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Sampling and Pulse Trains

I Sampling and interpolation

I Practical interpolation

I Pulse trains

I Analog multiplexing

Based on lecture notes from John Gill



Sampling Theorem

Sampling theorem: a signal g(t) with bandwidth < B can be reconstructed
exactly from samples taken at any rate R > 2B.

Sampling can be achieved mathematically by multiplying by an impulse
train. The unit impulse train is defined by

III(t) =

∞∑
n=−∞

δ(t− k)

The unit impulse train is also called the III or comb function.

Sampling a signal g(t) uniformly at intervals Ts yields

g(t) = g(t) III(t) =

∞∑
n=−∞

g(t)δ(t− nTs) =

∞∑
n=−∞

g(nTs)δ(t− nTs)

Only information about g(t) at the sample points is retained.



Fourier Transform of III(t)

Fact: the Fourier transform of III(t) is III(f).

F III(t) =

∞∑
n=−∞

Fδ(t− n) =

∞∑
n=−∞

e−j2πnf =

∞∑
n=−∞

ej2πnf = III(f)

The complex exponentials cancel at noninteger frequencies and add up to
an impulse at integer frequencies.
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Fourier Transform of Sampled Signal

The impulse train III(t/Ts) is periodic with period Ts and can be
represented as the sum of complex exponentials of all multiples of the
fundamental frequency:

III(t/Ts) =
1

Ts

∞∑
n=−∞

ej2πnfst (fs =
1

Ts
)

Thus

g = g(t) III(t/Ts) =
1

Ts

∞∑
n=−∞

g(t)ej2πnfst

and by the frequency shifting property

G(f) =
1

Ts

∞∑
n=−∞

G(f − nfs)

This sum of shifts of the spectrum can be written as III(f/fs) ∗G(f).



Sampled Signal and Fourier Transform

In the time domain sampling is multiplication by an impulse train
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Original Signal

Sampling Function

Sampled Signal

<latexit sha1_base64="KQZVdDOEdfdK5KjX/+J7/1LSrNw=">AAAB9XicbVBNSwMxEJ31s9avqkcvwSLUS90VUY8FL/ZWoV/QriWbZtvQJLskWaUs/R9ePCji1f/izX9j2u5BWx8MPN6bYWZeEHOmjet+Oyura+sbm7mt/PbO7t5+4eCwqaNEEdogEY9UO8CaciZpwzDDaTtWFIuA01Ywup36rUeqNItk3Yxj6gs8kCxkBBsrPaRdJVC1Wp2UzHn9rFcoumV3BrRMvIwUIUOtV/jq9iOSCCoN4VjrjufGxk+xMoxwOsl3E01jTEZ4QDuWSiyo9tPZ1RN0apU+CiNlSxo0U39PpFhoPRaB7RTYDPWiNxX/8zqJCW/8lMk4MVSS+aIw4chEaBoB6jNFieFjSzBRzN6KyBArTIwNKm9D8BZfXibNi7J3VfbuL4sVN4sjB8dwAiXw4BoqcAc1aAABBc/wCm/Ok/PivDsf89YVJ5s5gj9wPn8A8FqRcA==</latexit>

III(t/T )

<latexit sha1_base64="IAA0LGEOTy6ljf0HGe7BmqsI0zs=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSxCe6mJiHoseLG3Cv2CNpTNdtMu3U3C7kQsoX/FiwdFvPpHvPlv3LY5aOuDgcd7M8zM82PBNTjOt5Xb2Nza3snvFvb2Dw6P7ONiW0eJoqxFIxGprk80EzxkLeAgWDdWjEhfsI4/uZv7nUemNI/CJkxj5kkyCnnAKQEjDeziqAyVtK8krtfrszJcNCsDu+RUnQXwOnEzUkIZGgP7qz+MaCJZCFQQrXuuE4OXEgWcCjYr9BPNYkInZMR6hoZEMu2li9tn+NwoQxxEylQIeKH+nkiJ1HoqfdMpCYz1qjcX//N6CQS3XsrDOAEW0uWiIBEYIjwPAg+5YhTE1BBCFTe3YjomilAwcRVMCO7qy+ukfVl1r6vuw1Wp5mRx5NEpOkNl5KIbVEP3qIFaiKIn9Ixe0Zs1s16sd+tj2ZqzspkT9AfW5w/VrpL1</latexit>

g(t)III(t/T )

<latexit sha1_base64="d26Eo1LK+Frl1xEvP/LO+b735Bs=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0lE1GPBi8cK9gPaUDbbTbt0Nwm7E6GE/gUvHhTx6h/y5r9x0+agrQ8GHu/NMDMvSKQw6Lrfztr6xubWdmmnvLu3f3BYOTpumzjVjLdYLGPdDajhUkS8hQIl7yaaUxVI3gkmd7nfeeLaiDh6xGnCfUVHkQgFo5hLoxpeDCpVt+7OQVaJV5AqFGgOKl/9YcxSxSNkkhrT89wE/YxqFEzyWbmfGp5QNqEj3rM0ooobP5vfOiPnVhmSMNa2IiRz9fdERpUxUxXYTkVxbJa9XPzP66UY3vqZiJIUecQWi8JUEoxJ/jgZCs0ZyqkllGlhbyVsTDVlaOMp2xC85ZdXSfuy7l3XvYerasMt4ijBKZxBDTy4gQbcQxNawGAMz/AKb45yXpx352PRuuYUMyfwB87nD2RgjcI=</latexit>

g(t)



Sampled Signal and Fourier Transform

In the frequency domain sampling is convolution by an impulse train
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<latexit sha1_base64="ICXx/zT6MXW04n9nKVsGlmuST6E=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoioh4LHvRYwX5AG8pmu2mX7m7C7kYooX/BiwdFvPqHvPlv3KQ5aOuDgcd7M8zMC2LOtHHdb6e0tr6xuVXeruzs7u0fVA+POjpKFKFtEvFI9QKsKWeStg0znPZiRbEIOO0G09vM7z5RpVkkH80spr7AY8lCRrDJpLt6eD6s1tyGmwOtEq8gNSjQGla/BqOIJIJKQzjWuu+5sfFTrAwjnM4rg0TTGJMpHtO+pRILqv00v3WOzqwyQmGkbEmDcvX3RIqF1jMR2E6BzUQve5n4n9dPTHjjp0zGiaGSLBaFCUcmQtnjaMQUJYbPLMFEMXsrIhOsMDE2nooNwVt+eZV0LhreVcN7uKw13SKOMpzAKdTBg2towj20oA0EJvAMr/DmCOfFeXc+Fq0lp5g5hj9wPn8AHjqNlA==</latexit>

G(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="EfV+qNFdIEqGM1L2TkmMp6Is5PA=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSLUS0lE1GPBgx4r2A9sQ9lsN+3SzSbsToQS+i+8eFDEq//Gm//GbZuDtj4YeLw3w8y8IJHCoOt+Oyura+sbm4Wt4vbO7t5+6eCwaeJUM95gsYx1O6CGS6F4AwVK3k40p1EgeSsY3Uz91hPXRsTqAccJ9yM6UCIUjKKVHrsB1dntpBKe9Uplt+rOQJaJl5My5Kj3Sl/dfszSiCtkkhrT8dwE/YxqFEzySbGbGp5QNqID3rFU0YgbP5tdPCGnVumTMNa2FJKZ+nsio5Ex4yiwnRHFoVn0puJ/XifF8NrPhEpS5IrNF4WpJBiT6fukLzRnKMeWUKaFvZWwIdWUoQ2paEPwFl9eJs3zqndZ9e4vyjU3j6MAx3ACFfDgCmpwB3VoAAMFz/AKb45xXpx352PeuuLkM0fwB87nD+N4kFk=</latexit>

Ḡ(f)
<latexit sha1_base64="X2Mp5WOmMvBpYgJLp4LMA84Nu/M=">AAAB+3icbVBNS8NAEJ34WetXrEcvi0Wol5KIqMeCBz1W6Be0IWy2m3bpZhN2N2IJ+StePCji1T/izX/jts1BWx8MPN6bYWZekHCmtON8W2vrG5tb26Wd8u7e/sGhfVTpqDiVhLZJzGPZC7CinAna1kxz2kskxVHAaTeY3M787iOVisWipacJ9SI8EixkBGsj+XZlEEpMMjfPWr7K0V0tPPftqlN35kCrxC1IFQo0fftrMIxJGlGhCcdK9V0n0V6GpWaE07w8SBVNMJngEe0bKnBElZfNb8/RmVGGKIylKaHRXP09keFIqWkUmM4I67Fa9mbif14/1eGNlzGRpJoKslgUphzpGM2CQEMmKdF8aggmkplbERljE4Y2cZVNCO7yy6ukc1F3r+ruw2W14RRxlOAETqEGLlxDA+6hCW0g8ATP8ApvVm69WO/Wx6J1zSpmjuEPrM8f+c+TsA==</latexit>

1

Ts
G(f)

<latexit sha1_base64="FD6Vjdwebs37dUDi/jhsNktlP4g=">AAAB/nicbVBNS8NAEJ3Ur1q/ouLJy2IR6sGSiKjHggc9VugXtKFstpt26WYTdjdCCQH/ihcPinj1d3jz37htc9DWBwOP92aYmefHnCntON9WYWV1bX2juFna2t7Z3bP3D1oqSiShTRLxSHZ8rChngjY105x2Yklx6HPa9se3U7/9SKVikWjoSUy9EA8FCxjB2kh9+6gXSExSN0sbfZWhu0pwHqizvl12qs4MaJm4OSlDjnrf/uoNIpKEVGjCsVJd14m1l2KpGeE0K/USRWNMxnhIu4YKHFLlpbPzM3RqlAEKImlKaDRTf0+kOFRqEvqmM8R6pBa9qfif1010cOOlTMSJpoLMFwUJRzpC0yzQgElKNJ8Ygolk5lZERtjkoU1iJROCu/jyMmldVN2rqvtwWa45eRxFOIYTqIAL11CDe6hDEwik8Ayv8GY9WS/Wu/Uxby1Y+cwh/IH1+QMK65TU</latexit>

1

Ts
G(f � fs)

<latexit sha1_base64="BO1QdByvzIgSKD1g6NGOuLCdw6E=">AAAB/nicbVBNS8NAEJ3Ur1q/ouLJy2IRKkJJRNRjwYMeK/QL2lA22027dLMJuxuhhIB/xYsHRbz6O7z5b9y2OWjrg4HHezPMzPNjzpR2nG+rsLK6tr5R3Cxtbe/s7tn7By0VJZLQJol4JDs+VpQzQZuaaU47saQ49Dlt++Pbqd9+pFKxSDT0JKZeiIeCBYxgbaS+fdQLJCapm6WNvsrQXSU4D9RZ3y47VWcGtEzcnJQhR71vf/UGEUlCKjThWKmu68TaS7HUjHCalXqJojEmYzykXUMFDqny0tn5GTo1ygAFkTQlNJqpvydSHCo1CX3TGWI9UoveVPzP6yY6uPFSJuJEU0Hmi4KEIx2haRZowCQlmk8MwUQycysiI2zy0CaxkgnBXXx5mbQuqu5V1X24LNecPI4iHMMJVMCFa6jBPdShCQRSeIZXeLOerBfr3fqYtxasfOYQ/sD6/AEH3ZTS</latexit>

