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Spectral analysis
Fundamental elements
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<latexit sha1_base64="89exMpPCmKK0RyLhLWWl88whuZo=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyqqBch6MVjhLwgWcLsZJIMmZ1dZ3qFsOQnvHhQxKu/482/cZLsQRMLGoqqbrq7glgKg6777eRWVtfWN/Kbha3tnd294v5Bw0SJZrzOIhnpVkANl0LxOgqUvBVrTsNA8mYwupv6zSeujYhUDccx90M6UKIvGEUrtWpdQ26IZ7rFklt2ZyDLxMtICTJUu8WvTi9iScgVMkmNaXtujH5KNQom+aTQSQyPKRvRAW9bqmjIjZ/O7p2QE6v0SD/SthSSmfp7IqWhMeMwsJ0hxaFZ9Kbif147wf61nwoVJ8gVmy/qJ5JgRKbPk57QnKEcW0KZFvZWwoZUU4Y2ooINwVt8eZk0zsreZfn84aJUuc3iyMMRHMMpeHAFFbiHKtSBgYRneIU359F5cd6dj3lrzslmDuEPnM8fsaCPGQ==</latexit>

Ts = 1s

<latexit sha1_base64="FsFmBAEJD6OfuROFn8OxWTps+fs=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9lVUS9CwUuPFfoF7VKyabYNTbJrkhXK0j/hxYMiXv073vw3Zts9aOuDgcd7M8zMC2LOtHHdb6ewtr6xuVXcLu3s7u0flA+P2jpKFKEtEvFIdQOsKWeStgwznHZjRbEIOO0Ek/vM7zxRpVkkm2YaU1/gkWQhI9hYqdscCHSHPD0oV9yqOwdaJV5OKpCjMSh/9YcRSQSVhnCsdc9zY+OnWBlGOJ2V+ommMSYTPKI9SyUWVPvp/N4ZOrPKEIWRsiUNmqu/J1IstJ6KwHYKbMZ62cvE/7xeYsJbP2UyTgyVZLEoTDgyEcqeR0OmKDF8agkmitlbERljhYmxEZVsCN7yy6ukfVH1rquXD1eVWj2PowgncArn4MEN1KAODWgBAQ7P8ApvzqPz4rw7H4vWgpPPHMMfOJ8/qjiPGQ==</latexit>

Tm = 1s



<latexit sha1_base64="89exMpPCmKK0RyLhLWWl88whuZo=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyqqBch6MVjhLwgWcLsZJIMmZ1dZ3qFsOQnvHhQxKu/482/cZLsQRMLGoqqbrq7glgKg6777eRWVtfWN/Kbha3tnd294v5Bw0SJZrzOIhnpVkANl0LxOgqUvBVrTsNA8mYwupv6zSeujYhUDccx90M6UKIvGEUrtWpdQ26IZ7rFklt2ZyDLxMtICTJUu8WvTi9iScgVMkmNaXtujH5KNQom+aTQSQyPKRvRAW9bqmjIjZ/O7p2QE6v0SD/SthSSmfp7IqWhMeMwsJ0hxaFZ9Kbif147wf61nwoVJ8gVmy/qJ5JgRKbPk57QnKEcW0KZFvZWwoZUU4Y2ooINwVt8eZk0zsreZfn84aJUuc3iyMMRHMMpeHAFFbiHKtSBgYRneIU359F5cd6dj3lrzslmDuEPnM8fsaCPGQ==</latexit>

Ts = 1s

<latexit sha1_base64="VlV8/Y/PDqoBRTSgEMKwGTgxQsI=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgadn1fRECIniMkBcmS5idzCZDZmeWmVkhLPkLLx4U8erfePNvnCR70GhBQ1HVTXdXmHCmjed9OYWl5ZXVteJ6aWNza3unvLvX1DJVhDaI5FK1Q6wpZ4I2DDOcthNFcRxy2gpHN1O/9UiVZlLUzTihQYwHgkWMYGOlh3pPo2vkuee6V654rjcD+kv8nFQgR61X/uz2JUljKgzhWOuO7yUmyLAyjHA6KXVTTRNMRnhAO5YKHFMdZLOLJ+jIKn0USWVLGDRTf05kONZ6HIe2M8ZmqBe9qfif10lNdBVkTCSpoYLMF0UpR0ai6fuozxQlho8twUQxeysiQ6wwMTakkg3BX3z5L2meuP6Fe3p/Vqne5nEU4QAO4Rh8uIQq3EENGkBAwBO8wKujnWfnzXmftxacfGYffsH5+AaVOo+S</latexit>

Ts = 0.5s

<latexit sha1_base64="FsFmBAEJD6OfuROFn8OxWTps+fs=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9lVUS9CwUuPFfoF7VKyabYNTbJrkhXK0j/hxYMiXv073vw3Zts9aOuDgcd7M8zMC2LOtHHdb6ewtr6xuVXcLu3s7u0flA+P2jpKFKEtEvFIdQOsKWeStgwznHZjRbEIOO0Ek/vM7zxRpVkkm2YaU1/gkWQhI9hYqdscCHSHPD0oV9yqOwdaJV5OKpCjMSh/9YcRSQSVhnCsdc9zY+OnWBlGOJ2V+ommMSYTPKI9SyUWVPvp/N4ZOrPKEIWRsiUNmqu/J1IstJ6KwHYKbMZ62cvE/7xeYsJbP2UyTgyVZLEoTDgyEcqeR0OmKDF8agkmitlbERljhYmxEZVsCN7yy6ukfVH1rquXD1eVWj2PowgncArn4MEN1KAODWgBAQ7P8ApvzqPz4rw7H4vWgpPPHMMfOJ8/qjiPGQ==</latexit>

Tm = 1s



<latexit sha1_base64="waKYGk54HCLQlHjMQE3gS/ZHwVo=">AAAB8nicbVDLSgNBEJz1GeMr6tHLYBA8LbvxeRECXnKMkBdsljA7mU2GzM4sM71CCPkMLx4U8erXePNvnCR70MSChqKqm+6uKBXcgOd9O2vrG5tb24Wd4u7e/sFh6ei4ZVSmKWtSJZTuRMQwwSVrAgfBOqlmJIkEa0ejh5nffmLacCUbME5ZmJCB5DGnBKwUNHoG32PPrVybXqnsud4ceJX4OSmjHPVe6avbVzRLmAQqiDGB76UQTogGTgWbFruZYSmhIzJggaWSJMyEk/nJU3xulT6OlbYlAc/V3xMTkhgzTiLbmRAYmmVvJv7nBRnEd+GEyzQDJuliUZwJDArP/sd9rhkFMbaEUM3trZgOiSYUbEpFG4K//PIqaVVc/8a9fLwqV2t5HAV0is7QBfLRLaqiGqqjJqJIoWf0it4ccF6cd+dj0brm5DMn6A+czx8JU4/R</latexit>

Ts = 0.25s

<latexit sha1_base64="89exMpPCmKK0RyLhLWWl88whuZo=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyqqBch6MVjhLwgWcLsZJIMmZ1dZ3qFsOQnvHhQxKu/482/cZLsQRMLGoqqbrq7glgKg6777eRWVtfWN/Kbha3tnd294v5Bw0SJZrzOIhnpVkANl0LxOgqUvBVrTsNA8mYwupv6zSeujYhUDccx90M6UKIvGEUrtWpdQ26IZ7rFklt2ZyDLxMtICTJUu8WvTi9iScgVMkmNaXtujH5KNQom+aTQSQyPKRvRAW9bqmjIjZ/O7p2QE6v0SD/SthSSmfp7IqWhMeMwsJ0hxaFZ9Kbif147wf61nwoVJ8gVmy/qJ5JgRKbPk57QnKEcW0KZFvZWwoZUU4Y2ooINwVt8eZk0zsreZfn84aJUuc3iyMMRHMMpeHAFFbiHKtSBgYRneIU359F5cd6dj3lrzslmDuEPnM8fsaCPGQ==</latexit>

Ts = 1s

<latexit sha1_base64="VlV8/Y/PDqoBRTSgEMKwGTgxQsI=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgadn1fRECIniMkBcmS5idzCZDZmeWmVkhLPkLLx4U8erfePNvnCR70GhBQ1HVTXdXmHCmjed9OYWl5ZXVteJ6aWNza3unvLvX1DJVhDaI5FK1Q6wpZ4I2DDOcthNFcRxy2gpHN1O/9UiVZlLUzTihQYwHgkWMYGOlh3pPo2vkuee6V654rjcD+kv8nFQgR61X/uz2JUljKgzhWOuO7yUmyLAyjHA6KXVTTRNMRnhAO5YKHFMdZLOLJ+jIKn0USWVLGDRTf05kONZ6HIe2M8ZmqBe9qfif10lNdBVkTCSpoYLMF0UpR0ai6fuozxQlho8twUQxeysiQ6wwMTakkg3BX3z5L2meuP6Fe3p/Vqne5nEU4QAO4Rh8uIQq3EENGkBAwBO8wKujnWfnzXmftxacfGYffsH5+AaVOo+S</latexit>

