1q/op7Ey2IR6sGSFFGPBS8eK9gPaELYbDft0s0m7E6EUooX/4oXD4p49Vd489+4bXPQ1gcDj/dmmJkXpoJrcJxvq7Cyura+UdwsbW3v7O7Z+wctnWSKsiZNRKI6IdFMcMmawEGwTqoYiUPB2uHwZuq3H5jSPJH3MEqZH5O+5BGnBIwU2EceTXSl5qUcRwHFgM+xBwMG5Cywy07VmQEvEzcnZZSjEdhfXi+hWcwkUEG07rpOCv6YKOBUsEnJyzRLCR2SPusaKknMtD+evTDBp0bp4ShRpiTgmfp7YkxirUdxaDpjAgO96E3F/7xuBtG1P+YyzYBJOl8UZQJDgqd54B5XjIIYGUKo4uZWTAdEEQomtZIJwV18eZm0alX3sureXZTrTh5HER2jE1RBLrpCdXSLGqiJKHpEz+gVvVlP1ov1bn3MWwtWPnOI/sD6/AG/JZWt</latexit>

cos(2⇡fct � ✓)

<latexit sha1_base64="tcVVsOzduMt9q1QgZVNsWmxXhY4=">AAACBnicbVBNS8NAEN34WetX1KMIi0VoD5akiHosePFYwX5AE8Jmu2mXbrJhdyKU0pMX/4oXD4p49Td489+4bXPQ1gcDj/dmmJkXpoJrcJxva2V1bX1js7BV3N7Z3du3Dw5bWmaKsiaVQqpOSDQTPGFN4CBYJ1WMxKFg7XB4M/XbD0xpLpN7GKXMj0k/4RGnBIwU2CdxGSoelbpc81KOo4BiwOfYgwEDUgnsklN1ZsDLxM1JCeVoBPaX15M0i1kCVBCtu66Tgj8mCjgVbFL0Ms1SQoekz7qGJiRm2h/P3pjgM6P0cCSVqQTwTP09MSax1qM4NJ0xgYFe9Kbif143g+jaH/MkzYAldL4oygQGiaeZ4B5XjIIYGUKo4uZWTAdEEQomuaIJwV18eZm0alX3sureXZTqTh5HAR2jU1RGLrpCdXSLGqiJKHpEz+gVvVlP1ov1bn3MW1esfOYI/YH1+QND35cH</latexit>

m(t) cos(2⇡fct � ✓)

<latexit sha1_base64="Qu5stc5qS3cPnIZtSBa85L0YeU0=">AAAB+XicbVDLSgNBEOz1GeNr1aOXwSB4CrtB1GPAi8cI5gHJusxOZpMxsw9megNhyZ948aCIV//Em3/jJNmDJhY0FFXddHcFqRQaHefbWlvf2NzaLu2Ud/f2Dw7to+OWTjLFeJMlMlGdgGouRcybKFDyTqo4jQLJ28Hodua3x1xpkcQPOEm5F9FBLELBKBrJt23+mD+RWi8VJPQZwalvV5yqMwdZJW5BKlCg4dtfvX7CsojHyCTVuus6KXo5VSiY5NNyL9M8pWxEB7xraEwjrr18fvmUnBulT8JEmYqRzNXfEzmNtJ5EgemMKA71sjcT//O6GYY3Xi7iNEMes8WiMJMEEzKLgfSF4gzlxBDKlDC3EjakijI0YZVNCO7yy6ukVau6V1X3/rJSd4o4SnAKZ3ABLlxDHe6gAU1gMIZneIU3K7derHfrY9G6ZhUzJ/AH1ucPWvqSxw==</latexit>

ej2⇡fct

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

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

f

<latexit sha1_base64="QQ89BPWcKEUOJgyUoeWpGkZi58Y=">AAAB+HicbVBNS8NAEN34WetHox69BItQLyURUY8FLx4r2A9oY9lsJ+3a3STsToQa+ku8eFDEqz/Fm//GbZuDtj4YeLw3w8y8IBFco+t+Wyura+sbm4Wt4vbO7l7J3j9o6jhVDBosFrFqB1SD4BE0kKOAdqKAykBAKxhdT/3WIyjN4+gOxwn4kg4iHnJG0Ug9uwT32UMXh4B0Iit42rPLbtWdwVkmXk7KJEe9Z391+zFLJUTIBNW647kJ+hlVyJmASbGbakgoG9EBdAyNqATtZ7PDJ86JUfpOGCtTEToz9fdERqXWYxmYTklxqBe9qfif10kxvPIzHiUpQsTmi8JUOBg70xScPlfAUIwNoUxxc6vDhlRRhiarognBW3x5mTTPqt5F1bs9L9fcPI4COSLHpEI8cklq5IbUSYMwkpJn8krerCfrxXq3PuatK1Y+c0j+wPr8AZn8kv4=</latexit>

ej✓m(t)

• This is a quadrature receiver, common in radar, sonar, ultrasound, and

MRI systems. Often m(t) is a simple pulse, and the interesting

information is in θ, such as doppler shift for weather radar.