1

Ts
G(f + fs)

<latexit sha1_base64="MMND+wORBQlXHhDOlJCp5mX8LfI=">AAACBnicbVDLSsNAFJ3UV62vqEsRBotQNzURUZcFN3ZXoS9oSphMJ+3QmUmYmQglZOXGX3HjQhG3foM7/8Zpm4W2HrhwOOde7r0niBlV2nG+rcLK6tr6RnGztLW9s7tn7x+0VZRITFo4YpHsBkgRRgVpaaoZ6caSIB4w0gnGt1O/80CkopFo6klM+hwNBQ0pRtpIvn3shRLh1M3Spq+y1JMc1uv1rBKeh7468+2yU3VmgMvEzUkZ5Gj49pc3iHDCidCYIaV6rhPrfoqkppiRrOQlisQIj9GQ9AwViBPVT2dvZPDUKAMYRtKU0HCm/p5IEVdqwgPTyZEeqUVvKv7n9RId3vRTKuJEE4Hni8KEQR3BaSZwQCXBmk0MQVhScyvEI2Ry0Sa5kgnBXXx5mbQvqu5V1b2/LNecPI4iOAInoAJccA1q4A40QAtg8AiewSt4s56sF+vd+pi3Fqx85hD8gfX5A0prmEw=</latexit>

1

Ts
III(f/fs)

<latexit sha1_base64="BCWMK2lMFmWRiB/Lt2d/POXkqWY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9xm+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByO/c7T6g0j+WjmSboR3QkecgZNVZ6CAd6UK25dTcHWSVeQWpQoDmofvWHMUsjlIYJqnXPcxPjZ1QZzgTOKv1UY0LZhI6wZ6mkEWo/y0+dkTOrDEkYK1vSkFz9PZHRSOtpFNjOiJqxXvbm4n9eLzXhjZ9xmaQGJVssClNBTEzmf5MhV8iMmFpCmeL2VsLGVFFmbDoVG4K3/PIqaV/Uvau6d39Za7hFHGU4gVM4Bw+uoQF30IQWMBjBM7zCmyOcF+fd+Vi0lpxi5hj+wPn8AVDajcQ=</latexit>

fs

<latexit sha1_base64="BCWMK2lMFmWRiB/Lt2d/POXkqWY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9xm+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByO/c7T6g0j+WjmSboR3QkecgZNVZ6CAd6UK25dTcHWSVeQWpQoDmofvWHMUsjlIYJqnXPcxPjZ1QZzgTOKv1UY0LZhI6wZ6mkEWo/y0+dkTOrDEkYK1vSkFz9PZHRSOtpFNjOiJqxXvbm4n9eLzXhjZ9xmaQGJVssClNBTEzmf5MhV8iMmFpCmeL2VsLGVFFmbDoVG4K3/PIqaV/Uvau6d39Za7hFHGU4gVM4Bw+uoQF30IQWMBjBM7zCmyOcF+fd+Vi0lpxi5hj+wPn8AVDajcQ=</latexit>

fs

<latexit sha1_base64="BCWMK2lMFmWRiB/Lt2d/POXkqWY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9xm+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByO/c7T6g0j+WjmSboR3QkecgZNVZ6CAd6UK25dTcHWSVeQWpQoDmofvWHMUsjlIYJqnXPcxPjZ1QZzgTOKv1UY0LZhI6wZ6mkEWo/y0+dkTOrDEkYK1vSkFz9PZHRSOtpFNjOiJqxXvbm4n9eLzXhjZ9xmaQGJVssClNBTEzmf5MhV8iMmFpCmeL2VsLGVFFmbDoVG4K3/PIqaV/Uvau6d39Za7hFHGU4gVM4Bw+uoQF30IQWMBjBM7zCmyOcF+fd+Vi0lpxi5hj+wPn8AVDajcQ=</latexit>

fs

<latexit sha1_base64="Ee870FHwuNpAYZRHGo8X+uIjMQo=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgxbIroh4LXjxWsB/QLiWbZtvQJLskWaEs/QtePCji1T/kzX9jtt2Dtj4YeLw3w8y8MBHcWM/7RqW19Y3NrfJ2ZWd3b/+genjUNnGqKWvRWMS6GxLDBFesZbkVrJtoRmQoWCec3OV+54lpw2P1aKcJCyQZKR5xSmwuXUQDM6jWvLo3B14lfkFqUKA5qH71hzFNJVOWCmJMz/cSG2REW04Fm1X6qWEJoRMyYj1HFZHMBNn81hk+c8oQR7F2pSyeq78nMiKNmcrQdUpix2bZy8X/vF5qo9sg4ypJLVN0sShKBbYxzh/HQ64ZtWLqCKGau1sxHRNNqHXxVFwI/vLLq6R9Wfev6/7DVa3hFXGU4QRO4Rx8uIEG3EMTWkBhDM/wCm9Iohf0jj4WrSVUzBzDH6DPH7p9jfs=</latexit>�fs

<latexit sha1_base64="Ee870FHwuNpAYZRHGo8X+uIjMQo=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgxbIroh4LXjxWsB/QLiWbZtvQJLskWaEs/QtePCji1T/kzX9jtt2Dtj4YeLw3w8y8MBHcWM/7RqW19Y3NrfJ2ZWd3b/+genjUNnGqKWvRWMS6GxLDBFesZbkVrJtoRmQoWCec3OV+54lpw2P1aKcJCyQZKR5xSmwuXUQDM6jWvLo3B14lfkFqUKA5qH71hzFNJVOWCmJMz/cSG2REW04Fm1X6qWEJoRMyYj1HFZHMBNn81hk+c8oQR7F2pSyeq78nMiKNmcrQdUpix2bZy8X/vF5qo9sg4ypJLVN0sShKBbYxzh/HQ64ZtWLqCKGau1sxHRNNqHXxVFwI/vLLq6R9Wfev6/7DVa3hFXGU4QRO4Rx8uIEG3EMTWkBhDM/wCm9Iohf0jj4WrSVUzBzDH6DPH7p9jfs=</latexit>�fs

<latexit sha1_base64="Ee870FHwuNpAYZRHGo8X+uIjMQo=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgxbIroh4LXjxWsB/QLiWbZtvQJLskWaEs/QtePCji1T/kzX9jtt2Dtj4YeLw3w8y8MBHcWM/7RqW19Y3NrfJ2ZWd3b/+genjUNnGqKWvRWMS6GxLDBFesZbkVrJtoRmQoWCec3OV+54lpw2P1aKcJCyQZKR5xSmwuXUQDM6jWvLo3B14lfkFqUKA5qH71hzFNJVOWCmJMz/cSG2REW04Fm1X6qWEJoRMyYj1HFZHMBNn81hk+c8oQR7F2pSyeq78nMiKNmcrQdUpix2bZy8X/vF5qo9sg4ypJLVN0sShKBbYxzh/HQ64ZtWLqCKGau1sxHRNNqHXxVFwI/vLLq6R9Wfev6/7DVa3hFXGU4QRO4Rx8uIEG3EMTWkBhDM/wCm9Iohf0jj4WrSVUzBzDH6DPH7p9jfs=</latexit>�fs

<latexit sha1_base64="1AIs2aA7aJUvDZhUzKhTfJPPxsk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUuO2XK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasIbP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6V1WvcVmpuXkcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBkO+Mug==</latexit>

B
<latexit sha1_base64="ssPFFFHbRnZmQfC6+8v5mk0u5QU=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBiyURUY9FLx6r2A9oQ9lsJ+3SzSbsboQS+g+8eFDEq//Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7dRvPaHSPJaPZpygH9GB5CFn1Fjp4eymV664VXcGsky8nFQgR71X/ur2Y5ZGKA0TVOuO5ybGz6gynAmclLqpxoSyER1gx1JJI9R+Nrt0Qk6s0idhrGxJQ2bq74mMRlqPo8B2RtQM9aI3Ff/zOqkJr/2MyyQ1KNl8UZgKYmIyfZv0uUJmxNgSyhS3txI2pIoyY8Mp2RC8xZeXSfO86l1WvfuLSs3N4yjCERzDKXhwBTW4gzo0gEEIz/AKb87IeXHenY95a8HJZw7hD5zPH/o0jPE=</latexit>�B

<latexit sha1_base64="1AIs2aA7aJUvDZhUzKhTfJPPxsk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUuO2XK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasIbP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6V1WvcVmpuXkcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBkO+Mug==</latexit>

B
<latexit sha1_base64="ssPFFFHbRnZmQfC6+8v5mk0u5QU=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBiyURUY9FLx6r2A9oQ9lsJ+3SzSbsboQS+g+8eFDEq//Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7dRvPaHSPJaPZpygH9GB5CFn1Fjp4eymV664VXcGsky8nFQgR71X/ur2Y5ZGKA0TVOuO5ybGz6gynAmclLqpxoSyER1gx1JJI9R+Nrt0Qk6s0idhrGxJQ2bq74mMRlqPo8B2RtQM9aI3Ff/zOqkJr/2MyyQ1KNl8UZgKYmIyfZv0uUJmxNgSyhS3txI2pIoyY8Mp2RC8xZeXSfO86l1WvfuLSs3N4yjCERzDKXhwBTW4gzo0gEEIz/AKb87IeXHenY95a8HJZw7hD5zPH/o0jPE=</latexit>�B

<latexit sha1_base64="1AIs2aA7aJUvDZhUzKhTfJPPxsk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUuO2XK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasIbP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6V1WvcVmpuXkcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBkO+Mug==</latexit>

B
<latexit sha1_base64="ssPFFFHbRnZmQfC6+8v5mk0u5QU=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBiyURUY9FLx6r2A9oQ9lsJ+3SzSbsboQS+g+8eFDEq//Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7dRvPaHSPJaPZpygH9GB5CFn1Fjp4eymV664VXcGsky8nFQgR71X/ur2Y5ZGKA0TVOuO5ybGz6gynAmclLqpxoSyER1gx1JJI9R+Nrt0Qk6s0idhrGxJQ2bq74mMRlqPo8B2RtQM9aI3Ff/zOqkJr/2MyyQ1KNl8UZgKYmIyfZv0uUJmxNgSyhS3txI2pIoyY8Mp2RC8xZeXSfO86l1WvfuLSs3N4yjCERzDKXhwBTW4gzo0gEEIz/AKb87IeXHenY95a8HJZw7hD5zPH/o0jPE=</latexit>�B



Sampled Cosine Examples

Sometimes it is easy to identify a cosine from its samples

0 1 2 3 4 5 6 7 8
−1

−0.5

0

0.5

1

Time, ms

Am
pl

itu
de

0 1 2 3 4 5 6 7 8
−1

−0.5

0

0.5

1

Time, ms

Am
pl

itu
de

Sometimes it isn’t so obvious!0 1 2 3 4 5 6 7 8
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The fact that a signal is bandlimited is a very powerful constraint.