Ts = 0.5s

<latexit sha1_base64="FsFmBAEJD6OfuROFn8OxWTps+fs=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9lVUS9CwUuPFfoF7VKyabYNTbJrkhXK0j/hxYMiXv073vw3Zts9aOuDgcd7M8zMC2LOtHHdb6ewtr6xuVXcLu3s7u0flA+P2jpKFKEtEvFIdQOsKWeStgwznHZjRbEIOO0Ek/vM7zxRpVkkm2YaU1/gkWQhI9hYqdscCHSHPD0oV9yqOwdaJV5OKpCjMSh/9YcRSQSVhnCsdc9zY+OnWBlGOJ2V+ommMSYTPKI9SyUWVPvp/N4ZOrPKEIWRsiUNmqu/J1IstJ6KwHYKbMZ62cvE/7xeYsJbP2UyTgyVZLEoTDgyEcqeR0OmKDF8agkmitlbERljhYmxEZVsCN7yy6ukfVH1rquXD1eVWj2PowgncArn4MEN1KAODWgBAQ7P8ApvzqPz4rw7H4vWgpPPHMMfOJ8/qjiPGQ==</latexit>

Tm = 1s



<latexit sha1_base64="waKYGk54HCLQlHjMQE3gS/ZHwVo=">AAAB8nicbVDLSgNBEJz1GeMr6tHLYBA8LbvxeRECXnKMkBdsljA7mU2GzM4sM71CCPkMLx4U8erXePNvnCR70MSChqKqm+6uKBXcgOd9O2vrG5tb24Wd4u7e/sFh6ei4ZVSmKWtSJZTuRMQwwSVrAgfBOqlmJIkEa0ejh5nffmLacCUbME5ZmJCB5DGnBKwUNHoG32PPrVybXqnsud4ceJX4OSmjHPVe6avbVzRLmAQqiDGB76UQTogGTgWbFruZYSmhIzJggaWSJMyEk/nJU3xulT6OlbYlAc/V3xMTkhgzTiLbmRAYmmVvJv7nBRnEd+GEyzQDJuliUZwJDArP/sd9rhkFMbaEUM3trZgOiSYUbEpFG4K//PIqaVVc/8a9fLwqV2t5HAV0is7QBfLRLaqiGqqjJqJIoWf0it4ccF6cd+dj0brm5DMn6A+czx8JU4/R</latexit>

Ts = 0.25s

<latexit sha1_base64="89exMpPCmKK0RyLhLWWl88whuZo=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyqqBch6MVjhLwgWcLsZJIMmZ1dZ3qFsOQnvHhQxKu/482/cZLsQRMLGoqqbrq7glgKg6777eRWVtfWN/Kbha3tnd294v5Bw0SJZrzOIhnpVkANl0LxOgqUvBVrTsNA8mYwupv6zSeujYhUDccx90M6UKIvGEUrtWpdQ26IZ7rFklt2ZyDLxMtICTJUu8WvTi9iScgVMkmNaXtujH5KNQom+aTQSQyPKRvRAW9bqmjIjZ/O7p2QE6v0SD/SthSSmfp7IqWhMeMwsJ0hxaFZ9Kbif147wf61nwoVJ8gVmy/qJ5JgRKbPk57QnKEcW0KZFvZWwoZUU4Y2ooINwVt8eZk0zsreZfn84aJUuc3iyMMRHMMpeHAFFbiHKtSBgYRneIU359F5cd6dj3lrzslmDuEPnM8fsaCPGQ==</latexit>

Ts = 1s

<latexit sha1_base64="VlV8/Y/PDqoBRTSgEMKwGTgxQsI=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgadn1fRECIniMkBcmS5idzCZDZmeWmVkhLPkLLx4U8erfePNvnCR70GhBQ1HVTXdXmHCmjed9OYWl5ZXVteJ6aWNza3unvLvX1DJVhDaI5FK1Q6wpZ4I2DDOcthNFcRxy2gpHN1O/9UiVZlLUzTihQYwHgkWMYGOlh3pPo2vkuee6V654rjcD+kv8nFQgR61X/uz2JUljKgzhWOuO7yUmyLAyjHA6KXVTTRNMRnhAO5YKHFMdZLOLJ+jIKn0USWVLGDRTf05kONZ6HIe2M8ZmqBe9qfif10lNdBVkTCSpoYLMF0UpR0ai6fuozxQlho8twUQxeysiQ6wwMTakkg3BX3z5L2meuP6Fe3p/Vqne5nEU4QAO4Rh8uIQq3EENGkBAwBO8wKujnWfnzXmftxacfGYffsH5+AaVOo+S</latexit>

Ts = 0.5s

<latexit sha1_base64="FsFmBAEJD6OfuROFn8OxWTps+fs=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9lVUS9CwUuPFfoF7VKyabYNTbJrkhXK0j/hxYMiXv073vw3Zts9aOuDgcd7M8zMC2LOtHHdb6ewtr6xuVXcLu3s7u0flA+P2jpKFKEtEvFIdQOsKWeStgwznHZjRbEIOO0Ek/vM7zxRpVkkm2YaU1/gkWQhI9hYqdscCHSHPD0oV9yqOwdaJV5OKpCjMSh/9YcRSQSVhnCsdc9zY+OnWBlGOJ2V+ommMSYTPKI9SyUWVPvp/N4ZOrPKEIWRsiUNmqu/J1IstJ6KwHYKbMZ62cvE/7xeYsJbP2UyTgyVZLEoTDgyEcqeR0OmKDF8agkmitlbERljhYmxEZVsCN7yy6ukfVH1rquXD1eVWj2PowgncArn4MEN1KAODWgBAQ7P8ApvzqPz4rw7H4vWgpPPHMMfOJ8/qjiPGQ==</latexit>

Tm = 1s

good sampling: <latexit sha1_base64="30OUJEJ3jPb2MlEpEwRF83WxNHY=">AAAB9HicdVDLSsNAFJ34rPVVdelmsAiuYpKGtu4Kbrqs0Be0IUymk3boZBJnJoUS+h1uXCji1o9x5984aSuo6IELh3Pu5d57goRRqSzrw9jY3Nre2S3sFfcPDo+OSyenXRmnApMOjlks+gGShFFOOooqRvqJICgKGOkF09vc782IkDTmbTVPiBehMachxUhpyWv7Eg4ZgW0/unb8Utkyb+pVx61Cy7Ssmu3YOXFqbsWFtlZylMEaLb/0PhzFOI0IV5ghKQe2lSgvQ0JRzMiiOEwlSRCeojEZaMpRRKSXLY9ewEutjGAYC11cwaX6fSJDkZTzKNCdEVIT+dvLxb+8QarCupdRnqSKcLxaFKYMqhjmCcARFQQrNtcEYUH1rRBPkEBY6ZyKOoSvT+H/pOuYdtWs3LnlRnMdRwGcgwtwBWxQAw3QBC3QARjcgwfwBJ6NmfFovBivq9YNYz1zBn7AePsEmLmRYA==</latexit>

Ts  Tm/2



<latexit sha1_base64="waKYGk54HCLQlHjMQE3gS/ZHwVo=">AAAB8nicbVDLSgNBEJz1GeMr6tHLYBA8LbvxeRECXnKMkBdsljA7mU2GzM4sM71CCPkMLx4U8erXePNvnCR70MSChqKqm+6uKBXcgOd9O2vrG5tb24Wd4u7e/sFh6ei4ZVSmKWtSJZTuRMQwwSVrAgfBOqlmJIkEa0ejh5nffmLacCUbME5ZmJCB5DGnBKwUNHoG32PPrVybXqnsud4ceJX4OSmjHPVe6avbVzRLmAQqiDGB76UQTogGTgWbFruZYSmhIzJggaWSJMyEk/nJU3xulT6OlbYlAc/V3xMTkhgzTiLbmRAYmmVvJv7nBRnEd+GEyzQDJuliUZwJDArP/sd9rhkFMbaEUM3trZgOiSYUbEpFG4K//PIqaVVc/8a9fLwqV2t5HAV0is7QBfLRLaqiGqqjJqJIoWf0it4ccF6cd+dj0brm5DMn6A+czx8JU4/R</latexit>