• This also common in communications systems. You can buy a digital

chip that implements a quadrature receiver for your cell phone.

• The cost is that the receiver has to be implemented for complex

signals. This is done the way you do it, by keeping track of two real

signals, the real part and the imaginary part (the I and Q channels).
16



Modulators

• Modulators are the key element in transmitters and receivers

• There are lots of ways to make modulators

• Often the problem is how not to make a modulator, say when you are

designing an amplifier.

• We will look at some very common types

• Just about any non-linearity

• Multipliers such as choppers

17



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!

18



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!
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Switching Modulators

Multiply message by a simple periodic function.

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

w(t) =

∞∑
n=−∞

Dne
j2πfcnt

Each term is an impulse in frequency at multiple of fs. Then

m(t)w(t) = m(t)

∞∑
n=−∞

Dne
j2πfcnt

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
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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

21



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

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

t

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

m(t) <latexit sha1_base64="uMGQmAG6i/EC+jDx3h1tFLUtu10=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoioh4LXrwIFewHtKFstpt26e4m7G6EEvoXvHhQxKt/yJv/xk2ag7Y+GHi8N8PMvCDmTBvX/XZKa+sbm1vl7crO7t7+QfXwqKOjRBHaJhGPVC/AmnImadsww2kvVhSLgNNuML3N/O4TVZpF8tHMYuoLPJYsZASbTLqvh+fDas1tuDnQKvEKUoMCrWH1azCKSCKoNIRjrfueGxs/xcowwum8Mkg0jTGZ4jHtWyqxoNpP81vn6MwqIxRGypY0KFd/T6RYaD0Tge0U2Ez0speJ/3n9xIQ3fspknBgqyWJRmHBkIpQ9jkZMUWL4zBJMFLO3IjLBChNj46nYELzll1dJ56LhXTW8h8ta0y3iKMMJnEIdPLiGJtxBC9pAYALP8ApvjnBenHfnY9FacoqZY/gD5/MHJ2SNmg==</latexit>

M(f)

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

f

<latexit sha1_base64="eB6XKrEXWROUte3BHvZHASNkojs=">AAAB63icbVBNSwMxEJ34WetX1aOXYBHqpeyKqMeCF48V7Ae0S8mm2TY0yS5JVihL/4IXD4p49Q9589+YbfegrQ8GHu/NMDMvTAQ31vO+0dr6xubWdmmnvLu3f3BYOTpumzjVlLVoLGLdDYlhgivWstwK1k00IzIUrBNO7nK/88S04bF6tNOEBZKMFI84JTaXOrXoYlCpenVvDrxK/IJUoUBzUPnqD2OaSqYsFcSYnu8lNsiItpwKNiv3U8MSQidkxHqOKiKZCbL5rTN87pQhjmLtSlk8V39PZEQaM5Wh65TEjs2yl4v/eb3URrdBxlWSWqboYlGUCmxjnD+Oh1wzasXUEUI1d7diOiaaUOviKbsQ/OWXV0n7su5f1/2Hq2rDK+IowSmcQQ18uIEG3EMTWkBhDM/wCm9Iohf0jj4WrWuomDmBP0CfPzaqjaQ=</latexit>

W (f)

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

t

<latexit sha1_base64="F+dloUm1LC15Bp7vPyVMqsLGdaI=">AAAB63icbVBNS8NAEJ3Ur1q/qh69BItQLyURUY8FLx4r2A9oQ9lsN+3S3U3YnSil9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5YSK4Qc/7dgpr6xubW8Xt0s7u3v5B+fCoZeJUU9aksYh1JySGCa5YEzkK1kk0IzIUrB2ObzO//ci04bF6wEnCAkmGikecEsykpyqe98sVr+bN4a4SPycVyNHol796g5imkimkghjT9b0EgynRyKlgs1IvNSwhdEyGrGupIpKZYDq/deaeWWXgRrG2pdCdq78npkQaM5Gh7ZQER2bZy8T/vG6K0U0w5SpJkSm6WBSlwsXYzR53B1wzimJiCaGa21tdOiKaULTxlGwI/vLLq6R1UfOvav79ZaXu5XEU4QROoQo+XEMd7qABTaAwgmd4hTdHOi/Ou/OxaC04+cwx/IHz+QN80I3S</latexit>

w(t)