Sampling Examples
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Aliasing and the Minimum Sampling Rate

When the sampling rate is too low, the spectral replicas overlap

0

0

<latexit sha1_base64="1AIs2aA7aJUvDZhUzKhTfJPPxsk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUuO2XK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasIbP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6V1WvcVmpuXkcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBkO+Mug==</latexit>

B
<latexit sha1_base64="ssPFFFHbRnZmQfC6+8v5mk0u5QU=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBiyURUY9FLx6r2A9oQ9lsJ+3SzSbsboQS+g+8eFDEq//Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7dRvPaHSPJaPZpygH9GB5CFn1Fjp4eymV664VXcGsky8nFQgR71X/ur2Y5ZGKA0TVOuO5ybGz6gynAmclLqpxoSyER1gx1JJI9R+Nrt0Qk6s0idhrGxJQ2bq74mMRlqPo8B2RtQM9aI3Ff/zOqkJr/2MyyQ1KNl8UZgKYmIyfZv0uUJmxNgSyhS3txI2pIoyY8Mp2RC8xZeXSfO86l1WvfuLSs3N4yjCERzDKXhwBTW4gzo0gEEIz/AKb87IeXHenY95a8HJZw7hD5zPH/o0jPE=</latexit>�B

<latexit sha1_base64="BCWMK2lMFmWRiB/Lt2d/POXkqWY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9xm+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByO/c7T6g0j+WjmSboR3QkecgZNVZ6CAd6UK25dTcHWSVeQWpQoDmofvWHMUsjlIYJqnXPcxPjZ1QZzgTOKv1UY0LZhI6wZ6mkEWo/y0+dkTOrDEkYK1vSkFz9PZHRSOtpFNjOiJqxXvbm4n9eLzXhjZ9xmaQGJVssClNBTEzmf5MhV8iMmFpCmeL2VsLGVFFmbDoVG4K3/PIqaV/Uvau6d39Za7hFHGU4gVM4Bw+uoQF30IQWMBjBM7zCmyOcF+fd+Vi0lpxi5hj+wPn8AVDajcQ=</latexit>

fs

<latexit sha1_base64="Ee870FHwuNpAYZRHGo8X+uIjMQo=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgxbIroh4LXjxWsB/QLiWbZtvQJLskWaEs/QtePCji1T/kzX9jtt2Dtj4YeLw3w8y8MBHcWM/7RqW19Y3NrfJ2ZWd3b/+genjUNnGqKWvRWMS6GxLDBFesZbkVrJtoRmQoWCec3OV+54lpw2P1aKcJCyQZKR5xSmwuXUQDM6jWvLo3B14lfkFqUKA5qH71hzFNJVOWCmJMz/cSG2REW04Fm1X6qWEJoRMyYj1HFZHMBNn81hk+c8oQR7F2pSyeq78nMiKNmcrQdUpix2bZy8X/vF5qo9sg4ypJLVN0sShKBbYxzh/HQ64ZtWLqCKGau1sxHRNNqHXxVFwI/vLLq6R9Wfev6/7DVa3hFXGU4QRO4Rx8uIEG3EMTWkBhDM/wCm9Iohf0jj4WrSVUzBzDH6DPH7p9jfs=</latexit>�fs

<latexit sha1_base64="sEeVmLdwLC7R1BHi1dImdm7u77I=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4sSRF1GPBi8cKpi20oWy2k3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAqujet+O2vrG5tb26Wd8u7e/sFh5ei4pZNMMfRZIhLVCalGwSX6hhuBnVQhjUOB7XB8N/PbT6g0T+SjmaQYxHQoecQZNVbyL+tRX/crVbfmzkFWiVeQKhRo9itfvUHCshilYYJq3fXc1AQ5VYYzgdNyL9OYUjamQ+xaKmmMOsjnx07JuVUGJEqULWnIXP09kdNY60kc2s6YmpFe9mbif143M9FtkHOZZgYlWyyKMkFMQmafkwFXyIyYWEKZ4vZWwkZUUWZsPmUbgrf88ipp1Wvedc17uKo23CKOEpzCGVyABzfQgHtogg8MODzDK7w50nlx3p2PReuaU8ycwB84nz8sAY43</latexit>�2fs

<latexit sha1_base64="xvSNousqELdD/hgLMbQHq/8nikk=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBiyVRUY8FLx4rGFtoQ9lsJ+3SzSbsboQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkorq2vrG+XNytb2zu5edf/gUSeZYuizRCSqHVKNgkv0DTcC26lCGocCW+Hoduq3nlBpnsgHM04xiOlA8ogzaqzkn11EPd2r1ty6OwNZJl5BalCg2at+dfsJy2KUhgmqdcdzUxPkVBnOBE4q3UxjStmIDrBjqaQx6iCfHTshJ1bpkyhRtqQhM/X3RE5jrcdxaDtjaoZ60ZuK/3mdzEQ3Qc5lmhmUbL4oygQxCZl+TvpcITNibAllittbCRtSRZmx+VRsCN7iy8vk8bzuXdW9+8tawy3iKMMRHMMpeHANDbiDJvjAgMMzvMKbI50X5935mLeWnGLmEP7A+fwBLYiOOA==</latexit>�3fs

<latexit sha1_base64="shUtrEZmu4GAT1P66DQee8dTzmI=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyqqMeCF48V7Ae0S8mm2TY0yS5JVihL/4IXD4p49Q9589+YbfegrQ8GHu/NMDMvTAQ31vO+UWltfWNzq7xd2dnd2z+oHh61TZxqylo0FrHuhsQwwRVrWW4F6yaaERkK1gknd7nfeWLa8Fg92mnCAklGikecEptLl9HADKo1r+7NgVeJX5AaFGgOql/9YUxTyZSlghjT873EBhnRllPBZpV+alhC6ISMWM9RRSQzQTa/dYbPnDLEUaxdKYvn6u+JjEhjpjJ0nZLYsVn2cvE/r5fa6DbIuEpSyxRdLIpSgW2M88fxkGtGrZg6Qqjm7lZMx0QTal08FReCv/zyKmlf1P3ruv9wVWt4RRxlOIFTOAcfbqAB99CEFlAYwzO8whuS6AW9o49FawkVM8fwB+jzB8OnjgE=</latexit>

3fs

<latexit sha1_base64="3ihmmHedJtf0DON8Wh9AsolwsZk=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKewGUY8BLx4jmAckS5idzCZD5rHMzAphyS948aCIV3/Im3/jbLIHTSxoKKq66e6KEs6M9f1vr7SxubW9U96t7O0fHB5Vj086RqWa0DZRXOlehA3lTNK2ZZbTXqIpFhGn3Wh6l/vdJ6oNU/LRzhIaCjyWLGYE21xqxEMzrNb8ur8AWidBQWpQoDWsfg1GiqSCSks4NqYf+IkNM6wtI5zOK4PU0ASTKR7TvqMSC2rCbHHrHF04ZYRipV1Jixbq74kMC2NmInKdAtuJWfVy8T+vn9r4NsyYTFJLJVkuilOOrEL542jENCWWzxzBRDN3KyITrDGxLp6KCyFYfXmddBr14LoePFzVmn4RRxnO4BwuIYAbaMI9tKANBCbwDK/w5gnvxXv3PpatJa+YOYU/8D5/AMIgjgA=</latexit>

2fs

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

f

<latexit sha1_base64="BCWMK2lMFmWRiB/Lt2d/POXkqWY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9xm+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByO/c7T6g0j+WjmSboR3QkecgZNVZ6CAd6UK25dTcHWSVeQWpQoDmofvWHMUsjlIYJqnXPcxPjZ1QZzgTOKv1UY0LZhI6wZ6mkEWo/y0+dkTOrDEkYK1vSkFz9PZHRSOtpFNjOiJqxXvbm4n9eLzXhjZ9xmaQGJVssClNBTEzmf5MhV8iMmFpCmeL2VsLGVFFmbDoVG4K3/PIqaV/Uvau6d39Za7hFHGU4gVM4Bw+uoQF30IQWMBjBM7zCmyOcF+fd+Vi0lpxi5hj+wPn8AVDajcQ=</latexit>

fs

<latexit sha1_base64="Ee870FHwuNpAYZRHGo8X+uIjMQo=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgxbIroh4LXjxWsB/QLiWbZtvQJLskWaEs/QtePCji1T/kzX9jtt2Dtj4YeLw3w8y8MBHcWM/7RqW19Y3NrfJ2ZWd3b/+genjUNnGqKWvRWMS6GxLDBFesZbkVrJtoRmQoWCec3OV+54lpw2P1aKcJCyQZKR5xSmwuXUQDM6jWvLo3B14lfkFqUKA5qH71hzFNJVOWCmJMz/cSG2REW04Fm1X6qWEJoRMyYj1HFZHMBNn81hk+c8oQR7F2pSyeq78nMiKNmcrQdUpix2bZy8X/vF5qo9sg4ypJLVN0sShKBbYxzh/HQ64ZtWLqCKGau1sxHRNNqHXxVFwI/vLLq6R9Wfev6/7DVa3hFXGU4QRO4Rx8uIEG3EMTWkBhDM/wCm9Iohf0jj4WrSVUzBzDH6DPH7p9jfs=</latexit>�fs

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

f

0
<latexit sha1_base64="sEeVmLdwLC7R1BHi1dImdm7u77I=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4sSRF1GPBi8cKpi20oWy2k3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAqujet+O2vrG5tb26Wd8u7e/sFh5ei4pZNMMfRZIhLVCalGwSX6hhuBnVQhjUOB7XB8N/PbT6g0T+SjmaQYxHQoecQZNVbyL+tRX/crVbfmzkFWiVeQKhRo9itfvUHCshilYYJq3fXc1AQ5VYYzgdNyL9OYUjamQ+xaKmmMOsjnx07JuVUGJEqULWnIXP09kdNY60kc2s6YmpFe9mbif143M9FtkHOZZgYlWyyKMkFMQmafkwFXyIyYWEKZ4vZWwkZUUWZsPmUbgrf88ipp1Wvedc17uKo23CKOEpzCGVyABzfQgHtogg8MODzDK7w50nlx3p2PReuaU8ycwB84nz8sAY43</latexit>�2fs