Ts = 0.25s

<latexit sha1_base64="89exMpPCmKK0RyLhLWWl88whuZo=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyqqBch6MVjhLwgWcLsZJIMmZ1dZ3qFsOQnvHhQxKu/482/cZLsQRMLGoqqbrq7glgKg6777eRWVtfWN/Kbha3tnd294v5Bw0SJZrzOIhnpVkANl0LxOgqUvBVrTsNA8mYwupv6zSeujYhUDccx90M6UKIvGEUrtWpdQ26IZ7rFklt2ZyDLxMtICTJUu8WvTi9iScgVMkmNaXtujH5KNQom+aTQSQyPKRvRAW9bqmjIjZ/O7p2QE6v0SD/SthSSmfp7IqWhMeMwsJ0hxaFZ9Kbif147wf61nwoVJ8gVmy/qJ5JgRKbPk57QnKEcW0KZFvZWwoZUU4Y2ooINwVt8eZk0zsreZfn84aJUuc3iyMMRHMMpeHAFFbiHKtSBgYRneIU359F5cd6dj3lrzslmDuEPnM8fsaCPGQ==</latexit>

Ts = 1s

<latexit sha1_base64="VlV8/Y/PDqoBRTSgEMKwGTgxQsI=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgadn1fRECIniMkBcmS5idzCZDZmeWmVkhLPkLLx4U8erfePNvnCR70GhBQ1HVTXdXmHCmjed9OYWl5ZXVteJ6aWNza3unvLvX1DJVhDaI5FK1Q6wpZ4I2DDOcthNFcRxy2gpHN1O/9UiVZlLUzTihQYwHgkWMYGOlh3pPo2vkuee6V654rjcD+kv8nFQgR61X/uz2JUljKgzhWOuO7yUmyLAyjHA6KXVTTRNMRnhAO5YKHFMdZLOLJ+jIKn0USWVLGDRTf05kONZ6HIe2M8ZmqBe9qfif10lNdBVkTCSpoYLMF0UpR0ai6fuozxQlho8twUQxeysiQ6wwMTakkg3BX3z5L2meuP6Fe3p/Vqne5nEU4QAO4Rh8uIQq3EENGkBAwBO8wKujnWfnzXmftxacfGYffsH5+AaVOo+S</latexit>

Ts = 0.5s

<latexit sha1_base64="FsFmBAEJD6OfuROFn8OxWTps+fs=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9lVUS9CwUuPFfoF7VKyabYNTbJrkhXK0j/hxYMiXv073vw3Zts9aOuDgcd7M8zMC2LOtHHdb6ewtr6xuVXcLu3s7u0flA+P2jpKFKEtEvFIdQOsKWeStgwznHZjRbEIOO0Ek/vM7zxRpVkkm2YaU1/gkWQhI9hYqdscCHSHPD0oV9yqOwdaJV5OKpCjMSh/9YcRSQSVhnCsdc9zY+OnWBlGOJ2V+ommMSYTPKI9SyUWVPvp/N4ZOrPKEIWRsiUNmqu/J1IstJ6KwHYKbMZ62cvE/7xeYsJbP2UyTgyVZLEoTDgyEcqeR0OmKDF8agkmitlbERljhYmxEZVsCN7yy6ukfVH1rquXD1eVWj2PowgncArn4MEN1KAODWgBAQ7P8ApvzqPz4rw7H4vWgpPPHMMfOJ8/qjiPGQ==</latexit>

Tm = 1s

Nyquist law :
<latexit sha1_base64="Sg1F1XHthdYZSl03SE+ENF16y7U=">AAAB83icdVBNS8NAEN3Ur1q/qh69LBbBU0nS0NZbwUuPFWwtNCFstpt26e4m7G6EEvo3vHhQxKt/xpv/xk1bQUUfDDzem2FmXpQyqrRtf1iljc2t7Z3ybmVv/+DwqHp8MlBJJjHp44QlchghRRgVpK+pZmSYSoJ4xMhdNLsu/Lt7IhVNxK2epyTgaCJoTDHSRvLjUEF/QqAbhzys1uz6Vbvpek1o12275bhOQdyW1/CgY5QCNbBGL6y+++MEZ5wIjRlSauTYqQ5yJDXFjCwqfqZIivAMTcjIUIE4UUG+vHkBL4wyhnEiTQkNl+r3iRxxpeY8Mp0c6an67RXiX94o03E7yKlIM00EXi2KMwZ1AosA4JhKgjWbG4KwpOZWiKdIIqxNTBUTwten8H8ycOtOs9648Wqd7jqOMjgD5+ASOKAFOqALeqAPMEjBA3gCz1ZmPVov1uuqtWStZ07BD1hvn1ffkUY=</latexit>

fs � 2fm



Sampling theorem 
(Shannon/Nyquist/Whitaker/Kotelnikov)

given: • continuous function s(t) 

• s(t) has maximum frequency fm  

• s(t) is sampled with frequency fs

hypothesis: information loss by sampling continuous function s(t)

<latexit sha1_base64="VB9AFgfE+wkunbQuTkwC2N+qJKs=">AAACDXicbVDLSgMxFM3UV62vqks3wSq0IHVGRd0UCrrosoJ9QFuGTJppQzOZIbkjlNJ+gBt/xY0LRdy6d+ffmD4W2nog3MM593JzjxcJrsG2v63E0vLK6lpyPbWxubW9k97dq+owVpRVaChCVfeIZoJLVgEOgtUjxUjgCVbzejdjv/bAlOahvId+xFoB6Ujuc0rASG76SGch14QQm+rK3OhkZEpBNm+ZAIKhIE99V7vpjJ23J8CLxJmRDJqh7Ka/mu2QxgGTQAXRuuHYEbQGRAGngg1TzViziNAe6bCGoZIETLcGk2uG+NgobeyHyjwJeKL+nhiQQOt+4JnOgEBXz3tj8T+vEYN/3RpwGcXAJJ0u8mOBzfXjaHCbK0ZB9A0hVHHzV0y7RBEKJsCUCcGZP3mRVM/yzmX+/O4iUyzN4kiiA3SIsshBV6iISqiMKoiiR/SMXtGb9WS9WO/Wx7Q1Yc1m9tEfWJ8/tkuavQ==</latexit>

s(t) ! s(tn) , tn = n�t = n/fs, i.e.

objective: find sampling frequency fs, for which no information loss occurs

solution:
<latexit sha1_base64="1+4A7l0JCXCslBFSMhh7GN/Pkw4=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqqMeClx4r2A9oQthsN+3S3U3Y3Qgl9G948aCIV/+MN/+N2zYHbX0w8Hhvhpl5UcqZNq777ZQ2Nre2d8q7lb39g8Oj6vFJVyeZIrRDEp6ofoQ15UzSjmGG036qKBYRp71ocj/3e09UaZbIRzNNaSDwSLKYEWys5MehRv6IokYcirBac+vuAmideAWpQYF2WP3yhwnJBJWGcKz1wHNTE+RYGUY4nVX8TNMUkwke0YGlEguqg3xx8wxdWGWI4kTZkgYt1N8TORZaT0VkOwU2Y73qzcX/vEFm4rsgZzLNDJVkuSjOODIJmgeAhkxRYvjUEkwUs7ciMsYKE2NjqtgQvNWX10m3Ufdu6lcP17Vmq4ijDGdwDpfgwS00oQVt6ACBFJ7hFd6czHlx3p2PZWvJKWZO4Q+czx/3wZEE</latexit>

fs � 2fm



comment: in practice it is a good idea to choose
<latexit sha1_base64="XoGgnAoBFfi6Mwafb3rv9In9JUQ=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBbBU0m0qMeClx4r2A9oQthsJ+3S3U3Y3Qgl9G948aCIV/+MN/+N2zYHbX0w8Hhvhpl5UcqZNq777ZQ2Nre2d8q7lb39g8Oj6vFJVyeZotChCU9UPyIaOJPQMcxw6KcKiIg49KLJ/dzvPYHSLJGPZppCIMhIsphRYqzkx6HG/ghwIw5FWK25dXcBvE68gtRQgXZY/fKHCc0ESEM50XrguakJcqIMoxxmFT/TkBI6ISMYWCqJAB3ki5tn+MIqQxwnypY0eKH+nsiJ0HoqItspiBnrVW8u/ucNMhPfBTmTaWZA0uWiOOPYJHgeAB4yBdTwqSWEKmZvxXRMFKHGxlSxIXirL6+T7lXdu6lfPzRqzVYRRxmdoXN0iTx0i5qohdqogyhK0TN6RW9O5rw4787HsrXkFDOn6A+czx/6z5EG</latexit>

fs � 4fm



data sampling

Fourier analysis

linear filters

time-frequency analysis

errors in analysis



all-time assumption: the signal under study is periodic



one period in interval

two periods in interval

three periods in interval

the signal under study is periodic



one period in interval

two periods in interval

three periods in interval

the signal under study is periodic

smallest frequency: 
<latexit sha1_base64="LxrLNNwKz1sBMWEV2bq7wWPNMCg=">AAAB/3icdVDLSsNAFJ3UV62vqODGzWARXIUkDW1dCAVddFmhD6EJZTKdtEMnD2YmQold+CtuXCji1t9w5984aSuo6IELh3Pu5d57/IRRIU3zQyusrK6tbxQ3S1vbO7t7+v5BV8Qpx6SDYxbzGx8JwmhEOpJKRm4STlDoM9LzJ5e537slXNA4astpQrwQjSIaUIykkgb6kXtFmEQwgBfQDTjCmTXL2rOBXjaN83rVdqrQNEyzZtlWTuyaU3GgpZQcZbBEa6C/u8MYpyGJJGZIiL5lJtLLEJcUMzIruakgCcITNCJ9RSMUEuFl8/tn8FQpQxjEXFUk4Vz9PpGhUIhp6KvOEMmx+O3l4l9eP5VB3ctolKSSRHixKEgZlDHMw4BDygmWbKoIwpyqWyEeI5WCVJGVVAhfn8L/Sdc2rKpRuXbKjeYyjiI4BifgDFigBhqgCVqgAzC4Aw/gCTxr99qj9qK9LloL2nLmEPyA9vYJEyqVjQ==</latexit>