<latexit sha1_base64="fOXnBHFEcg0XTYdjkTLw2TTzFQQ=">AAAB73icbVBNS8NAEJ34WetX1aOXYBHqpSQi6rHgxWMF+wFtKJvtpl26u4m7E6WE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvTAQ36Hnfzsrq2vrGZmGruL2zu7dfOjhsmjjVlDVoLGLdDolhgivWQI6CtRPNiAwFa4Wjm6nfemTa8Fjd4zhhgSQDxSNOCVqpLSt49mSrVyp7VW8Gd5n4OSlDjnqv9NXtxzSVTCEVxJiO7yUYZEQjp4JNit3UsITQERmwjqWKSGaCbHbvxD21St+NYm1LoTtTf09kRBozlqHtlASHZtGbiv95nRSj6yDjKkmRKTpfFKXCxdidPu/2uWYUxdgSQjW3t7p0SDShaCMq2hD8xZeXSfO86l9W/buLcs3L4yjAMZxABXy4ghrcQh0aQEHAM7zCm/PgvDjvzse8dcXJZ47gD5zPH+c9jyw=</latexit>

m(t)w(t)

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

f

<latexit sha1_base64="pxjNcGuzjx0kmQ0YmsrnKgVYJE8=">AAAB8HicbVDLSgMxFL1TX7W+Rl26CRahuigzIuqy4MaNUME+pB1KJs20oUlmSDJCGfoVblwo4tbPceffmLaz0NYDCYdz7uXee8KEM20879sprKyurW8UN0tb2zu7e+7+QVPHqSK0QWIeq3aINeVM0oZhhtN2oigWIaetcHQz9VtPVGkWywczTmgg8ECyiBFsrPR4V4lOz1r267llr+rNgJaJn5My5Kj33K9uPyapoNIQjrXu+F5iggwrwwink1I31TTBZIQHtGOpxILqIJstPEEnVumjKFb2SYNm6u+ODAutxyK0lQKboV70puJ/Xic10XWQMZmkhkoyHxSlHJkYTa9HfaYoMXxsCSaK2V0RGWKFibEZlWwI/uLJy6R5XvUvq/79Rbnm5XEU4QiOoQI+XEENbqEODSAg4Ble4c1Rzovz7nzMSwtO3nMIf+B8/gDAf48E</latexit>

M(f) ⇤ W (f)

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

<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

22



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

• RF filter is not very selective

• First modulation frequency is adjustable

• The IF filter is selective

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

23



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.

Your SDR samples the IF directly, and do the rest in software.
24



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)

• To help keep track of what is happening, one of the bands has been

shaded gray. In fact, both are the same.

• Both produce the same IF signals.
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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))
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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.

27



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.

28



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

• fc ≫ bandwidth of m(t)

Otherwise positive and negative spectral components overlap.

• A+m(t) ≥ 0

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

29



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).

30



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?
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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)
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AM Demodulation Experiment

m(t) = cos 2πt , fc = 10 , h(t) =
1

RC
e−t/RCu(t)
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Lowpassed Signal
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Signal with Bias Removed, Gain Restored

33



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.
34



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 . 35



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

where

Pc = A2/2

and

Ps =
1

2
Pm =

1

2
m2(t).

Then

η =
1
2m

2(t)
A2

2 + 1
2m

2(t)
=

m2(t)

A2 +m2(t)
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Power of AM Signals (cont.)

Examples: Tone modulation

m(t) = µA cos(2πfmt)

where 0 < µ ≤ 1 and fm is the audio tone frequency. Then

m2(t) =
1

2
(µA)2

and

η =
1
2(µA)2

A2 + 1
2(µA)2

=
µ2

2 + µ2

Since µ must be less than one, 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.
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Single Sideband (SSB)

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

message.

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

f

<latexit sha1_base64="uMGQmAG6i/EC+jDx3h1tFLUtu10=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoioh4LXrwIFewHtKFstpt26e4m7G6EEvoXvHhQxKt/yJv/xk2ag7Y+GHi8N8PMvCDmTBvX/XZKa+sbm1vl7crO7t7+QfXwqKOjRBHaJhGPVC/AmnImadsww2kvVhSLgNNuML3N/O4TVZpF8tHMYuoLPJYsZASbTLqvh+fDas1tuDnQKvEKUoMCrWH1azCKSCKoNIRjrfueGxs/xcowwum8Mkg0jTGZ4jHtWyqxoNpP81vn6MwqIxRGypY0KFd/T6RYaD0Tge0U2Ez0speJ/3n9xIQ3fspknBgqyWJRmHBkIpQ9jkZMUWL4zBJMFLO3IjLBChNj46nYELzll1dJ56LhXTW8h8ta0y3iKMMJnEIdPLiGJtxBC9pAYALP8ApvjnBenHfnY9FacoqZY/gD5/MHJ2SNmg==</latexit>

M(f)

<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

<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.
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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
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Single Sideband Modulation and Demodulation

• 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 single sideband filter must roll off quickly to eliminate unwanted

contributions from the other sideband.

Message frequencies near 0 will be affected by the non-ideal filter.

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

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

40



Which SSB Sideband?