<latexit sha1_base64="3ihmmHedJtf0DON8Wh9AsolwsZk=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKewGUY8BLx4jmAckS5idzCZD5rHMzAphyS948aCIV3/Im3/jbLIHTSxoKKq66e6KEs6M9f1vr7SxubW9U96t7O0fHB5Vj086RqWa0DZRXOlehA3lTNK2ZZbTXqIpFhGn3Wh6l/vdJ6oNU/LRzhIaCjyWLGYE21xqxEMzrNb8ur8AWidBQWpQoDWsfg1GiqSCSks4NqYf+IkNM6wtI5zOK4PU0ASTKR7TvqMSC2rCbHHrHF04ZYRipV1Jixbq74kMC2NmInKdAtuJWfVy8T+vn9r4NsyYTFJLJVkuilOOrEL542jENCWWzxzBRDN3KyITrDGxLp6KCyFYfXmddBr14LoePFzVmn4RRxnO4BwuIYAbaMI9tKANBCbwDK/w5gnvxXv3PpatJa+YOYU/8D5/AMIgjgA=</latexit>

2fs

<latexit sha1_base64="BCWMK2lMFmWRiB/Lt2d/POXkqWY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9xm+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByO/c7T6g0j+WjmSboR3QkecgZNVZ6CAd6UK25dTcHWSVeQWpQoDmofvWHMUsjlIYJqnXPcxPjZ1QZzgTOKv1UY0LZhI6wZ6mkEWo/y0+dkTOrDEkYK1vSkFz9PZHRSOtpFNjOiJqxXvbm4n9eLzXhjZ9xmaQGJVssClNBTEzmf5MhV8iMmFpCmeL2VsLGVFFmbDoVG4K3/PIqaV/Uvau6d39Za7hFHGU4gVM4Bw+uoQF30IQWMBjBM7zCmyOcF+fd+Vi0lpxi5hj+wPn8AVDajcQ=</latexit>

fs

<latexit sha1_base64="Ee870FHwuNpAYZRHGo8X+uIjMQo=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgxbIroh4LXjxWsB/QLiWbZtvQJLskWaEs/QtePCji1T/kzX9jtt2Dtj4YeLw3w8y8MBHcWM/7RqW19Y3NrfJ2ZWd3b/+genjUNnGqKWvRWMS6GxLDBFesZbkVrJtoRmQoWCec3OV+54lpw2P1aKcJCyQZKR5xSmwuXUQDM6jWvLo3B14lfkFqUKA5qH71hzFNJVOWCmJMz/cSG2REW04Fm1X6qWEJoRMyYj1HFZHMBNn81hk+c8oQR7F2pSyeq78nMiKNmcrQdUpix2bZy8X/vF5qo9sg4ypJLVN0sShKBbYxzh/HQ64ZtWLqCKGau1sxHRNNqHXxVFwI/vLLq6R9Wfev6/7DVa3hFXGU4QRO4Rx8uIEG3EMTWkBhDM/wCm9Iohf0jj4WrSVUzBzDH6DPH7p9jfs=</latexit>�fs

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

f

This is called aliasing.



Aliasing

0 <latexit sha1_base64="1AIs2aA7aJUvDZhUzKhTfJPPxsk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUuO2XK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasIbP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6V1WvcVmpuXkcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBkO+Mug==</latexit>

B
<latexit sha1_base64="BCWMK2lMFmWRiB/Lt2d/POXkqWY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9xm+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByO/c7T6g0j+WjmSboR3QkecgZNVZ6CAd6UK25dTcHWSVeQWpQoDmofvWHMUsjlIYJqnXPcxPjZ1QZzgTOKv1UY0LZhI6wZ6mkEWo/y0+dkTOrDEkYK1vSkFz9PZHRSOtpFNjOiJqxXvbm4n9eLzXhjZ9xmaQGJVssClNBTEzmf5MhV8iMmFpCmeL2VsLGVFFmbDoVG4K3/PIqaV/Uvau6d39Za7hFHGU4gVM4Bw+uoQF30IQWMBjBM7zCmyOcF+fd+Vi0lpxi5hj+wPn8AVDajcQ=</latexit>

fs

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

f
<latexit sha1_base64="M+eud0YAYwaaYyctu52LNAi6i84=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4qkkR9Vjw4rGCaQttKJvtpF262YTdjVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXpoJr47rfztr6xubWdmmnvLu3f3BYOTpu6SRTDH2WiER1QqpRcIm+4UZgJ1VI41BgOxzfzfz2EyrNE/loJikGMR1KHnFGjZX8qK8v6/1K1a25c5BV4hWkCgWa/cpXb5CwLEZpmKBadz03NUFOleFM4LTcyzSmlI3pELuWShqjDvL5sVNybpUBiRJlSxoyV39P5DTWehKHtjOmZqSXvZn4n9fNTHQb5FymmUHJFouiTBCTkNnnZMAVMiMmllCmuL2VsBFVlBmbT9mG4C2/vEpa9Zp3XfMerqoNt4ijBKdwBhfgwQ004B6a4AMDDs/wCm+OdF6cd+dj0brmFDMn8AfO5w8wXo45</latexit>

fs/2
<latexit sha1_base64="xG1Xqg9Z4y1xB3ATOhUg3J46bpk=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBG8WHeLqMeCF48V7Ae0S8mm2TY2myxJVihL/4MXD4p49f9489+YtnvQ1gcDj/dmmJkXJoIb63nfaGV1bX1js7BV3N7Z3dsvHRw2jUo1ZQ2qhNLtkBgmuGQNy61g7UQzEoeCtcLR7dRvPTFtuJIPdpywICYDySNOiXVS8zzqmYtqr1T2Kt4MeJn4OSlDjnqv9NXtK5rGTFoqiDEd30tskBFtORVsUuymhiWEjsiAdRyVJGYmyGbXTvCpU/o4UtqVtHim/p7ISGzMOA5dZ0zs0Cx6U/E/r5Pa6CbIuExSyySdL4pSga3C09dxn2tGrRg7Qqjm7lZMh0QTal1ARReCv/jyMmlWK/5Vxb+/LNe8PI4CHMMJnIEP11CDO6hDAyg8wjO8whtS6AW9o4956wrKZ47gD9DnD5pfjnA=</latexit>�fs/2

<latexit sha1_base64="Ee870FHwuNpAYZRHGo8X+uIjMQo=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgxbIroh4LXjxWsB/QLiWbZtvQJLskWaEs/QtePCji1T/kzX9jtt2Dtj4YeLw3w8y8MBHcWM/7RqW19Y3NrfJ2ZWd3b/+genjUNnGqKWvRWMS6GxLDBFesZbkVrJtoRmQoWCec3OV+54lpw2P1aKcJCyQZKR5xSmwuXUQDM6jWvLo3B14lfkFqUKA5qH71hzFNJVOWCmJMz/cSG2REW04Fm1X6qWEJoRMyYj1HFZHMBNn81hk+c8oQR7F2pSyeq78nMiKNmcrQdUpix2bZy8X/vF5qo9sg4ypJLVN0sShKBbYxzh/HQ64ZtWLqCKGau1sxHRNNqHXxVFwI/vLLq6R9Wfev6/7DVa3hFXGU4QRO4Rx8uIEG3EMTWkBhDM/wCm9Iohf0jj4WrSVUzBzDH6DPH7p9jfs=</latexit>�fs
<latexit sha1_base64="ssPFFFHbRnZmQfC6+8v5mk0u5QU=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBiyURUY9FLx6r2A9oQ9lsJ+3SzSbsboQS+g+8eFDEq//Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7dRvPaHSPJaPZpygH9GB5CFn1Fjp4eymV664VXcGsky8nFQgR71X/ur2Y5ZGKA0TVOuO5ybGz6gynAmclLqpxoSyER1gx1JJI9R+Nrt0Qk6s0idhrGxJQ2bq74mMRlqPo8B2RtQM9aI3Ff/zOqkJr/2MyyQ1KNl8UZgKYmIyfZv0uUJmxNgSyhS3txI2pIoyY8Mp2RC8xZeXSfO86l1WvfuLSs3N4yjCERzDKXhwBTW4gzo0gEEIz/AKb87IeXHenY95a8HJZw7hD5zPH/o0jPE=</latexit>�B

I The shaded frequencies overlap and are ambiguous.

I High positive frequencies wrap around to high negative frequencies

I What signal would you reconstruct if you assumed the signal was
actually band limited?



Example of Aliasing

Cosines at frequencies of 0.75 Hz and 1.25 Hz produce exactly the same
samples at a sampling rate of 1 Hz
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cos((0.75)2πt)

cos((1.25)2πt)



Anti-Aliasing Filter

In practice, a sampler is always preceded by a filter to limit the signal
bandwidth to match the sampling rate

⇥
f (t) f̄ (t)h(t)

<latexit sha1_base64="CrSQa7apgFtCdqGkx845ak4+TQA=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBg9SkiHosePFYwbSFNpTNdtIu3WzC7kYopb/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMC1PBtXHdb6ewtr6xuVXcLu3s7u0flA+PmjrJFEOfJSJR7ZBqFFyib7gR2E4V0jgU2ApHdzO/9YRK80Q+mnGKQUwHkkecUWMlP+rpy1qvXHGr7hxklXg5qUCORq/81e0nLItRGiao1h3PTU0wocpwJnBa6mYaU8pGdIAdSyWNUQeT+bFTcmaVPokSZUsaMld/T0xorPU4Dm1nTM1QL3sz8T+vk5noNphwmWYGJVssijJBTEJmn5M+V8iMGFtCmeL2VsKGVFFmbD4lG4K3/PIqadaq3nXVe7iq1C/yOIpwAqdwDh7cQB3uoQE+MODwDK/w5kjnxXl3PhatBSefOYY/cD5/AC8qjjU=</latexit>

fs/2
<latexit sha1_base64="HU3L0oRoFPI2tAhs7lykG0VZIG8=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBg9bdIuqx4MVjBfsB7VKyabaNzSZLkhXK0v/gxYMiXv0/3vw3Zts9aOuDgcd7M8zMC2LOtHHdb6ewsrq2vlHcLG1t7+zulfcPWlomitAmkVyqToA15UzQpmGG006sKI4CTtvB+Dbz209UaSbFg5nE1I/wULCQEWys1DoP+/qi1i9X3Ko7A1omXk4qkKPRL3/1BpIkERWGcKx113Nj46dYGUY4nZZ6iaYxJmM8pF1LBY6o9tPZtVN0YpUBCqWyJQyaqb8nUhxpPYkC2xlhM9KLXib+53UTE974KRNxYqgg80VhwpGRKHsdDZiixPCJJZgoZm9FZIQVJsYGVLIheIsvL5NWrepdVb37y0r9LI+jCEdwDKfgwTXU4Q4a0AQCj/AMr/DmSOfFeXc+5q0FJ585hD9wPn8AmSuObA==</latexit>�fs/2

<latexit sha1_base64="7haQvuFiEp8qDTZFKO3rVLIAGZU=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBahXmoioh4LXuytQr+gDWGz3bRLd5OwOymU0H/ixYMiXv0n3vw3btsctPXBwOO9GWbmBYngGhzn2ypsbG5t7xR3S3v7B4dH9vFJW8epoqxFYxGrbkA0EzxiLeAgWDdRjMhAsE4wfpj7nQlTmsdRE6YJ8yQZRjzklICRfNvO+krier0+q8BV09eXvl12qs4CeJ24OSmjHA3f/uoPYppKFgEVROue6yTgZUQBp4LNSv1Us4TQMRmynqERkUx72eLyGb4wygCHsTIVAV6ovycyIrWeysB0SgIjverNxf+8XgrhvZfxKEmBRXS5KEwFhhjPY8ADrhgFMTWEUMXNrZiOiCIUTFglE4K7+vI6aV9X3duq+3RTrjl5HEV0hs5RBbnoDtXQI2qgFqJogp7RK3qzMuvFerc+lq0FK585RX9gff4A+l2Shw==</latexit>

III(t/Ts)

This may delete part of the signal if it isn’t bandlimited.
It ensures that the signal that is sampled is bandlimited.