�f =
1

T

<latexit sha1_base64="3gvdFOvaVLK8qwcJqnYJN9Q1KIQ=">AAAB9HicdVBdSwJBFJ21L7Mvq8dehiToSXZ1UXsIhHrw0SBT0EVmx7s6ODu7zcwKIv6OXnoootd+TG/9m2bVoKIOXDiccy/33uPHnClt2x9WZm19Y3Mru53b2d3bP8gfHt2pKJEUWjTikez4RAFnAlqaaQ6dWAIJfQ5tf3yV+u0JSMUicaunMXghGQoWMEq0kbygLy5F7xq4Jjjo5wt28aJWKbkVbBdtu+qUnJSUqm7ZxY5RUhTQCs1+/r03iGgSgtCUE6W6jh1rb0akZpTDPNdLFMSEjskQuoYKEoLyZouj5/jMKAMcRNKU0Hihfp+YkVCpaeibzpDokfrtpeJfXjfRQc2bMREnGgRdLgoSjnWE0wTwgEmgmk8NIVQycyumIyIJ1SannAnh61P8P7krFZ1KsXzjFuqNVRxZdIJO0TlyUBXVUQM1UQtRdI8e0BN6tibWo/VivS5bM9Zq5hj9gPX2CX72kfY=</latexit>

fn = n�f



data sampling

Fourier analysis

linear filters

time-frequency analysis

Fourier analysis spectral power

errors in analysis



Fourier series

If a signal s(t) is periodic and continuous in time, then it may be expressed as 



Fourier series

If a signal s(t) is periodic and continuous in time, then it may be expressed as 

<latexit sha1_base64="CPE4QdorqA0bJtY230ddbzIV0Wk="></latexit>

s(t) =
a0
2

+
NX

n=1

an cos(2⇡fnt) + bn sin(2⇡fnt)
<latexit sha1_base64="crBVkwjnlAzLDFtUIgVbDubr+Mc=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0lU1GPBS09SwX5gE8pmu2mXbnbD7kQIof/CiwdFvPpvvPlv3LY5aPXBwOO9GWbmhYngBlz3yymtrK6tb5Q3K1vbO7t71f2DjlGppqxNlVC6FxLDBJesDRwE6yWakTgUrBtObmZ+95Fpw5W8hyxhQUxGkkecErDSw60PyucygmxQrbl1dw78l3gFqaECrUH10x8qmsZMAhXEmL7nJhDkRAOngk0rfmpYQuiEjFjfUkliZoJ8fvEUn1hliCOlbUnAc/XnRE5iY7I4tJ0xgbFZ9mbif14/heg6yLlMUmCSLhZFqcCg8Ox9POSaURCZJYRqbm/FdEw0oWBDqtgQvOWX/5LOWd27rJ/fXdQazSKOMjpCx+gUeegKNVATtVAbUSTRE3pBr45xnp03533RWnKKmUP0C87HN7+ikP8=</latexit>

N ! 1
<latexit sha1_base64="zk0tXo5wl1hSIGl78Z3L6+jI9Fg=">AAAB/nicbVDLSgMxFM3UV62vUXHlJlgEF1JmVNRlwU2XVewDOsOQpJk2NJMZkoxQhoq/4saFIm79Dnf+jZl2Ftp6IHA4517uycEJZ0o7zrdVWlpeWV0rr1c2Nre2d+zdvbaKU0loi8Q8ll2MFOVM0JZmmtNuIimKMKcdPLrJ/c4DlYrF4l6PE+pHaCBYyAjSRgrsAxSI00ccCI8JL0J6iHF2NwnsqlNzpoCLxC1IFRRoBvaX149JGlGhCUdK9Vwn0X6GpGaE00nFSxVNEBmhAe0ZKlBElZ9N40/gsVH6MIyleULDqfp7I0ORUuMIm8k8oZr3cvE/r5fq8NrPmEhSTQWZHQpTDnUM8y5gn0lKNB8bgohkJiskQyQR0aaxiinBnf/yImmf1dzL2vntRbXeKOoog0NwBE6AC65AHTRAE7QAARl4Bq/gzXqyXqx362M2WrKKnX3wB9bnD3h1ldk=</latexit>

an, bn 2 R (an, bn are real)



Fourier series

If a signal s(t) is periodic and continuous in time, then it may be expressed as 

<latexit sha1_base64="CPE4QdorqA0bJtY230ddbzIV0Wk="></latexit>

s(t) =
a0
2

+
NX

n=1

an cos(2⇡fnt) + bn sin(2⇡fnt)

Fourier analysis describes a signal as a sum of periodic sinusoidal functions

<latexit sha1_base64="crBVkwjnlAzLDFtUIgVbDubr+Mc=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0lU1GPBS09SwX5gE8pmu2mXbnbD7kQIof/CiwdFvPpvvPlv3LY5aPXBwOO9GWbmhYngBlz3yymtrK6tb5Q3K1vbO7t71f2DjlGppqxNlVC6FxLDBJesDRwE6yWakTgUrBtObmZ+95Fpw5W8hyxhQUxGkkecErDSw60PyucygmxQrbl1dw78l3gFqaECrUH10x8qmsZMAhXEmL7nJhDkRAOngk0rfmpYQuiEjFjfUkliZoJ8fvEUn1hliCOlbUnAc/XnRE5iY7I4tJ0xgbFZ9mbif14/heg6yLlMUmCSLhZFqcCg8Ox9POSaURCZJYRqbm/FdEw0oWBDqtgQvOWX/5LOWd27rJ/fXdQazSKOMjpCx+gUeegKNVATtVAbUSTRE3pBr45xnp03533RWnKKmUP0C87HN7+ikP8=</latexit>

N ! 1
<latexit sha1_base64="zk0tXo5wl1hSIGl78Z3L6+jI9Fg=">AAAB/nicbVDLSgMxFM3UV62vUXHlJlgEF1JmVNRlwU2XVewDOsOQpJk2NJMZkoxQhoq/4saFIm79Dnf+jZl2Ftp6IHA4517uycEJZ0o7zrdVWlpeWV0rr1c2Nre2d+zdvbaKU0loi8Q8ll2MFOVM0JZmmtNuIimKMKcdPLrJ/c4DlYrF4l6PE+pHaCBYyAjSRgrsAxSI00ccCI8JL0J6iHF2NwnsqlNzpoCLxC1IFRRoBvaX149JGlGhCUdK9Vwn0X6GpGaE00nFSxVNEBmhAe0ZKlBElZ9N40/gsVH6MIyleULDqfp7I0ORUuMIm8k8oZr3cvE/r5fq8NrPmEhSTQWZHQpTDnUM8y5gn0lKNB8bgohkJiskQyQR0aaxiinBnf/yImmf1dzL2vntRbXeKOoog0NwBE6AC65AHTRAE7QAARl4Bq/gzXqyXqx362M2WrKKnX3wB9bnD3h1ldk=</latexit>

an, bn 2 R (an, bn are real)



Fourier series

If a signal s(t) is periodic and continuous in time, then it may be expressed as 

<latexit sha1_base64="CPE4QdorqA0bJtY230ddbzIV0Wk="></latexit>

s(t) =
a0
2

+
NX

n=1

an cos(2⇡fnt) + bn sin(2⇡fnt)