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

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

• Above 10 MHz : USB

• Exception for 5 MHz :USB

• Exception for digital modes : USB

• SSB also common for shortwave

• 120m (2300-2495 kHz): LSB

• 90m (3200-3400 kHz): LSB

• 75m (3900-4000 kHz): USB

• 60m (4750-5060 kHz): LSB

• 49m (5900-6200 kHz): USB

• 41m (7200-7450 kHz): USB

Your radio knows!
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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)

1

2
MSSB(f + fc)

Single Sideband
Filter

Single Sideband
Signal

Modulate to 
Carrier

Take Real
Part
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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)

• Ideally we want a synchronous demodulator

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

• An error of 50 Hz is quite noticeable 43



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)

fc�fc f

M(f)
HSSB(f)2

The impulse response of this filter is

hSSB(t) = F−1 {2u(f)} 44



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
45



Hilbert Transform

The transfer function of the Hilbert transform is

HHT (f) = −jsgn(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)
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Vestigial Sideband Modulation (VSB)

• SSB relies on being able to filter out one sideband. For audio this is

possible because the voice spectrum drops off below 300 Hz, allowing

space for a transition band

SSB Filter

f300 Hz 3 kHz

• This is not possible for other signals, like video, that have strong

components at low frequencies.
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VSB Idea

The solution is Vestigial Sideband Modulation, VSB where a small portion

(a vestige) of the unneeded sideband. This reduces DC distortion.

<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

Vestigial Sideband

48



• VSB signals are generated using standard AM or DSB-SC modulation,

then passing modulated signal through a sideband shaping filter.

• The signal can be designed so that demodulation uses either standard

AM or DSB-SC demodulation, depending on whether a carrier tone is

transmitted.

• VSB modulation with envelope detection are used to modulate image

in analog TV signals. (The audio signal is modulated using FM.)

49



VSB Modulator

The transmitted signal has spectrum

ΦV SB(f) =
(
M(f + fc) +M(f − fc)

)
Hi(f)

where Hi(f) is the shaping filter for the VSB modulator.

<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

Vestigial Sideband

<latexit sha1_base64="lReDVFPPPEK047tN2bFvQZtrbgk=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BItQL2VXRD0WvPRYwdZCu5Rsmm1js8mSZIWy9D948aCIV/+PN/+NabsHbX0w8Hhvhpl5YSK4sZ73jQpr6xubW8Xt0s7u3v5B+fCobVSqKWtRJZTuhMQwwSVrWW4F6ySakTgU7CEc3878hyemDVfy3k4SFsRkKHnEKbFOajf6vBqd98sVr+bNgVeJn5MK5Gj2y1+9gaJpzKSlghjT9b3EBhnRllPBpqVealhC6JgMWddRSWJmgmx+7RSfOWWAI6VdSYvn6u+JjMTGTOLQdcbEjsyyNxP/87qpjW6CjMsktUzSxaIoFdgqPHsdD7hm1IqJI4Rq7m7FdEQ0odYFVHIh+Msvr5L2Rc2/qvl3l5W6l8dRhBM4hSr4cA11aEATWkDhEZ7hFd6QQi/oHX0sWgsonzmGP0CfP5wNjnE=</latexit>

Hi(f)
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VSB System

We transmit the VSB signal ϕV SB(t),

<latexit sha1_base64="SWW/S0iuzQfRmGH9H01DYJXgvfk=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBDiJeyKqMegF48RzQOSJcxOJsmQ2dl1pjcQlnyHFw+KePVjvPk3TpI9aGJBQ1HVTXdXEEth0HW/nZXVtfWNzdxWfntnd2+/cHBYN1GiGa+xSEa6GVDDpVC8hgIlb8aa0zCQvBEMb6d+Y8S1EZF6xHHM/ZD2legJRtFKfjseiE5af7iZlPCsUyi6ZXcGsky8jBQhQ7VT+Gp3I5aEXCGT1JiW58bop1SjYJJP8u3E8JiyIe3zlqWKhtz46ezoCTm1Spf0Im1LIZmpvydSGhozDgPbGVIcmEVvKv7ntRLsXfupUHGCXLH5ol4iCUZkmgDpCs0ZyrEllGlhbyVsQDVlaHPK2xC8xZeXSf287F2WvfuLYsXN4sjBMZxACTy4ggrcQRVqwOAJnuEV3pyR8+K8Ox/z1hUnmzmCP3A+fwAPTpGU</latexit>