Reconstruction from Uniform Samples (Ideal)

If sample rate 1/Ts is greater than 2B, shifted copies of spectrum do not
overlap, so low pass filtering recovers original signal.

Cutoff frequency of low pass filter should satisfy

B ≤ fc ≤ fs −B
Suppose fc = B. A low pass filter with gain Ts has transfer function and
impulse response

H(f) = TsΠ
( f

2B

)
, h(t) = 2BTs sinc(2πBt)

Then if Ts = 1/2B

h(t) ∗ g(t) =

∞∑
n=−∞

h(t) ∗ g(nTs)δ(t− nTs)

=

∞∑
n=−∞

g(nTs) sinc(2πB(t− nTs))



Ideal Interpolation

Ideal interpolation represents a signal as sum of shifted sincs.

t

t

T�T�2T 2T0

T�T�2T 2T0

<latexit sha1_base64="oYgoU+miAAJczfV1/aiKNuNte2g=">AAACAHicbVBNS8NAFNzUr1q/oh48eFksQnspSRH1WPTisYKthSaUzXbTLt1Nwu6LUEIv/hUvHhTx6s/w5r9xG3PQ1oGFYeY93s4EieAaHOfLKq2srq1vlDcrW9s7u3v2/kFXx6mirENjEateQDQTPGId4CBYL1GMyECw+2ByPffvH5jSPI7uYJowX5JRxENOCRhpYB+Nak4985TEmkd0Vmt6CcdXUB/YVafh5MDLxC1IFRVoD+xPbxjTVLIIqCBa910nAT8jCjgVbFbxUs0SQidkxPqGRkQy7Wd5gBk+NcoQh7EyLwKcq783MiK1nsrATEoCY73ozcX/vH4K4aWf8ShJgZl4+aEwFRhiPG8DD7liFMTUEEIVN3/FdEwUoWA6q5gS3MXIy6TbbLjnDff2rNpyijrK6BidoBpy0QVqoRvURh1E0Qw9oRf0aj1az9ab9f4zWrKKnUP0B9bHN3VXlPs=</latexit>

g(0)sinc(2⇡Bt)
<latexit sha1_base64="d26Eo1LK+Frl1xEvP/LO+b735Bs=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0lE1GPBi8cK9gPaUDbbTbt0Nwm7E6GE/gUvHhTx6h/y5r9x0+agrQ8GHu/NMDMvSKQw6Lrfztr6xubWdmmnvLu3f3BYOTpumzjVjLdYLGPdDajhUkS8hQIl7yaaUxVI3gkmd7nfeeLaiDh6xGnCfUVHkQgFo5hLoxpeDCpVt+7OQVaJV5AqFGgOKl/9YcxSxSNkkhrT89wE/YxqFEzyWbmfGp5QNqEj3rM0ooobP5vfOiPnVhmSMNa2IiRz9fdERpUxUxXYTkVxbJa9XPzP66UY3vqZiJIUecQWi8JUEoxJ/jgZCs0ZyqkllGlhbyVsTDVlaOMp2xC85ZdXSfuy7l3XvYerasMt4ijBKZxBDTy4gQbcQxNawGAMz/AKb45yXpx352PRuuYUMyfwB87nD2RgjcI=</latexit>

g(t)

<latexit sha1_base64="d26Eo1LK+Frl1xEvP/LO+b735Bs=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0lE1GPBi8cK9gPaUDbbTbt0Nwm7E6GE/gUvHhTx6h/y5r9x0+agrQ8GHu/NMDMvSKQw6Lrfztr6xubWdmmnvLu3f3BYOTpumzjVjLdYLGPdDajhUkS8hQIl7yaaUxVI3gkmd7nfeeLaiDh6xGnCfUVHkQgFo5hLoxpeDCpVt+7OQVaJV5AqFGgOKl/9YcxSxSNkkhrT89wE/YxqFEzyWbmfGp5QNqEj3rM0ooobP5vfOiPnVhmSMNa2IiRz9fdERpUxUxXYTkVxbJa9XPzP66UY3vqZiJIUecQWi8JUEoxJ/jgZCs0ZyqkllGlhbyVsTDVlaOMp2xC85ZdXSfuy7l3XvYerasMt4ijBKZxBDTy4gQbcQxNawGAMz/AKb45yXpx352PRuuYUMyfwB87nD2RgjcI=</latexit>

g(t)



Practical Interpolation

In practice we require a causal filter. We can delay the impulse response
and eliminate values at negative times.

h̃(t) =

{
h(t− t0) t > 0

0 t < 0
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Practical Interpolation (cont.)

In practice, the sampled signal is a sum of pulses, not impulses.

g̃(t) =

∞∑
n=−∞

g(nTs)p(t− nTs)

= p(t) ∗
∞∑

n=−∞
g(nTs)δ(t− nTs) = p(t) ∗ g(t)

<latexit sha1_base64="d26Eo1LK+Frl1xEvP/LO+b735Bs=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0lE1GPBi8cK9gPaUDbbTbt0Nwm7E6GE/gUvHhTx6h/y5r9x0+agrQ8GHu/NMDMvSKQw6Lrfztr6xubWdmmnvLu3f3BYOTpumzjVjLdYLGPdDajhUkS8hQIl7yaaUxVI3gkmd7nfeeLaiDh6xGnCfUVHkQgFo5hLoxpeDCpVt+7OQVaJV5AqFGgOKl/9YcxSxSNkkhrT89wE/YxqFEzyWbmfGp5QNqEj3rM0ooobP5vfOiPnVhmSMNa2IiRz9fdERpUxUxXYTkVxbJa9XPzP66UY3vqZiJIUecQWi8JUEoxJ/jgZCs0ZyqkllGlhbyVsTDVlaOMp2xC85ZdXSfuy7l3XvYerasMt4ijBKZxBDTy4gQbcQxNawGAMz/AKb45yXpx352PRuuYUMyfwB87nD2RgjcI=</latexit>

g(t)

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

t

<latexit sha1_base64="mPHB0QIiP4QJVQIgKT2dW29fbxw=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBahXkoioh4LXjxW6Be0oWy2m3bpZhN2J0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLG5tb2TnG3tLd/cHhUPj5pmzjVjLdYLGPdDajhUijeQoGSdxPNaRRI3gkm93O/88S1EbFq4jThfkRHSoSCUbRSZ1RVzYG5HJQrbs1dgKwTLycVyNEYlL/6w5ilEVfIJDWm57kJ+hnVKJjks1I/NTyhbEJHvGepohE3frY4d0YurDIkYaxtKSQL9fdERiNjplFgOyOKY7PqzcX/vF6K4Z2fCZWkyBVbLgpTSTAm89/JUGjOUE4toUwLeythY6opQ5tQyYbgrb68TtpXNe+m5j1eV+puHkcRzuAcquDBLdThARrQAgYTeIZXeHMS58V5dz6WrQUnnzmFP3A+fwCM4I8A</latexit>

g(nTs)

<latexit sha1_base64="d26Eo1LK+Frl1xEvP/LO+b735Bs=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0lE1GPBi8cK9gPaUDbbTbt0Nwm7E6GE/gUvHhTx6h/y5r9x0+agrQ8GHu/NMDMvSKQw6Lrfztr6xubWdmmnvLu3f3BYOTpumzjVjLdYLGPdDajhUkS8hQIl7yaaUxVI3gkmd7nfeeLaiDh6xGnCfUVHkQgFo5hLoxpeDCpVt+7OQVaJV5AqFGgOKl/9YcxSxSNkkhrT89wE/YxqFEzyWbmfGp5QNqEj3rM0ooobP5vfOiPnVhmSMNa2IiRz9fdERpUxUxXYTkVxbJa9XPzP66UY3vqZiJIUecQWi8JUEoxJ/jgZCs0ZyqkllGlhbyVsTDVlaOMp2xC85ZdXSfuy7l3XvYerasMt4ijBKZxBDTy4gQbcQxNawGAMz/AKb45yXpx352PRuuYUMyfwB87nD2RgjcI=</latexit>

g(t)
<latexit sha1_base64="jRqHzHmaesAAQIP+8DROaCCiqYw=">AAAB83icbVBNS8NAEJ34WetX1aOXxSLUS0lE1GPBi8cK9gOaUDabbbt0swm7E6GE/g0vHhTx6p/x5r9x2+agrQ8GHu/NMDMvTKUw6Lrfztr6xubWdmmnvLu3f3BYOTpumyTTjLdYIhPdDanhUijeQoGSd1PNaRxK3gnHdzO/88S1EYl6xEnKg5gOlRgIRtFKvo9CRjwfTmt40a9U3bo7B1klXkGqUKDZr3z5UcKymCtkkhrT89wUg5xqFEzyadnPDE8pG9Mh71mqaMxNkM9vnpJzq0RkkGhbCslc/T2R09iYSRzazpjiyCx7M/E/r5fh4DbIhUoz5IotFg0ySTAhswBIJDRnKCeWUKaFvZWwEdWUoY2pbEPwll9eJe3Lundd9x6uqg23iKMEp3AGNfDgBhpwD01oAYMUnuEV3pzMeXHenY9F65pTzJzAHzifP8vGkXg=</latexit>

g̃(t)