Fourier analysis describes a signal as a sum of periodic sinusoidal functions

<latexit sha1_base64="crBVkwjnlAzLDFtUIgVbDubr+Mc=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0lU1GPBS09SwX5gE8pmu2mXbnbD7kQIof/CiwdFvPpvvPlv3LY5aPXBwOO9GWbmhYngBlz3yymtrK6tb5Q3K1vbO7t71f2DjlGppqxNlVC6FxLDBJesDRwE6yWakTgUrBtObmZ+95Fpw5W8hyxhQUxGkkecErDSw60PyucygmxQrbl1dw78l3gFqaECrUH10x8qmsZMAhXEmL7nJhDkRAOngk0rfmpYQuiEjFjfUkliZoJ8fvEUn1hliCOlbUnAc/XnRE5iY7I4tJ0xgbFZ9mbif14/heg6yLlMUmCSLhZFqcCg8Ox9POSaURCZJYRqbm/FdEw0oWBDqtgQvOWX/5LOWd27rJ/fXdQazSKOMjpCx+gUeegKNVATtVAbUSTRE3pBr45xnp03533RWnKKmUP0C87HN7+ikP8=</latexit>

N ! 1
<latexit sha1_base64="zk0tXo5wl1hSIGl78Z3L6+jI9Fg=">AAAB/nicbVDLSgMxFM3UV62vUXHlJlgEF1JmVNRlwU2XVewDOsOQpJk2NJMZkoxQhoq/4saFIm79Dnf+jZl2Ftp6IHA4517uycEJZ0o7zrdVWlpeWV0rr1c2Nre2d+zdvbaKU0loi8Q8ll2MFOVM0JZmmtNuIimKMKcdPLrJ/c4DlYrF4l6PE+pHaCBYyAjSRgrsAxSI00ccCI8JL0J6iHF2NwnsqlNzpoCLxC1IFRRoBvaX149JGlGhCUdK9Vwn0X6GpGaE00nFSxVNEBmhAe0ZKlBElZ9N40/gsVH6MIyleULDqfp7I0ORUuMIm8k8oZr3cvE/r5fq8NrPmEhSTQWZHQpTDnUM8y5gn0lKNB8bgohkJiskQyQR0aaxiinBnf/yImmf1dzL2vntRbXeKOoog0NwBE6AC65AHTRAE7QAARl4Bq/gzXqyXqx362M2WrKKnX3wB9bnD3h1ldk=</latexit>

an, bn 2 R

<latexit sha1_base64="Z9yP8dhNwtTS3iJcIJb7xtjH9eA=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiQq6rLQTZcV7AOaECbTSTt0Mgkzk0IJ/RM3LhRx65+482+ctFlo9cDA4Zx7uWdOmHKmtON8WZWNza3tnepubW//4PDIPj7pqSSThHZJwhM5CLGinAna1UxzOkglxXHIaT+ctgq/P6NSsUQ86nlK/RiPBYsYwdpIgW2TQHhMeDHWkzDMW4vArjsNZwn0l7glqUOJTmB/eqOEZDEVmnCs1NB1Uu3nWGpGOF3UvEzRFJMpHtOhoQLHVPn5MvkCXRhlhKJEmic0Wqo/N3IcKzWPQzNZJFTrXiH+5w0zHd37ORNppqkgq0NRxpFOUFEDGjFJieZzQzCRzGRFZIIlJtqUVTMluOtf/kt6Vw33tnH9cFNvtss6qnAG53AJLtxBE9rQgS4QmMETvMCrlVvP1pv1vhqtWOXOKfyC9fENvL+TwQ==</latexit>

cn 2 C

(an, bn are real)

(cn are complex)equivalent formulation:

<latexit sha1_base64="mVKkxx+Jz1X3AUq26RXwIm5V034=">AAACE3icbVA9SwNBEN2L3/ErammzGIQoGO6iqI0g2KQKCsYIuXjsbfaSJXt7y+6cGI78Bxv/io2FIrY2dv4bNzGFGh8MPN6bYWZeqAQ34LqfTm5qemZ2bn4hv7i0vLJaWFu/MkmqKavTRCT6OiSGCS5ZHTgIdq00I3EoWCPsnQ39xi3ThifyEvqKtWLSkTzilICVgsKuKcGOT5TSyZ1v0jjI5MlebXBTwzSQ7CbjFV9xHAUSBkGh6JbdEfAk8cakiMY4DwoffjuhacwkUEGMaXquglZGNHAq2CDvp4YpQnukw5qWShIz08pGPw3wtlXaOEq0LQl4pP6cyEhsTD8ObWdMoGv+ekPxP6+ZQnTcyrhUKTBJvxdFqcCQ4GFAuM01oyD6lhCqub0V0y7RhIKNMW9D8P6+PEmuKmXvsLx/cVA8rY7jmEebaAuVkIeO0CmqonNURxTdo0f0jF6cB+fJeXXevltzznhmA/2C8/4FnnOeBw==</latexit>

s(t) ⇡
NX

n=�N

cne
i2⇡fnt

N to be chosen



approximation by different number of Fourier modes



time

approximation by different number of Fourier modes N



time

approximation by different number of Fourier modes N

bad approximation

better approximation

good approximation



coefficients an, bn or cn estimates the contribution  of Fourier mode n to signal



If signal is sampled with 
<latexit sha1_base64="9mlZuVZUWtdoNoTut1PW8rdxP8I=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXNVERd0UCrrosoJ9QBPCZDpph0wezNwIpdSNv+LGhSJu/Qt3/o3TNgttPTBwOOde7pzjp4IrsKxvo7C0vLK6VlwvbWxube+Yu3stlWSSsiZNRCI7PlFM8Jg1gYNgnVQyEvmCtf3wZuK3H5hUPInvYZgyNyL9mAecEtCSZx6AAwkGL6yGzi0TQDBUw9PAU55ZtirWFHiR2DkpoxwNz/xyegnNIhYDFUSprm2l4I6IBE4FG5ecTLGU0JD0WVfTmERMuaNpgjE+1koPB4nULwY8VX9vjEik1DDy9WREYKDmvYn4n9fNILh2RzxOM2AxnR0KMoEnoXUduMcloyCGmhAquf4rpgMiCQVdWkmXYM9HXiSts4p9WTm/uyjX6nkdRXSIjtAJstEVqqE6aqAmougRPaNX9GY8GS/Gu/ExGy0Y+c4++gPj8wd7uJZL</latexit>

t ! tk = k�t = k/fs

coefficients an, bn or cn estimates the contribution  of Fourier mode n to signal

with N sample points



If signal is sampled with 

Discrete Fourier Transform (DFT)

<latexit sha1_base64="9mlZuVZUWtdoNoTut1PW8rdxP8I=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXNVERd0UCrrosoJ9QBPCZDpph0wezNwIpdSNv+LGhSJu/Qt3/o3TNgttPTBwOOde7pzjp4IrsKxvo7C0vLK6VlwvbWxube+Yu3stlWSSsiZNRCI7PlFM8Jg1gYNgnVQyEvmCtf3wZuK3H5hUPInvYZgyNyL9mAecEtCSZx6AAwkGL6yGzi0TQDBUw9PAU55ZtirWFHiR2DkpoxwNz/xyegnNIhYDFUSprm2l4I6IBE4FG5ecTLGU0JD0WVfTmERMuaNpgjE+1koPB4nULwY8VX9vjEik1DDy9WREYKDmvYn4n9fNILh2RzxOM2AxnR0KMoEnoXUduMcloyCGmhAquf4rpgMiCQVdWkmXYM9HXiSts4p9WTm/uyjX6nkdRXSIjtAJstEVqqE6aqAmougRPaNX9GY8GS/Gu/ExGy0Y+c4++gPj8wd7uJZL</latexit>

t ! tk = k�t = k/fs

time frequency

<latexit sha1_base64="ckLDRJOguySa1TVJEVLDNxp8y1k="></latexit>

cn =
NX

k=1

s(tk)e
�i2⇡nk/N

coefficients an, bn or cn estimates the contribution  of Fourier mode n to signal

with N sample points



If signal is sampled with 

Discrete Fourier Transform (DFT)

<latexit sha1_base64="9mlZuVZUWtdoNoTut1PW8rdxP8I=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXNVERd0UCrrosoJ9QBPCZDpph0wezNwIpdSNv+LGhSJu/Qt3/o3TNgttPTBwOOde7pzjp4IrsKxvo7C0vLK6VlwvbWxube+Yu3stlWSSsiZNRCI7PlFM8Jg1gYNgnVQyEvmCtf3wZuK3H5hUPInvYZgyNyL9mAecEtCSZx6AAwkGL6yGzi0TQDBUw9PAU55ZtirWFHiR2DkpoxwNz/xyegnNIhYDFUSprm2l4I6IBE4FG5ecTLGU0JD0WVfTmERMuaNpgjE+1koPB4nULwY8VX9vjEik1DDy9WREYKDmvYn4n9fNILh2RzxOM2AxnR0KMoEnoXUduMcloyCGmhAquf4rpgMiCQVdWkmXYM9HXiSts4p9WTm/uyjX6nkdRXSIjtAJstEVqqE6aqAmougRPaNX9GY8GS/Gu/ExGy0Y+c4++gPj8wd7uJZL</latexit>

t ! tk = k�t = k/fs

<latexit sha1_base64="NH/4OVblSBtEoAmv837gWELFS1Y="></latexit>

s(tk) =
1

N

N/2X

n=�N/2

cne
i2⇡nk/N

time frequency

time frequency

<latexit sha1_base64="ckLDRJOguySa1TVJEVLDNxp8y1k="></latexit>

cn =
NX

k=1

s(tk)e
�i2⇡nk/N

coefficients an, bn or cn estimates the contribution  of Fourier mode n to signal

with N sample points



If signal is sampled with 

Discrete Fourier Transform (DFT)