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

m(t)
<latexit sha1_base64="cPdlHco1DbKLVwTni6nd/ioTeAA=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMeAF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4JJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohpcVYP7y0qtlsdRhBM4hXMI4BpqcAd1aACDR3iGV3jztPfivXsfi9aCl88cwx94nz+3iY84</latexit>⇥ <latexit sha1_base64="lReDVFPPPEK047tN2bFvQZtrbgk=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BItQL2VXRD0WvPRYwdZCu5Rsmm1js8mSZIWy9D948aCIV/+PN/+NabsHbX0w8Hhvhpl5YSK4sZ73jQpr6xubW8Xt0s7u3v5B+fCobVSqKWtRJZTuhMQwwSVrWW4F6ySakTgU7CEc3878hyemDVfy3k4SFsRkKHnEKbFOajf6vBqd98sVr+bNgVeJn5MK5Gj2y1+9gaJpzKSlghjT9b3EBhnRllPBpqVealhC6JgMWddRSWJmgmx+7RSfOWWAI6VdSYvn6u+JjMTGTOLQdcbEjsyyNxP/87qpjW6CjMsktUzSxaIoFdgqPHsdD7hm1IqJI4Rq7m7FdEQ0odYFVHIh+Msvr5L2Rc2/qvl3l5W6l8dRhBM4hSr4cA11aEATWkDhEZ7hFd6QQi/oHX0sWgsonzmGP0CfP5wNjnE=</latexit>

Hi(f)

<latexit sha1_base64="aX1kB4cUXZMnRxAwv3CYqE6BJSA=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSxCvZSkiHosePFYwbZCE8Jmu2mXbrJhd6OU2J/ixYMiXv0l3vw3btsctPXBwOO9GWbmhSlnSjvOt1VaW9/Y3CpvV3Z29/YP7OphV4lMEtohggt5H2JFOUtoRzPN6X0qKY5DTnvh+Hrm9x6oVEwkd3qSUj/Gw4RFjGBtpMCuNj0iVL3ppQxFAUH6LLBrTsOZA60StyA1KNAO7C9vIEgW00QTjpXqu06q/RxLzQin04qXKZpiMsZD2jc0wTFVfj4/fYpOjTJAkZCmEo3m6u+JHMdKTeLQdMZYj9SyNxP/8/qZjq78nCVppmlCFouijCMt0CwHNGCSEs0nhmAimbkVkRGWmGiTVsWE4C6/vEq6zYZ70XBvz2stp4ijDMdwAnVw4RJacANt6ACBR3iGV3iznqwX6936WLSWrGLmCP7A+vwBUR6SsA==</latexit>

2 cos(2⇡fct)

<latexit sha1_base64="cPdlHco1DbKLVwTni6nd/ioTeAA=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMeAF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4JJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohpcVYP7y0qtlsdRhBM4hXMI4BpqcAd1aACDR3iGV3jztPfivXsfi9aCl88cwx94nz+3iY84</latexit>⇥
<latexit sha1_base64="E/ufOFEJlK7X3CgN9TEfGD1Qwng=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0lE1GPBi8cK9gPaUDbbTbt0dxN2J0IJ/QtePCji1T/kzX9j0uagrQ8GHu/NMDMviKWw6Lrfztr6xubWdmmnvLu3f3BYOTpu2ygxjLdYJCPTDajlUmjeQoGSd2PDqQok7wSTu9zvPHFjRaQfcRpzX9GRFqFgFHNJ1fBiUKm6dXcOskq8glShQHNQ+eoPI5YorpFJam3Pc2P0U2pQMMln5X5ieUzZhI54L6OaKm79dH7rjJxnypCEkclKI5mrvydSqqydqiDrVBTHdtnLxf+8XoLhrZ8KHSfINVssChNJMCL542QoDGcopxmhzIjsVsLG1FCGWTzlLARv+eVV0r6se9d17+Gq2nCLOEpwCmdQAw9uoAH30IQWMBjDM7zCm6OcF+fd+Vi0rjnFzAn8gfP5A22Kjcg=</latexit>

m(t)
<latexit sha1_base64="CNhGmOtjv4otv0IK3IdX8fL1yQ4=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BItQL2VXRD0WvPRYwdZCu5Rsmm1js8mSZIWy9D948aCIV/+PN/+NabsHbX0w8Hhvhpl5YSK4sZ73jQpr6xubW8Xt0s7u3v5B+fCobVSqKWtRJZTuhMQwwSVrWW4F6ySakTgU7CEc3878hyemDVfy3k4SFsRkKHnEKbFOajf6qhqd98sVr+bNgVeJn5MK5Gj2y1+9gaJpzKSlghjT9b3EBhnRllPBpqVealhC6JgMWddRSWJmgmx+7RSfOWWAI6VdSYvn6u+JjMTGTOLQdcbEjsyyNxP/87qpjW6CjMsktUzSxaIoFdgqPHsdD7hm1IqJI4Rq7m7FdEQ0odYFVHIh+Msvr5L2Rc2/qvl3l5W6l8dRhBM4hSr4cA11aEATWkDhEZ7hFd6QQi/oHX0sWgsonzmGP0CfP6U3jnc=</latexit>

Ho(f)