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

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

t

<latexit sha1_base64="W08TP9s+r5DOFkExebMn5Vexwxw=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0lE1GPBi8cK9gPaUDbbTbt0dxN2J0IJ/QtePCji1T/kzX9j0uagrQ8GHu/NMDMviKWw6Lrfztr6xubWdmmnvLu3f3BYOTpu2ygxjLdYJCPTDajlUmjeQoGSd2PDqQok7wSTu9zvPHFjRaQfcRpzX9GRFqFgFHMpruHFoFJ16+4cZJV4BalCgeag8tUfRixRXCOT1Nqe58bop9SgYJLPyv3E8piyCR3xXkY1Vdz66fzWGTnPlCEJI5OVRjJXf0+kVFk7VUHWqSiO7bKXi/95vQTDWz8VOk6Qa7ZYFCaSYETyx8lQGM5QTjNCmRHZrYSNqaEMs3jKWQje8surpH1Z967r3sNVteEWcZTgFM6gBh7cQAPuoQktYDCGZ3iFN0c5L86787FoXXOKmRP4A+fzB3Ifjcs=</latexit>

p(t)
<latexit sha1_base64="wjL/Z1zp0DYPqqQApBiocVCTQXw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBPJRERD0WvHhswX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2M72Z++wmV5rF8MJME/YgOJQ85o8ZKjYt+ueJW3TnIKvFyUoEc9X75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NApObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia89TMuk9SgZItFYSqIicnsazLgCpkRE0soU9zeStiIKsqMzaZkQ/CWX14lrcuqd131GleVmpvHUYQTOIVz8OAGanAPdWgCA4RneIU359F5cd6dj0VrwclnjuEPnM8fbI+Mog==</latexit>⇤ <latexit sha1_base64="rTdOfqXGiSMbGdrVL/9SHDDT5ug=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ8OKxgmkLTSib7aRdutmE3Y1QSn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZF2WCa+O6305pbX1jc6u8XdnZ3ds/qB4etXSaK4Y+S0WqOhHVKLhE33AjsJMppEkksB2N7mZ++wmV5ql8NOMMw4QOJI85o8ZKfkBuA9Kr1ty6OwdZJV5BalCg2at+Bf2U5QlKwwTVuuu5mQknVBnOBE4rQa4xo2xEB9i1VNIEdTiZHzslZ1bpkzhVtqQhc/X3xIQmWo+TyHYm1Az1sjcT//O6uYlvwgmXWW5QssWiOBfEpGT2OelzhcyIsSWUKW5vJWxIFWXG5lOxIXjLL6+S1kXdu6p7D5e1hlvEUYYTOIVz8OAaGnAPTfCBAYdneIU3RzovzrvzsWgtOcXMMfyB8/kDl5uN1Q==</latexit>=



Practical Interpolation (cont.)

By the convolution theorem,

G̃(f) = P (f) · 1

Ts

∞∑
n=−∞

G(f − nfs)

We can recover G(f) from G̃(f) by low pass filtering to eliminate high
frequency shifts and equalizing by inverting P (f).

E(f) =

{
Ts/P (f) |f | < B

0 |f | > B

The transfer function E(f) should not be close to 0 in the pass band.

Data Channel EqualizerPulse
Generator

Samples Pulse
Sequence

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

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

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

tSignal

<latexit sha1_base64="mPHB0QIiP4QJVQIgKT2dW29fbxw=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBahXkoioh4LXjxW6Be0oWy2m3bpZhN2J0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLG5tb2TnG3tLd/cHhUPj5pmzjVjLdYLGPdDajhUijeQoGSdxPNaRRI3gkm93O/88S1EbFq4jThfkRHSoSCUbRSZ1RVzYG5HJQrbs1dgKwTLycVyNEYlL/6w5ilEVfIJDWm57kJ+hnVKJjks1I/NTyhbEJHvGepohE3frY4d0YurDIkYaxtKSQL9fdERiNjplFgOyOKY7PqzcX/vF6K4Z2fCZWkyBVbLgpTSTAm89/JUGjOUE4toUwLeythY6opQ5tQyYbgrb68TtpXNe+m5j1eV+puHkcRzuAcquDBLdThARrQAgYTeIZXeHMS58V5dz6WrQUnnzmFP3A+fwCM4I8A</latexit>

g(nTs)
<latexit sha1_base64="jRqHzHmaesAAQIP+8DROaCCiqYw=">AAAB83icbVBNS8NAEJ34WetX1aOXxSLUS0lE1GPBi8cK9gOaUDabbbt0swm7E6GE/g0vHhTx6p/x5r9x2+agrQ8GHu/NMDMvTKUw6Lrfztr6xubWdmmnvLu3f3BYOTpumyTTjLdYIhPdDanhUijeQoGSd1PNaRxK3gnHdzO/88S1EYl6xEnKg5gOlRgIRtFKvo9CRjwfTmt40a9U3bo7B1klXkGqUKDZr3z5UcKymCtkkhrT89wUg5xqFEzyadnPDE8pG9Mh71mqaMxNkM9vnpJzq0RkkGhbCslc/T2R09iYSRzazpjiyCx7M/E/r5fh4DbIhUoz5IotFg0ySTAhswBIJDRnKCeWUKaFvZWwEdWUoY2pbEPwll9eJe3Lundd9x6uqg23iKMEp3AGNfDgBhpwD01oAYMUnuEV3pzMeXHenY9F65pTzJzAHzifP8vGkXg=</latexit>

g̃(t)

<latexit sha1_base64="d26Eo1LK+Frl1xEvP/LO+b735Bs=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0lE1GPBi8cK9gPaUDbbTbt0Nwm7E6GE/gUvHhTx6h/y5r9x0+agrQ8GHu/NMDMvSKQw6Lrfztr6xubWdmmnvLu3f3BYOTpumzjVjLdYLGPdDajhUkS8hQIl7yaaUxVI3gkmd7nfeeLaiDh6xGnCfUVHkQgFo5hLoxpeDCpVt+7OQVaJV5AqFGgOKl/9YcxSxSNkkhrT89wE/YxqFEzyWbmfGp5QNqEj3rM0ooobP5vfOiPnVhmSMNa2IiRz9fdERpUxUxXYTkVxbJa9XPzP66UY3vqZiJIUecQWi8JUEoxJ/jgZCs0ZyqkllGlhbyVsTDVlaOMp2xC85ZdXSfuy7l3XvYerasMt4ijBKZxBDTy4gQbcQxNawGAMz/AKb45yXpx352PRuuYUMyfwB87nD2RgjcI=</latexit>

g(t)



Practical Interpolation (cont.)

Example: rectangular pulses with Tp < Ts < 1/2B.

p(t) = Π

(
t

Tp

)
⇒ P (f) = Tp sinc(πTpf)

This looks like:

<latexit sha1_base64="2TstvMPiwlvGou+L2FpHlJnJ5Rc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48V+wVtKJvtpl262YTdiVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJFIYdN1vp7CxubW9U9wt7e0fHB6Vj0/aJk414y0Wy1h3A2q4FIq3UKDk3URzGgWSd4LJ3dzvPHFtRKyaOE24H9GREqFgFK302ByYQbniVt0FyDrxclKBHI1B+as/jFkacYVMUmN6npugn1GNgkk+K/VTwxPKJnTEe5YqGnHjZ4tTZ+TCKkMSxtqWQrJQf09kNDJmGgW2M6I4NqveXPzP66UY3vqZUEmKXLHlojCVBGMy/5sMheYM5dQSyrSwtxI2ppoytOmUbAje6svrpH1V9WpV7+G6UnfzOIpwBudwCR7cQB3uoQEtYDCCZ3iFN0c6L86787FsLTj5zCn8gfP5AzVujbI=</latexit>

Ts
<latexit sha1_base64="DxGh7WK+1OWJKr2ToBUlw4OQrME=">AAAB63icbVBNSwMxEJ34WetX1aOXYBG8WHZF1GPBi8cK/YJ2Kdk024Ym2SXJCmXpX/DiQRGv/iFv/huz7R609cHA470ZZuaFieDGet43Wlvf2NzaLu2Ud/f2Dw4rR8dtE6eashaNRay7ITFMcMVallvBuolmRIaCdcLJfe53npg2PFZNO01YIMlI8YhTYnPpsjkwg0rVq3lz4FXiF6QKBRqDyld/GNNUMmWpIMb0fC+xQUa05VSwWbmfGpYQOiEj1nNUEclMkM1vneFzpwxxFGtXyuK5+nsiI9KYqQxdpyR2bJa9XPzP66U2ugsyrpLUMkUXi6JUYBvj/HE85JpRK6aOEKq5uxXTMdGEWhdP2YXgL7+8StpXNf+m5j9eV+teEUcJTuEMLsCHW6jDAzSgBRTG8Ayv8IYkekHv6GPRuoaKmRP4A/T5A58Rjek=</latexit>�Ts

<latexit sha1_base64="vj4VrSI6upAXU9l9Cg7cjDHOCcE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48V+wVtKJvtpl262YTdiVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJFIYdN1vp7CxubW9U9wt7e0fHB6Vj0/aJk414y0Wy1h3A2q4FIq3UKDk3URzGgWSd4LJ3dzvPHFtRKyaOE24H9GREqFgFK302Bwkg3LFrboLkHXi5aQCORqD8ld/GLM04gqZpMb0PDdBP6MaBZN8VuqnhieUTeiI9yxVNOLGzxanzsiFVYYkjLUthWSh/p7IaGTMNApsZ0RxbFa9ufif10sxvPUzoZIUuWLLRWEqCcZk/jcZCs0ZyqkllGlhbyVsTDVlaNMp2RC81ZfXSfuq6tWq3sN1pe7mcRThDM7hEjy4gTrcQwNawGAEz/AKb450Xpx352PZWnDymVP4A+fzBzDija8=</latexit>

Tp

<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="BCWMK2lMFmWRiB/Lt2d/POXkqWY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9xm+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByO/c7T6g0j+WjmSboR3QkecgZNVZ6CAd6UK25dTcHWSVeQWpQoDmofvWHMUsjlIYJqnXPcxPjZ1QZzgTOKv1UY0LZhI6wZ6mkEWo/y0+dkTOrDEkYK1vSkFz9PZHRSOtpFNjOiJqxXvbm4n9eLzXhjZ9xmaQGJVssClNBTEzmf5MhV8iMmFpCmeL2VsLGVFFmbDoVG4K3/PIqaV/Uvau6d39Za7hFHGU4gVM4Bw+uoQF30IQWMBjBM7zCmyOcF+fd+Vi0lpxi5hj+wPn8AVDajcQ=</latexit>

fs

<latexit sha1_base64="Ee870FHwuNpAYZRHGo8X+uIjMQo=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgxbIroh4LXjxWsB/QLiWbZtvQJLskWaEs/QtePCji1T/kzX9jtt2Dtj4YeLw3w8y8MBHcWM/7RqW19Y3NrfJ2ZWd3b/+genjUNnGqKWvRWMS6GxLDBFesZbkVrJtoRmQoWCec3OV+54lpw2P1aKcJCyQZKR5xSmwuXUQDM6jWvLo3B14lfkFqUKA5qH71hzFNJVOWCmJMz/cSG2REW04Fm1X6qWEJoRMyYj1HFZHMBNn81hk+c8oQR7F2pSyeq78nMiKNmcrQdUpix2bZy8X/vF5qo9sg4ypJLVN0sShKBbYxzh/HQ64ZtWLqCKGau1sxHRNNqHXxVFwI/vLLq6R9Wfev6/7DVa3hFXGU4QRO4Rx8uIEG3EMTWkBhDM/wCm9Iohf0jj4WrSVUzBzDH6DPH7p9jfs=</latexit>�fs
<latexit sha1_base64="1AIs2aA7aJUvDZhUzKhTfJPPxsk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUuO2XK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasIbP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6V1WvcVmpuXkcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBkO+Mug==</latexit>