<latexit sha1_base64="9mlZuVZUWtdoNoTut1PW8rdxP8I=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXNVERd0UCrrosoJ9QBPCZDpph0wezNwIpdSNv+LGhSJu/Qt3/o3TNgttPTBwOOde7pzjp4IrsKxvo7C0vLK6VlwvbWxube+Yu3stlWSSsiZNRCI7PlFM8Jg1gYNgnVQyEvmCtf3wZuK3H5hUPInvYZgyNyL9mAecEtCSZx6AAwkGL6yGzi0TQDBUw9PAU55ZtirWFHiR2DkpoxwNz/xyegnNIhYDFUSprm2l4I6IBE4FG5ecTLGU0JD0WVfTmERMuaNpgjE+1koPB4nULwY8VX9vjEik1DDy9WREYKDmvYn4n9fNILh2RzxOM2AxnR0KMoEnoXUduMcloyCGmhAquf4rpgMiCQVdWkmXYM9HXiSts4p9WTm/uyjX6nkdRXSIjtAJstEVqqE6aqAmougRPaNX9GY8GS/Gu/ExGy0Y+c4++gPj8wd7uJZL</latexit>

t ! tk = k�t = k/fs

<latexit sha1_base64="NH/4OVblSBtEoAmv837gWELFS1Y="></latexit>

s(tk) =
1

N

N/2X

n=�N/2

cne
i2⇡nk/N

time frequency

time frequency

<latexit sha1_base64="ckLDRJOguySa1TVJEVLDNxp8y1k="></latexit>

cn =
NX

k=1

s(tk)e
�i2⇡nk/N

<latexit sha1_base64="nlCZ0holBk+S0M+LyQkZMob6gZw=">AAAB/HicbVBNS8NAEJ3Ur1q/oj16WSyCp5qoqJdCQQ89VugXtCFstpt26WYTdjdCKfWvePGgiFd/iDf/jds2B219MPB4b4aZeUHCmdKO823l1tY3Nrfy24Wd3b39A/vwqKXiVBLaJDGPZSfAinImaFMzzWknkRRHAaftYHQ389uPVCoWi4YeJ9SL8ECwkBGsjeTbxdAXFdG7p1xjFKIKEucN3y45ZWcOtErcjJQgQ923v3r9mKQRFZpwrFTXdRLtTbDUjHA6LfRSRRNMRnhAu4YKHFHlTebHT9GpUfoojKUpodFc/T0xwZFS4ygwnRHWQ7XszcT/vG6qw1tvwkSSairIYlGYcqRjNEsC9ZmkRPOxIZhIZm5FZIglJtrkVTAhuMsvr5LWRdm9Ll8+XJWqtSyOPBzDCZyBCzdQhRrUoQkExvAMr/BmPVkv1rv1sWjNWdlMEf7A+vwBvv6Tjw==</latexit>

fn = n�f = n/T

coefficients an, bn or cn estimates the contribution  of Fourier mode n to signal

with N sample points



data sampling

Fourier analysis

errors in analysis

linear filters

time-frequency analysis

Fourier analysis spectral power



<latexit sha1_base64="NH/4OVblSBtEoAmv837gWELFS1Y="></latexit>

s(tk) =
1

N

N/2X

n=�N/2

cne
i2⇡nk/N



<latexit sha1_base64="NH/4OVblSBtEoAmv837gWELFS1Y="></latexit>

s(tk) =
1

N

N/2X

n=�N/2

cne
i2⇡nk/N <latexit sha1_base64="LOptFLf7lDBmnWtInD2AFq9GAbI=">AAAB83icdVDLSsNAFJ34rPVVdelmsAgiGJI0tHUhFNx0WcE+oI1hMp20QyeTMDMRSuhvuHGhiFt/xp1/46StoKIHLhzOuZd77wkSRqWyrA9jZXVtfWOzsFXc3tnd2y8dHHZknApM2jhmsegFSBJGOWkrqhjpJYKgKGCkG0yuc797T4SkMb9V04R4ERpxGlKMlJYG2M8u+OwK+/zu3C+VLfOyXnXcKrRMy6rZjp0Tp+ZWXGhrJUcZLNHyS++DYYzTiHCFGZKyb1uJ8jIkFMWMzIqDVJIE4Qkakb6mHEVEetn85hk81coQhrHQxRWcq98nMhRJOY0C3RkhNZa/vVz8y+unKqx7GeVJqgjHi0VhyqCKYR4AHFJBsGJTTRAWVN8K8RgJhJWOqahD+PoU/k86jmlXzcqNW240l3EUwDE4AWfABjXQAE3QAm2AQQIewBN4NlLj0XgxXhetK8Zy5gj8gPH2CcRikYw=</latexit>

c�n = c⇤n
<latexit sha1_base64="wC1QN65WXduLnaujy099WXcphdc=">AAAB9XicdVDLSsNAFJ34rPVVdelmsAhuDEka2roQCm66rGAf0MYymU7aoZNJmJkoJe1/uHGhiFv/xZ1/46StoKIHLhzOuZd77/FjRqWyrA9jZXVtfWMzt5Xf3tnd2y8cHLZklAhMmjhikej4SBJGOWkqqhjpxIKg0Gek7Y+vMr99R4SkEb9Rk5h4IRpyGlCMlJZup7ifnvPZ9FITPu0XipZ5US07bhlapmVVbMfOiFNxSy60tZKhCJZo9AvvvUGEk5BwhRmSsmtbsfJSJBTFjMzyvUSSGOExGpKuphyFRHrp/OoZPNXKAAaR0MUVnKvfJ1IUSjkJfd0ZIjWSv71M/MvrJiqoeinlcaIIx4tFQcKgimAWARxQQbBiE00QFlTfCvEICYSVDiqvQ/j6FP5PWo5pl83StVus1Zdx5MAxOAFnwAYVUAN10ABNgIEAD+AJPBv3xqPxYrwuWleM5cwR+AHj7RM8EJMI</latexit>

|c�n| = |cn|



<latexit sha1_base64="NH/4OVblSBtEoAmv837gWELFS1Y="></latexit>

s(tk) =
1

N

N/2X

n=�N/2

cne
i2⇡nk/N <latexit sha1_base64="LOptFLf7lDBmnWtInD2AFq9GAbI=">AAAB83icdVDLSsNAFJ34rPVVdelmsAgiGJI0tHUhFNx0WcE+oI1hMp20QyeTMDMRSuhvuHGhiFt/xp1/46StoKIHLhzOuZd77wkSRqWyrA9jZXVtfWOzsFXc3tnd2y8dHHZknApM2jhmsegFSBJGOWkrqhjpJYKgKGCkG0yuc797T4SkMb9V04R4ERpxGlKMlJYG2M8u+OwK+/zu3C+VLfOyXnXcKrRMy6rZjp0Tp+ZWXGhrJUcZLNHyS++DYYzTiHCFGZKyb1uJ8jIkFMWMzIqDVJIE4Qkakb6mHEVEetn85hk81coQhrHQxRWcq98nMhRJOY0C3RkhNZa/vVz8y+unKqx7GeVJqgjHi0VhyqCKYR4AHFJBsGJTTRAWVN8K8RgJhJWOqahD+PoU/k86jmlXzcqNW240l3EUwDE4AWfABjXQAE3QAm2AQQIewBN4NlLj0XgxXhetK8Zy5gj8gPH2CcRikYw=</latexit>

c�n = c⇤n
<latexit sha1_base64="wC1QN65WXduLnaujy099WXcphdc=">AAAB9XicdVDLSsNAFJ34rPVVdelmsAhuDEka2roQCm66rGAf0MYymU7aoZNJmJkoJe1/uHGhiFv/xZ1/46StoKIHLhzOuZd77/FjRqWyrA9jZXVtfWMzt5Xf3tnd2y8cHLZklAhMmjhikej4SBJGOWkqqhjpxIKg0Gek7Y+vMr99R4SkEb9Rk5h4IRpyGlCMlJZup7ifnvPZ9FITPu0XipZ5US07bhlapmVVbMfOiFNxSy60tZKhCJZo9AvvvUGEk5BwhRmSsmtbsfJSJBTFjMzyvUSSGOExGpKuphyFRHrp/OoZPNXKAAaR0MUVnKvfJ1IUSjkJfd0ZIjWSv71M/MvrJiqoeinlcaIIx4tFQcKgimAWARxQQbBiE00QFlTfCvEICYSVDiqvQ/j6FP5PWo5pl83StVus1Zdx5MAxOAFnwAYVUAN10ABNgIEAD+AJPBv3xqPxYrwuWleM5cwR+AHj7RM8EJMI</latexit>