<latexit sha1_base64="aX1kB4cUXZMnRxAwv3CYqE6BJSA=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSxCvZSkiHosePFYwbZCE8Jmu2mXbrJhd6OU2J/ixYMiXv0l3vw3btsctPXBwOO9GWbmhSlnSjvOt1VaW9/Y3CpvV3Z29/YP7OphV4lMEtohggt5H2JFOUtoRzPN6X0qKY5DTnvh+Hrm9x6oVEwkd3qSUj/Gw4RFjGBtpMCuNj0iVL3ppQxFAUH6LLBrTsOZA60StyA1KNAO7C9vIEgW00QTjpXqu06q/RxLzQin04qXKZpiMsZD2jc0wTFVfj4/fYpOjTJAkZCmEo3m6u+JHMdKTeLQdMZYj9SyNxP/8/qZjq78nCVppmlCFouijCMt0CwHNGCSEs0nhmAimbkVkRGWmGiTVsWE4C6/vEq6zYZ70XBvz2stp4ijDMdwAnVw4RJacANt6ACBR3iGV3iznqwX6936WLSWrGLmCP7A+vwBUR6SsA==</latexit>

2 cos(2⇡fct)

<latexit sha1_base64="SWW/S0iuzQfRmGH9H01DYJXgvfk=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBDiJeyKqMegF48RzQOSJcxOJsmQ2dl1pjcQlnyHFw+KePVjvPk3TpI9aGJBQ1HVTXdXEEth0HW/nZXVtfWNzdxWfntnd2+/cHBYN1GiGa+xSEa6GVDDpVC8hgIlb8aa0zCQvBEMb6d+Y8S1EZF6xHHM/ZD2legJRtFKfjseiE5af7iZlPCsUyi6ZXcGsky8jBQhQ7VT+Gp3I5aEXCGT1JiW58bop1SjYJJP8u3E8JiyIe3zlqWKhtz46ezoCTm1Spf0Im1LIZmpvydSGhozDgPbGVIcmEVvKv7ntRLsXfupUHGCXLH5ol4iCUZkmgDpCs0ZyrEllGlhbyVsQDVlaHPK2xC8xZeXSf287F2WvfuLYsXN4sjBMZxACTy4ggrcQRVqwOAJnuEV3pyR8+K8Ox/z1hUnmzmCP3A+fwAPTpGU</latexit>

�V SB(t)

Transmitter

Receiver

How do we choose the receiver filter Ho(f) so that we get the original

message back? 51



VSB Receiver

• The intermediate signal after the demodulator is

e(t) = ϕV SB(t) · 2 cosωct

has spectrum

ΦV SB(f + fc) + ΦV SB(f − fc)

• This has two copies of the signal that are shifted to baseband, but

unfortunately they overlap!

• This is then filtered by Ho(f).

52



This looks like:

<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

<latexit sha1_base64="nAixxUY2tMgy6nPv0z4iWREElQc=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBDiJeyKqMegF48RzQOSJcxOepMhs7PrzGwgLPkOLx4U8erHePNvnDwOmljQUFR1090VJIJr47rfzsrq2vrGZm4rv72zu7dfODis6zhVDGssFrFqBlSj4BJrhhuBzUQhjQKBjWBwO/EbQ1Sax/LRjBL0I9qTPOSMGiv57Wqfd7L6w824FJ51CkW37E5Blok3J0WYo9opfLW7MUsjlIYJqnXLcxPjZ1QZzgSO8+1UY0LZgPawZamkEWo/mx49JqdW6ZIwVrakIVP190RGI61HUWA7I2r6etGbiP95rdSE137GZZIalGy2KEwFMTGZJEC6XCEzYmQJZYrbWwnrU0WZsTnlbQje4svLpH5e9i7L3v1FseLO48jBMZxACTy4ggrcQRVqwOAJnuEV3pyh8+K8Ox+z1hVnPnMEf+B8/gDIGZFm</latexit>

�V SB(f)

<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

<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

Overlap

<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

<latexit sha1_base64="qpC7rWJpa93s9TTLHaH5J7aOO9Y=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoioh4LInisYD+gDWWz3bRLdzdhdyOU0L/gxYMiXv1D3vw3btIctPXBwOO9GWbmBTFn2rjut1NaW9/Y3CpvV3Z29/YPqodHHR0litA2iXikegHWlDNJ24YZTnuxolgEnHaD6W3md5+o0iySj2YWU1/gsWQhI9hk0l09PB9Wa27DzYFWiVeQGhRoDatfg1FEEkGlIRxr3ffc2PgpVoYRTueVQaJpjMkUj2nfUokF1X6a3zpHZ1YZoTBStqRBufp7IsVC65kIbKfAZqKXvUz8z+snJrzxUybjxFBJFovChCMToexxNGKKEsNnlmCimL0VkQlWmBgbT8WG4C2/vEo6Fw3vquE9XNaabhFHGU7gFOrgwTU04R5a0AYCE3iGV3hzhPPivDsfi9aSU8wcwx84nz8bLI2S</latexit>