B
<latexit sha1_base64="ssPFFFHbRnZmQfC6+8v5mk0u5QU=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBiyURUY9FLx6r2A9oQ9lsJ+3SzSbsboQS+g+8eFDEq//Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7dRvPaHSPJaPZpygH9GB5CFn1Fjp4eymV664VXcGsky8nFQgR71X/ur2Y5ZGKA0TVOuO5ybGz6gynAmclLqpxoSyER1gx1JJI9R+Nrt0Qk6s0idhrGxJQ2bq74mMRlqPo8B2RtQM9aI3Ff/zOqkJr/2MyyQ1KNl8UZgKYmIyfZv0uUJmxNgSyhS3txI2pIoyY8Mp2RC8xZeXSfO86l1WvfuLSs3N4yjCERzDKXhwBTW4gzo0gEEIz/AKb87IeXHenY95a8HJZw7hD5zPH/o0jPE=</latexit>�B

<latexit sha1_base64="W08TP9s+r5DOFkExebMn5Vexwxw=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0lE1GPBi8cK9gPaUDbbTbt0dxN2J0IJ/QtePCji1T/kzX9j0uagrQ8GHu/NMDMviKWw6Lrfztr6xubWdmmnvLu3f3BYOTpu2ygxjLdYJCPTDajlUmjeQoGSd2PDqQok7wSTu9zvPHFjRaQfcRpzX9GRFqFgFHMpruHFoFJ16+4cZJV4BalCgeag8tUfRixRXCOT1Nqe58bop9SgYJLPyv3E8piyCR3xXkY1Vdz66fzWGTnPlCEJI5OVRjJXf0+kVFk7VUHWqSiO7bKXi/95vQTDWz8VOk6Qa7ZYFCaSYETyx8lQGM5QTjNCmRHZrYSNqaEMs3jKWQje8surpH1Z967r3sNVteEWcZTgFM6gBh7cQAPuoQktYDCGZ3iFN0c5L86787FoXXOKmRP4A+fzB3Ifjcs=</latexit>

p(t) <latexit sha1_base64="B1lbCj5mCNwJixUaAwzEUW82u2k=">AAAB63icbVBNSwMxEJ34WetX1aOXYBHqpeyKqMeCF48V7Ae0S8mm2TY0yS5JVihL/4IXD4p49Q9589+YbfegrQ8GHu/NMDMvTAQ31vO+0dr6xubWdmmnvLu3f3BYOTpumzjVlLVoLGLdDYlhgivWstwK1k00IzIUrBNO7nK/88S04bF6tNOEBZKMFI84JTaXmrXoYlCpenVvDrxK/IJUoUBzUPnqD2OaSqYsFcSYnu8lNsiItpwKNiv3U8MSQidkxHqOKiKZCbL5rTN87pQhjmLtSlk8V39PZEQaM5Wh65TEjs2yl4v/eb3URrdBxlWSWqboYlGUCmxjnD+Oh1wzasXUEUI1d7diOiaaUOviKbsQ/OWXV0n7su5f1/2Hq2rDK+IowSmcQQ18uIEG3EMTWkBhDM/wCm9Iohf0jj4WrWuomDmBP0CfPyv5jZ0=</latexit>

P (f)

The equalizer should undo the spectral weighting of P (f). The transfer
function for the equalizer should satisfy

E(f) =


Ts/P (f) |f | < B

don’t care B < |f | < fs −B
0 |f | > fs −B

The last case suppresses all of the spectral replicas.



Practical Interpolation (cont.)

To illustrate, we’ll assume that the spectrum G(f) is flat. Then
<latexit sha1_base64="EfV+qNFdIEqGM1L2TkmMp6Is5PA=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSLUS0lE1GPBgx4r2A9sQ9lsN+3SzSbsToQS+i+8eFDEq//Gm//GbZuDtj4YeLw3w8y8IJHCoOt+Oyura+sbm4Wt4vbO7t5+6eCwaeJUM95gsYx1O6CGS6F4AwVK3k40p1EgeSsY3Uz91hPXRsTqAccJ9yM6UCIUjKKVHrsB1dntpBKe9Uplt+rOQJaJl5My5Kj3Sl/dfszSiCtkkhrT8dwE/YxqFEzySbGbGp5QNqID3rFU0YgbP5tdPCGnVumTMNa2FJKZ+nsio5Ex4yiwnRHFoVn0puJ/XifF8NrPhEpS5IrNF4WpJBiT6fukLzRnKMeWUKaFvZWwIdWUoQ2paEPwFl9eJs3zqndZ9e4vyjU3j6MAx3ACFfDgCmpwB3VoAAMFz/AKb45xXpx352PeuuLkM0fwB87nD+N4kFk=</latexit>

Ḡ(f)

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

f<latexit sha1_base64="Ee870FHwuNpAYZRHGo8X+uIjMQo=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgxbIroh4LXjxWsB/QLiWbZtvQJLskWaEs/QtePCji1T/kzX9jtt2Dtj4YeLw3w8y8MBHcWM/7RqW19Y3NrfJ2ZWd3b/+genjUNnGqKWvRWMS6GxLDBFesZbkVrJtoRmQoWCec3OV+54lpw2P1aKcJCyQZKR5xSmwuXUQDM6jWvLo3B14lfkFqUKA5qH71hzFNJVOWCmJMz/cSG2REW04Fm1X6qWEJoRMyYj1HFZHMBNn81hk+c8oQR7F2pSyeq78nMiKNmcrQdUpix2bZy8X/vF5qo9sg4ypJLVN0sShKBbYxzh/HQ64ZtWLqCKGau1sxHRNNqHXxVFwI/vLLq6R9Wfev6/7DVa3hFXGU4QRO4Rx8uIEG3EMTWkBhDM/wCm9Iohf0jj4WrSVUzBzDH6DPH7p9jfs=</latexit>�fs

<latexit sha1_base64="BCWMK2lMFmWRiB/Lt2d/POXkqWY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9xm+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByO/c7T6g0j+WjmSboR3QkecgZNVZ6CAd6UK25dTcHWSVeQWpQoDmofvWHMUsjlIYJqnXPcxPjZ1QZzgTOKv1UY0LZhI6wZ6mkEWo/y0+dkTOrDEkYK1vSkFz9PZHRSOtpFNjOiJqxXvbm4n9eLzXhjZ9xmaQGJVssClNBTEzmf5MhV8iMmFpCmeL2VsLGVFFmbDoVG4K3/PIqaV/Uvau6d39Za7hFHGU4gVM4Bw+uoQF30IQWMBjBM7zCmyOcF+fd+Vi0lpxi5hj+wPn8AVDajcQ=</latexit>

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

0

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

f<latexit sha1_base64="Ee870FHwuNpAYZRHGo8X+uIjMQo=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgxbIroh4LXjxWsB/QLiWbZtvQJLskWaEs/QtePCji1T/kzX9jtt2Dtj4YeLw3w8y8MBHcWM/7RqW19Y3NrfJ2ZWd3b/+genjUNnGqKWvRWMS6GxLDBFesZbkVrJtoRmQoWCec3OV+54lpw2P1aKcJCyQZKR5xSmwuXUQDM6jWvLo3B14lfkFqUKA5qH71hzFNJVOWCmJMz/cSG2REW04Fm1X6qWEJoRMyYj1HFZHMBNn81hk+c8oQR7F2pSyeq78nMiKNmcrQdUpix2bZy8X/vF5qo9sg4ypJLVN0sShKBbYxzh/HQ64ZtWLqCKGau1sxHRNNqHXxVFwI/vLLq6R9Wfev6/7DVa3hFXGU4QRO4Rx8uIEG3EMTWkBhDM/wCm9Iohf0jj4WrSVUzBzDH6DPH7p9jfs=</latexit>�fs

<latexit sha1_base64="BCWMK2lMFmWRiB/Lt2d/POXkqWY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9xm+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByO/c7T6g0j+WjmSboR3QkecgZNVZ6CAd6UK25dTcHWSVeQWpQoDmofvWHMUsjlIYJqnXPcxPjZ1QZzgTOKv1UY0LZhI6wZ6mkEWo/y0+dkTOrDEkYK1vSkFz9PZHRSOtpFNjOiJqxXvbm4n9eLzXhjZ9xmaQGJVssClNBTEzmf5MhV8iMmFpCmeL2VsLGVFFmbDoVG4K3/PIqaV/Uvau6d39Za7hFHGU4gVM4Bw+uoQF30IQWMBjBM7zCmyOcF+fd+Vi0lpxi5hj+wPn8AVDajcQ=</latexit>

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

0

<latexit sha1_base64="58UWP/r2X4b42qYhva/7D0yCWmQ=">AAAB9XicbZBNSwMxEIZn61etX1WPXoJFqJeyK6IeCx70WMF+QFvLbJptQ7PZJckqZen/8OJBEa/+F2/+G9N2D9r6QuDhnRlm8vqx4Nq47reTW1ldW9/Ibxa2tnd294r7Bw0dJYqyOo1EpFo+aia4ZHXDjWCtWDEMfcGa/uh6Wm8+MqV5JO/NOGbdEAeSB5yisdZDrRycdnxU6c3EUq9YcivuTGQZvAxKkKnWK351+hFNQiYNFah123Nj001RGU4FmxQ6iWYx0hEOWNuixJDpbjq7ekJOrNMnQaTsk4bM3N8TKYZaj0PfdoZohnqxNjX/q7UTE1x1Uy7jxDBJ54uCRBATkWkEpM8Vo0aMLSBV3N5K6BAVUmODKtgQvMUvL0PjrOJdVLy781LVzeLIwxEcQxk8uIQq3EIN6kBBwTO8wpvz5Lw4787HvDXnZDOH8EfO5w8SEZGI</latexit>

P (f)Ḡ(f)

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

f<latexit sha1_base64="Ee870FHwuNpAYZRHGo8X+uIjMQo=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgxbIroh4LXjxWsB/QLiWbZtvQJLskWaEs/QtePCji1T/kzX9jtt2Dtj4YeLw3w8y8MBHcWM/7RqW19Y3NrfJ2ZWd3b/+genjUNnGqKWvRWMS6GxLDBFesZbkVrJtoRmQoWCec3OV+54lpw2P1aKcJCyQZKR5xSmwuXUQDM6jWvLo3B14lfkFqUKA5qH71hzFNJVOWCmJMz/cSG2REW04Fm1X6qWEJoRMyYj1HFZHMBNn81hk+c8oQR7F2pSyeq78nMiKNmcrQdUpix2bZy8X/vF5qo9sg4ypJLVN0sShKBbYxzh/HQ64ZtWLqCKGau1sxHRNNqHXxVFwI/vLLq6R9Wfev6/7DVa3hFXGU4QRO4Rx8uIEG3EMTWkBhDM/wCm9Iohf0jj4WrSVUzBzDH6DPH7p9jfs=</latexit>�fs