|c�n| = |cn|

time step k

Fourier number n

<latexit sha1_base64="RRNLi1yv+dVnwcNfpP64xzmpeas=">AAACDnicbVDJSgNBEO1xjXGLevTSGAIJQpgZRb0IAS85RjALZIahp9OTNOlZ6K4RwpAv8OKvePGgiFfP3vwbO8shJj4oeLxXRVU9PxFcgWn+GGvrG5tb27md/O7e/sFh4ei4peJUUtaksYhlxyeKCR6xJnAQrJNIRkJfsLY/vJv47UcmFY+jBxglzA1JP+IBpwS05BVKqgyVW4fGqmw7CceBZ0Hl3F4UbKh4haJZNafAq8SakyKao+EVvp1eTNOQRUAFUaprmQm4GZHAqWDjvJMqlhA6JH3W1TQiIVNuNn1njEta6eEglroiwFN1cSIjoVKj0NedIYGBWvYm4n9eN4Xgxs14lKTAIjpbFKQCQ4wn2eAel4yCGGlCqOT6VkwHRBIKOsG8DsFafnmVtOyqdVW9uL8s1urzOHLoFJ2hMrLQNaqhOmqgJqLoCb2gN/RuPBuvxofxOWtdM+YzJ+gPjK9fTECZxA==</latexit>

s(t) = cos(2⇡f1t) + 2 cos(2⇡f2t)
<latexit sha1_base64="SYsUbCDOw/8q1odl+Wn284B6Ufk=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEFxKS+twUCm6yrGAf0IYwmU7aoZNJmJkIbWjxV9y4UMSt3+HOv3H6WGjrgQuHc+7l3nuChFGpbPvbyK2srq1v5DcLW9s7u3vm/kFdxqnApIZjFotmgCRhlJOaooqRZiIIigJGGkH/buI3HomQNOYPapAQL0JdTkOKkdKSbx6FvlO2rSt3OD4fh36p7Fi2O/TNom3ZU8Bl4sxJEcxR9c2vdifGaUS4wgxJ2XLsRHkZEopiRkaFdipJgnAfdUlLU44iIr1sev4InmqlA8NY6OIKTtXfExmKpBxEge6MkOrJRW8i/ue1UhXeehnlSaoIx7NFYcqgiuEkC9ihgmDFBpogLKi+FeIeEggrnVhBh+AsvrxM6iXLubYu7i+LFXceRx4cgxNwBhxwAyrABVVQAxhk4Bm8gjfjyXgx3o2PWWvOmM8cgj8wPn8AN72TwA==</latexit>

f1 = 0.5Hz , f2 = 1.0Hz

5

<latexit sha1_base64="S1vkHTvDySyKxPfhy7q9sxpe0/s=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU1GPBS48VTC20oWy223bpZhN2J0JJ+xu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNHGqGfdZLGPdCqnhUijuo0DJW4nmNAolfwxHdzP/8YlrI2L1gOOEBxEdKNEXjKKV/Anrqkm3XHGr7hxklXg5qUCORrf81enFLI24QiapMW3PTTDIqEbBJJ+WOqnhCWUjOuBtSxWNuAmy+bFTcmaVHunH2pZCMld/T2Q0MmYchbYzojg0y95M/M9rp9i/DTKhkhS5YotF/VQSjMnsc9ITmjOUY0so08LeStiQasrQ5lOyIXjLL6+S5kXVu65e3l9VavU8jiKcwCmcgwc3UIM6NMAHBgKe4RXeHOW8OO/Ox6K14OQzx/AHzucPEYCO4g==</latexit> |c
n
|

<latexit sha1_base64="ZT6dt1X3fKHl+w7BUursWXHVOFM=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0lU1GPBS48V7Ae0oWy2m3bpbhJ2J0Ip/QtePCji1T/kzX/jps1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpYh4EwVK3kk0pyqQvB2M7zO//cS1EXH0iJOE+4oOIxEKRjGTTAUv+qWyW3XnIKvEy0kZcjT6pa/eIGap4hEySY3pem6C/pRqFEzyWbGXGp5QNqZD3rU0ooobfzq/dUbOrTIgYaxtRUjm6u+JKVXGTFRgOxXFkVn2MvE/r5tieOdPRZSkyCO2WBSmkmBMssfJQGjOUE4soUwLeythI6opQxtP0YbgLb+8SlqXVe+mevVwXa7V8zgKcApnUAEPbqEGdWhAExiM4Ble4c1Rzovz7nwsWtecfOYE/sD5/AF+kI3o</latexit> s(
t)

Fourier_1.py



<latexit sha1_base64="NH/4OVblSBtEoAmv837gWELFS1Y="></latexit>

s(tk) =
1

N

N/2X

n=�N/2

cne
i2⇡nk/N <latexit sha1_base64="LOptFLf7lDBmnWtInD2AFq9GAbI=">AAAB83icdVDLSsNAFJ34rPVVdelmsAgiGJI0tHUhFNx0WcE+oI1hMp20QyeTMDMRSuhvuHGhiFt/xp1/46StoKIHLhzOuZd77wkSRqWyrA9jZXVtfWOzsFXc3tnd2y8dHHZknApM2jhmsegFSBJGOWkrqhjpJYKgKGCkG0yuc797T4SkMb9V04R4ERpxGlKMlJYG2M8u+OwK+/zu3C+VLfOyXnXcKrRMy6rZjp0Tp+ZWXGhrJUcZLNHyS++DYYzTiHCFGZKyb1uJ8jIkFMWMzIqDVJIE4Qkakb6mHEVEetn85hk81coQhrHQxRWcq98nMhRJOY0C3RkhNZa/vVz8y+unKqx7GeVJqgjHi0VhyqCKYR4AHFJBsGJTTRAWVN8K8RgJhJWOqahD+PoU/k86jmlXzcqNW240l3EUwDE4AWfABjXQAE3QAm2AQQIewBN4NlLj0XgxXhetK8Zy5gj8gPH2CcRikYw=</latexit>

c�n = c⇤n
<latexit sha1_base64="wC1QN65WXduLnaujy099WXcphdc=">AAAB9XicdVDLSsNAFJ34rPVVdelmsAhuDEka2roQCm66rGAf0MYymU7aoZNJmJkoJe1/uHGhiFv/xZ1/46StoKIHLhzOuZd77/FjRqWyrA9jZXVtfWMzt5Xf3tnd2y8cHLZklAhMmjhikej4SBJGOWkqqhjpxIKg0Gek7Y+vMr99R4SkEb9Rk5h4IRpyGlCMlJZup7ifnvPZ9FITPu0XipZ5US07bhlapmVVbMfOiFNxSy60tZKhCJZo9AvvvUGEk5BwhRmSsmtbsfJSJBTFjMzyvUSSGOExGpKuphyFRHrp/OoZPNXKAAaR0MUVnKvfJ1IUSjkJfd0ZIjWSv71M/MvrJiqoeinlcaIIx4tFQcKgimAWARxQQbBiE00QFlTfCvEICYSVDiqvQ/j6FP5PWo5pl83StVus1Zdx5MAxOAFnwAYVUAN10ABNgIEAD+AJPBv3xqPxYrwuWleM5cwR+AHj7RM8EJMI</latexit>

|c�n| = |cn|

time step k

Fourier number n

• duration T=10s 

• fs=10Hz

<latexit sha1_base64="RRNLi1yv+dVnwcNfpP64xzmpeas=">AAACDnicbVDJSgNBEO1xjXGLevTSGAIJQpgZRb0IAS85RjALZIahp9OTNOlZ6K4RwpAv8OKvePGgiFfP3vwbO8shJj4oeLxXRVU9PxFcgWn+GGvrG5tb27md/O7e/sFh4ei4peJUUtaksYhlxyeKCR6xJnAQrJNIRkJfsLY/vJv47UcmFY+jBxglzA1JP+IBpwS05BVKqgyVW4fGqmw7CceBZ0Hl3F4UbKh4haJZNafAq8SakyKao+EVvp1eTNOQRUAFUaprmQm4GZHAqWDjvJMqlhA6JH3W1TQiIVNuNn1njEta6eEglroiwFN1cSIjoVKj0NedIYGBWvYm4n9eN4Xgxs14lKTAIjpbFKQCQ4wn2eAel4yCGGlCqOT6VkwHRBIKOsG8DsFafnmVtOyqdVW9uL8s1urzOHLoFJ2hMrLQNaqhOmqgJqLoCb2gN/RuPBuvxofxOWtdM+YzJ+gPjK9fTECZxA==</latexit>