E(f)

<latexit sha1_base64="Yt+bze9GQhor+trpKFfjJRdz0OQ=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSKIh5KIaI8FLx5bsB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777aytb2xubRd2irt7+weHpaPjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxmW/VHYr7hxklXg5KUOOer/01RvELI1QGiao1l3PTYyfUWU4Ezgt9lKNCWVjOsSupZJGqP1sfuiUnFtlQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNW/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynaELzll1dJ66ri3VS8xnW5Vs3jKMApnMEFeHALNbiHOjSBAcIzvMKb8+i8OO/Ox6J1zclnTuAPnM8fbveMqg==</latexit>⇤

<latexit sha1_base64="s1h1KcnoTfeWDnysQjH+rh6L3pk=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomI9iIUvHhswX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut7O2vrG5tV3YKe7u7R8clo6OWzpOFcMmi0WsOgHVKLjEpuFGYCdRSKNAYDsY38389hMqzWP5YCYJ+hEdSh5yRo2VGrf9UtmtuHOQVeLlpAw56v3SV28QszRCaZigWnc9NzF+RpXhTOC02Es1JpSN6RC7lkoaofaz+aFTcm6VAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU1Y9TMuk9SgZItFYSqIicnsazLgCpkRE0soU9zeStiIKsqMzaZoQ/CWX14lrcuKd13xGlflWjWPowCncAYX4MEN1OAe6tAEBgjP8ApvzqPz4rw7H4vWNSefOYE/cD5/AIvDjL0=</latexit>=

<latexit sha1_base64="7JQIIdeqNX008JVFGIR1oYLWbJY=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRahvZRdEfVYEKXHCvYD26Vk02wbmk2WJCuUpf/CiwdFvPpvvPlvTNs9aOuDgcd7M8zMC2LOtHHdbye3tr6xuZXfLuzs7u0fFA+PWlomitAmkVyqToA15UzQpmGG006sKI4CTtvB+Gbmt5+o0kyKBzOJqR/hoWAhI9hY6fG2fFep92U5rPSLJbfqzoFWiZeREmRo9ItfvYEkSUSFIRxr3fXc2PgpVoYRTqeFXqJpjMkYD2nXUoEjqv10fvEUnVllgEKpbAmD5urviRRHWk+iwHZG2Iz0sjcT//O6iQmv/ZSJODFUkMWiMOHISDR7Hw2YosTwiSWYKGZvRWSEFSbGhlSwIXjLL6+S1nnVu6x69xelmpvFkYcTOIUyeHAFNahDA5pAQMAzvMKbo50X5935WLTmnGzmGP7A+fwBjRaPew==</latexit>

E(F )Ho(f)

Received Signal

Demodulation Cosine

After Demodulation

After VSB Receive Filter

The filter Ho(f) needs to compensate for the fact that the two sidebands

overlap when demodulated to baseband.
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VSB Receive Filter

<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

<latexit sha1_base64="lReDVFPPPEK047tN2bFvQZtrbgk=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BItQL2VXRD0WvPRYwdZCu5Rsmm1js8mSZIWy9D948aCIV/+PN/+NabsHbX0w8Hhvhpl5YSK4sZ73jQpr6xubW8Xt0s7u3v5B+fCobVSqKWtRJZTuhMQwwSVrWW4F6ySakTgU7CEc3878hyemDVfy3k4SFsRkKHnEKbFOajf6vBqd98sVr+bNgVeJn5MK5Gj2y1+9gaJpzKSlghjT9b3EBhnRllPBpqVealhC6JgMWddRSWJmgmx+7RSfOWWAI6VdSYvn6u+JjMTGTOLQdcbEjsyyNxP/87qpjW6CjMsktUzSxaIoFdgqPHsdD7hm1IqJI4Rq7m7FdEQ0odYFVHIh+Msvr5L2Rc2/qvl3l5W6l8dRhBM4hSr4cA11aEATWkDhEZ7hFd6QQi/oHX0sWgsonzmGP0CfP5wNjnE=</latexit>

Hi(f)

<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

<latexit sha1_base64="z8BIJEvtMPsxwutUKpKriZ7OoGo=">AAAB/nicbZDLSsNAFIZP6q3WW1RcuRksQqVYEhF1WXDTZQV7gTaEyXTSDk4uzEyEEgq+ihsXirj1Odz5Nk7SLLT1h4GP/5zDOfN7MWdSWda3UVpZXVvfKG9WtrZ3dvfM/YOujBJBaIdEPBJ9D0vKWUg7iilO+7GgOPA47XkPt1m990iFZFF4r6YxdQI8DpnPCFbacs2jlstq/rnvWmf1HOsZumbVali50DLYBVShUNs1v4ajiCQBDRXhWMqBbcXKSbFQjHA6qwwTSWNMHvCYDjSGOKDSSfPzZ+hUOyPkR0K/UKHc/T2R4kDKaeDpzgCriVysZeZ/tUGi/BsnZWGcKBqS+SI/4UhFKMsCjZigRPGpBkwE07ciMsECE6UTq+gQ7MUvL0P3omFfNey7y2rTKuIowzGcQA1suIYmtKANHSCQwjO8wpvxZLwY78bHvLVkFDOH8EfG5w/XrZNs</latexit>