<latexit sha1_base64="BCWMK2lMFmWRiB/Lt2d/POXkqWY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9xm+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByO/c7T6g0j+WjmSboR3QkecgZNVZ6CAd6UK25dTcHWSVeQWpQoDmofvWHMUsjlIYJqnXPcxPjZ1QZzgTOKv1UY0LZhI6wZ6mkEWo/y0+dkTOrDEkYK1vSkFz9PZHRSOtpFNjOiJqxXvbm4n9eLzXhjZ9xmaQGJVssClNBTEzmf5MhV8iMmFpCmeL2VsLGVFFmbDoVG4K3/PIqaV/Uvau6d39Za7hFHGU4gVM4Bw+uoQF30IQWMBjBM7zCmyOcF+fd+Vi0lpxi5hj+wPn8AVDajcQ=</latexit>

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

0

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

f<latexit sha1_base64="Ee870FHwuNpAYZRHGo8X+uIjMQo=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgxbIroh4LXjxWsB/QLiWbZtvQJLskWaEs/QtePCji1T/kzX9jtt2Dtj4YeLw3w8y8MBHcWM/7RqW19Y3NrfJ2ZWd3b/+genjUNnGqKWvRWMS6GxLDBFesZbkVrJtoRmQoWCec3OV+54lpw2P1aKcJCyQZKR5xSmwuXUQDM6jWvLo3B14lfkFqUKA5qH71hzFNJVOWCmJMz/cSG2REW04Fm1X6qWEJoRMyYj1HFZHMBNn81hk+c8oQR7F2pSyeq78nMiKNmcrQdUpix2bZy8X/vF5qo9sg4ypJLVN0sShKBbYxzh/HQ64ZtWLqCKGau1sxHRNNqHXxVFwI/vLLq6R9Wfev6/7DVa3hFXGU4QRO4Rx8uIEG3EMTWkBhDM/wCm9Iohf0jj4WrSVUzBzDH6DPH7p9jfs=</latexit>�fs

<latexit sha1_base64="BCWMK2lMFmWRiB/Lt2d/POXkqWY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9xm+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByO/c7T6g0j+WjmSboR3QkecgZNVZ6CAd6UK25dTcHWSVeQWpQoDmofvWHMUsjlIYJqnXPcxPjZ1QZzgTOKv1UY0LZhI6wZ6mkEWo/y0+dkTOrDEkYK1vSkFz9PZHRSOtpFNjOiJqxXvbm4n9eLzXhjZ9xmaQGJVssClNBTEzmf5MhV8iMmFpCmeL2VsLGVFFmbDoVG4K3/PIqaV/Uvau6d39Za7hFHGU4gVM4Bw+uoQF30IQWMBjBM7zCmyOcF+fd+Vi0lpxi5hj+wPn8AVDajcQ=</latexit>

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

0

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

E(f)

<latexit sha1_base64="ICXx/zT6MXW04n9nKVsGlmuST6E=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoioh4LHvRYwX5AG8pmu2mX7m7C7kYooX/BiwdFvPqHvPlv3KQ5aOuDgcd7M8zMC2LOtHHdb6e0tr6xuVXeruzs7u0fVA+POjpKFKFtEvFI9QKsKWeStg0znPZiRbEIOO0G09vM7z5RpVkkH80spr7AY8lCRrDJpLt6eD6s1tyGmwOtEq8gNSjQGla/BqOIJIJKQzjWuu+5sfFTrAwjnM4rg0TTGJMpHtO+pRILqv00v3WOzqwyQmGkbEmDcvX3RIqF1jMR2E6BzUQve5n4n9dPTHjjp0zGiaGSLBaFCUcmQtnjaMQUJYbPLMFEMXsrIhOsMDE2nooNwVt+eZV0LhreVcN7uKw13SKOMpzAKdTBg2towj20oA0EJvAMr/DmCOfFeXc+Fq0lp5g5hj9wPn8AHjqNlA==</latexit>

G(f)

The equalizer E(f) both corrects for the appodization of P (f), and
performs the lowpass filtering for optimal interpolation.



Pulse Modulation of Signals

I In many cases, bandwidth of communication link is much greater than
signal bandwidth.

I The signal can be transmitted using short pulses with low duty cycle:

I Pulse amplitude modulation: width fixed, amplitude varies

I Pulse width modulation: position fixed, width varies

I Pulse position modulation: width fixed, position varies

I All three methods can be used with time-division multiplexing to carry
multiple signals over a single channel



PAM, PWM, PPM: Amplitude, Width, Position

<latexit sha1_base64="d26Eo1LK+Frl1xEvP/LO+b735Bs=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0lE1GPBi8cK9gPaUDbbTbt0Nwm7E6GE/gUvHhTx6h/y5r9x0+agrQ8GHu/NMDMvSKQw6Lrfztr6xubWdmmnvLu3f3BYOTpumzjVjLdYLGPdDajhUkS8hQIl7yaaUxVI3gkmd7nfeeLaiDh6xGnCfUVHkQgFo5hLoxpeDCpVt+7OQVaJV5AqFGgOKl/9YcxSxSNkkhrT89wE/YxqFEzyWbmfGp5QNqEj3rM0ooobP5vfOiPnVhmSMNa2IiRz9fdERpUxUxXYTkVxbJa9XPzP66UY3vqZiJIUecQWi8JUEoxJ/jgZCs0ZyqkllGlhbyVsTDVlaOMp2xC85ZdXSfuy7l3XvYerasMt4ijBKZxBDTy4gQbcQxNawGAMz/AKb45yXpx352PRuuYUMyfwB87nD2RgjcI=</latexit>

g(t) <latexit sha1_base64="mPHB0QIiP4QJVQIgKT2dW29fbxw=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBahXkoioh4LXjxW6Be0oWy2m3bpZhN2J0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLG5tb2TnG3tLd/cHhUPj5pmzjVjLdYLGPdDajhUijeQoGSdxPNaRRI3gkm93O/88S1EbFq4jThfkRHSoSCUbRSZ1RVzYG5HJQrbs1dgKwTLycVyNEYlL/6w5ilEVfIJDWm57kJ+hnVKJjks1I/NTyhbEJHvGepohE3frY4d0YurDIkYaxtKSQL9fdERiNjplFgOyOKY7PqzcX/vF6K4Z2fCZWkyBVbLgpTSTAm89/JUGjOUE4toUwLeythY6opQ5tQyYbgrb68TtpXNe+m5j1eV+puHkcRzuAcquDBLdThARrQAgYTeIZXeHMS58V5dz6WrQUnnzmFP3A+fwCM4I8A</latexit>

g(nTs)

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

t<latexit sha1_base64="d26Eo1LK+Frl1xEvP/LO+b735Bs=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0lE1GPBi8cK9gPaUDbbTbt0Nwm7E6GE/gUvHhTx6h/y5r9x0+agrQ8GHu/NMDMvSKQw6Lrfztr6xubWdmmnvLu3f3BYOTpumzjVjLdYLGPdDajhUkS8hQIl7yaaUxVI3gkmd7nfeeLaiDh6xGnCfUVHkQgFo5hLoxpeDCpVt+7OQVaJV5AqFGgOKl/9YcxSxSNkkhrT89wE/YxqFEzyWbmfGp5QNqEj3rM0ooobP5vfOiPnVhmSMNa2IiRz9fdERpUxUxXYTkVxbJa9XPzP66UY3vqZiJIUecQWi8JUEoxJ/jgZCs0ZyqkllGlhbyVsTDVlaOMp2xC85ZdXSfuy7l3XvYerasMt4ijBKZxBDTy4gQbcQxNawGAMz/AKb45yXpx352PRuuYUMyfwB87nD2RgjcI=</latexit>

g(t)

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

t
<latexit sha1_base64="d26Eo1LK+Frl1xEvP/LO+b735Bs=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0lE1GPBi8cK9gPaUDbbTbt0Nwm7E6GE/gUvHhTx6h/y5r9x0+agrQ8GHu/NMDMvSKQw6Lrfztr6xubWdmmnvLu3f3BYOTpumzjVjLdYLGPdDajhUkS8hQIl7yaaUxVI3gkmd7nfeeLaiDh6xGnCfUVHkQgFo5hLoxpeDCpVt+7OQVaJV5AqFGgOKl/9YcxSxSNkkhrT89wE/YxqFEzyWbmfGp5QNqEj3rM0ooobP5vfOiPnVhmSMNa2IiRz9fdERpUxUxXYTkVxbJa9XPzP66UY3vqZiJIUecQWi8JUEoxJ/jgZCs0ZyqkllGlhbyVsTDVlaOMp2xC85ZdXSfuy7l3XvYerasMt4ijBKZxBDTy4gQbcQxNawGAMz/AKb45yXpx352PRuuYUMyfwB87nD2RgjcI=</latexit>

g(t)

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

I The input to a pulse amplitude modulator is the real-world sample
of g(t):

g1(nTs) =

∫ Ts

0
q(t)g(t− nTs) dt

where q(t) is an integrator function. (Width of q(t) should be � Ts.)

I Each transmitted pulse is narrow with height (or area) proportional
to g1(nTs). The pulse is integrated to obtain an analog value.

g̃(nTs) =

∫ Tp

0
q1(t)g1(t− nTs) dt

where Tp � Ts

I The original signal g(t) is reconstructed using an equalizer and a low
pass filter, as discussed above.



Pulse Width Modulation (PWM)

Pulse width modulation is also called pulse duration modulation (PDM).

PWM is more often used for control than for communication

I Motors

I LEDs: output limunosity is proportional to average current.

I Amplifiers

A signal can be recovered exactly from its PWM samples at rate 2B,
provided the bandwidth is ≤ 0.637B.

J. Huang, K. Padmanabhan, O. M. Collins, IEEE Trans. Circuits and Systems, 2011.



PWM (cont.)

PWM output can be generated by a sawtooth signal gating the input.

Below the pulse width varies from nearly 0 to 1/2 the pulse period.
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Pulse Position Modulation (PPM)

The value of the signal determines the delay of the pulse from the clock.

Very common in home automation systems.

Microcontrollers can generate PPM (and PWM) in software. Doesn’t
require an D/A.

Many Arduinos use PWM to generate analog output waveforms.



Next Time

I Friday : AM Stereo Transmitter and Receiver

I Monday : Digital pulse trains, pulse code modulation (PCM),
quantization

I Wednesday : Digital networks