Hi(f � f0) + Hi(f + f0)

<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

<latexit sha1_base64="CNhGmOtjv4otv0IK3IdX8fL1yQ4=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BItQL2VXRD0WvPRYwdZCu5Rsmm1js8mSZIWy9D948aCIV/+PN/+NabsHbX0w8Hhvhpl5YSK4sZ73jQpr6xubW8Xt0s7u3v5B+fCobVSqKWtRJZTuhMQwwSVrWW4F6ySakTgU7CEc3878hyemDVfy3k4SFsRkKHnEKbFOajf6qhqd98sVr+bNgVeJn5MK5Gj2y1+9gaJpzKSlghjT9b3EBhnRllPBpqVealhC6JgMWddRSWJmgmx+7RSfOWWAI6VdSYvn6u+JjMTGTOLQdcbEjsyyNxP/87qpjW6CjMsktUzSxaIoFdgqPHsdD7hm1IqJI4Rq7m7FdEQ0odYFVHIh+Msvr5L2Rc2/qvl3l5W6l8dRhBM4hSr4cA11aEATWkDhEZ7hFd6QQi/oHX0sWgsonzmGP0CfP6U3jnc=</latexit>

Ho(f)

We can recover m(t) by using a filter Ho(f) defined by

Ho(f) =
1

Hi(f + fc) +Hi(f − fc)
, |f | ≤ B

Note that the division is only done over the signal bandwidth!

How could we design Hi(f) to make our lives easier?
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VSB Encoding and Decoding

• There are lots of other ways to encode and decode VSB, especially if

we are using SDR’s.

• You’ll see one in the next homework that uses complex modulation, a

different filter, and a neat Fourier transform symmetry trick.

• VSB signals turn up in many different places

• The analog TV system NTSC used VSB to save bandwidth

• VSB is widely used in Magnetic Resonance Imaging (MRI) to reduce

the amount of data you need to collect
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Quadrature Amplitude Modulation (QAM)

• DSB-SC modulates a real signal with bandwidth 2B to a transmitted

signal with bandwidth 2B, but half the spectrum is redundant

• SSB reduces the transmitted bandwidth to B, but

• requires more complex modulator

• reduces SNR (for a fixed carrier amplitude)

• Quadrature amplitude modulation uses the 2B transmitter bandwidth

to send two independent (real) signals:

mQAM,c(t) = m1(t) cos(2πfct) +m2(t) sin(2πfct)

• QAM has the same spectral efficiency as SSB but does not need sharp

band-pass filters

• QAM is used in almost all digital communication methods, including

telephone modems, cable TV, satellite TV
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QAM Modulator and Demodulator

Two real messages, m1(t) and m2(t). m1 is modulated on a cosine, and

m2(t) is modulated on a sine.

⇥

Propagation

Transmitter Receiver

x(t)

m2(t)

⇥
m1(t)

+

0

cos(2⇡fct)

sin(2⇡fct)

2 H(f)

B

2 H(f)

B�B

�B

⇥

⇥

cos(2⇡fct)

sin(2⇡fct)

m1,r(t)

m2,r(t)

Note that we need a synchronous receiver, or the two channels will interfere.

What happens with a 90◦ phase shift?
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If the input spectra look like

1 1M1(f)

B�B f0 f0 B�B

M2(f)

Then the transmitted spectrum looks like

j

2
M2(f + fc)

� j

2
M2(f � fc)

1

2
M1(f + fc)

1

2
M1(f � fc)

X(f)

f
fc�fc

Then demodulating with a cosine will give me M1(t) at baseband, and

demodulating with a sine will give me M2(t).
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QAM

• One way to think about this system is that we send m1(t) on the real,

or in phase channel (modulate and demodulate with cos(2πfct))

• The second message m2(t) is sent on the imaginary, or quadrature

channel (modulate and demodulate with sin(2πfct))

• There are generalizations that use many phases and amplitudes to send

lots of digital bits at once.

• This is widely used for cable TV, such as QAM-64. We’ll see this later

in the course.
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AM Modulation

• Many different ways to encode information as amplitude

• AM

• DSB-SC AM

• SSB

• VSB

• QAM

• Common issues

• Synchronization

• Bandwidth

• Next: Encoding information in frequency
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