s(t) = cos(2⇡f1t) + 2 cos(2⇡f2t)
<latexit sha1_base64="SYsUbCDOw/8q1odl+Wn284B6Ufk=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEFxKS+twUCm6yrGAf0IYwmU7aoZNJmJkIbWjxV9y4UMSt3+HOv3H6WGjrgQuHc+7l3nuChFGpbPvbyK2srq1v5DcLW9s7u3vm/kFdxqnApIZjFotmgCRhlJOaooqRZiIIigJGGkH/buI3HomQNOYPapAQL0JdTkOKkdKSbx6FvlO2rSt3OD4fh36p7Fi2O/TNom3ZU8Bl4sxJEcxR9c2vdifGaUS4wgxJ2XLsRHkZEopiRkaFdipJgnAfdUlLU44iIr1sev4InmqlA8NY6OIKTtXfExmKpBxEge6MkOrJRW8i/ue1UhXeehnlSaoIx7NFYcqgiuEkC9ihgmDFBpogLKi+FeIeEggrnVhBh+AsvrxM6iXLubYu7i+LFXceRx4cgxNwBhxwAyrABVVQAxhk4Bm8gjfjyXgx3o2PWWvOmM8cgj8wPn8AN72TwA==</latexit>

f1 = 0.5Hz , f2 = 1.0Hz

5

<latexit sha1_base64="S1vkHTvDySyKxPfhy7q9sxpe0/s=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU1GPBS48VTC20oWy223bpZhN2J0JJ+xu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNHGqGfdZLGPdCqnhUijuo0DJW4nmNAolfwxHdzP/8YlrI2L1gOOEBxEdKNEXjKKV/Anrqkm3XHGr7hxklXg5qUCORrf81enFLI24QiapMW3PTTDIqEbBJJ+WOqnhCWUjOuBtSxWNuAmy+bFTcmaVHunH2pZCMld/T2Q0MmYchbYzojg0y95M/M9rp9i/DTKhkhS5YotF/VQSjMnsc9ITmjOUY0so08LeStiQasrQ5lOyIXjLL6+S5kXVu65e3l9VavU8jiKcwCmcgwc3UIM6NMAHBgKe4RXeHOW8OO/Ox6K14OQzx/AHzucPEYCO4g==</latexit> |c
n
|

<latexit sha1_base64="ZT6dt1X3fKHl+w7BUursWXHVOFM=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0lU1GPBS48V7Ae0oWy2m3bpbhJ2J0Ip/QtePCji1T/kzX/jps1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpYh4EwVK3kk0pyqQvB2M7zO//cS1EXH0iJOE+4oOIxEKRjGTTAUv+qWyW3XnIKvEy0kZcjT6pa/eIGap4hEySY3pem6C/pRqFEzyWbGXGp5QNqZD3rU0ooobfzq/dUbOrTIgYaxtRUjm6u+JKVXGTFRgOxXFkVn2MvE/r5tieOdPRZSkyCO2WBSmkmBMssfJQGjOUE4soUwLeythI6opQxtP0YbgLb+8SlqXVe+mevVwXa7V8zgKcApnUAEPbqEGdWhAExiM4Ble4c1Rzovz7nwsWtecfOYE/sD5/AF+kI3o</latexit> s(
t)

Fourier_1.py



<latexit sha1_base64="NH/4OVblSBtEoAmv837gWELFS1Y="></latexit>

s(tk) =
1

N

N/2X

n=�N/2

cne
i2⇡nk/N <latexit sha1_base64="LOptFLf7lDBmnWtInD2AFq9GAbI=">AAAB83icdVDLSsNAFJ34rPVVdelmsAgiGJI0tHUhFNx0WcE+oI1hMp20QyeTMDMRSuhvuHGhiFt/xp1/46StoKIHLhzOuZd77wkSRqWyrA9jZXVtfWOzsFXc3tnd2y8dHHZknApM2jhmsegFSBJGOWkrqhjpJYKgKGCkG0yuc797T4SkMb9V04R4ERpxGlKMlJYG2M8u+OwK+/zu3C+VLfOyXnXcKrRMy6rZjp0Tp+ZWXGhrJUcZLNHyS++DYYzTiHCFGZKyb1uJ8jIkFMWMzIqDVJIE4Qkakb6mHEVEetn85hk81coQhrHQxRWcq98nMhRJOY0C3RkhNZa/vVz8y+unKqx7GeVJqgjHi0VhyqCKYR4AHFJBsGJTTRAWVN8K8RgJhJWOqahD+PoU/k86jmlXzcqNW240l3EUwDE4AWfABjXQAE3QAm2AQQIewBN4NlLj0XgxXhetK8Zy5gj8gPH2CcRikYw=</latexit>

c�n = c⇤n
<latexit sha1_base64="wC1QN65WXduLnaujy099WXcphdc=">AAAB9XicdVDLSsNAFJ34rPVVdelmsAhuDEka2roQCm66rGAf0MYymU7aoZNJmJkoJe1/uHGhiFv/xZ1/46StoKIHLhzOuZd77/FjRqWyrA9jZXVtfWMzt5Xf3tnd2y8cHLZklAhMmjhikej4SBJGOWkqqhjpxIKg0Gek7Y+vMr99R4SkEb9Rk5h4IRpyGlCMlJZup7ifnvPZ9FITPu0XipZ5US07bhlapmVVbMfOiFNxSy60tZKhCJZo9AvvvUGEk5BwhRmSsmtbsfJSJBTFjMzyvUSSGOExGpKuphyFRHrp/OoZPNXKAAaR0MUVnKvfJ1IUSjkJfd0ZIjWSv71M/MvrJiqoeinlcaIIx4tFQcKgimAWARxQQbBiE00QFlTfCvEICYSVDiqvQ/j6FP5PWo5pl83StVus1Zdx5MAxOAFnwAYVUAN10ABNgIEAD+AJPBv3xqPxYrwuWleM5cwR+AHj7RM8EJMI</latexit>

|c�n| = |cn|

time step k

Fourier number n

• duration T=10s 

• fs=10Hz

<latexit sha1_base64="RRNLi1yv+dVnwcNfpP64xzmpeas=">AAACDnicbVDJSgNBEO1xjXGLevTSGAIJQpgZRb0IAS85RjALZIahp9OTNOlZ6K4RwpAv8OKvePGgiFfP3vwbO8shJj4oeLxXRVU9PxFcgWn+GGvrG5tb27md/O7e/sFh4ei4peJUUtaksYhlxyeKCR6xJnAQrJNIRkJfsLY/vJv47UcmFY+jBxglzA1JP+IBpwS05BVKqgyVW4fGqmw7CceBZ0Hl3F4UbKh4haJZNafAq8SakyKao+EVvp1eTNOQRUAFUaprmQm4GZHAqWDjvJMqlhA6JH3W1TQiIVNuNn1njEta6eEglroiwFN1cSIjoVKj0NedIYGBWvYm4n9eN4Xgxs14lKTAIjpbFKQCQ4wn2eAel4yCGGlCqOT6VkwHRBIKOsG8DsFafnmVtOyqdVW9uL8s1urzOHLoFJ2hMrLQNaqhOmqgJqLoCb2gN/RuPBuvxofxOWtdM+YzJ+gPjK9fTECZxA==</latexit>

s(t) = cos(2⇡f1t) + 2 cos(2⇡f2t)
<latexit sha1_base64="SYsUbCDOw/8q1odl+Wn284B6Ufk=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEFxKS+twUCm6yrGAf0IYwmU7aoZNJmJkIbWjxV9y4UMSt3+HOv3H6WGjrgQuHc+7l3nuChFGpbPvbyK2srq1v5DcLW9s7u3vm/kFdxqnApIZjFotmgCRhlJOaooqRZiIIigJGGkH/buI3HomQNOYPapAQL0JdTkOKkdKSbx6FvlO2rSt3OD4fh36p7Fi2O/TNom3ZU8Bl4sxJEcxR9c2vdifGaUS4wgxJ2XLsRHkZEopiRkaFdipJgnAfdUlLU44iIr1sev4InmqlA8NY6OIKTtXfExmKpBxEge6MkOrJRW8i/ue1UhXeehnlSaoIx7NFYcqgiuEkC9ihgmDFBpogLKi+FeIeEggrnVhBh+AsvrxM6iXLubYu7i+LFXceRx4cgxNwBhxwAyrABVVQAxhk4Bm8gjfjyXgx3o2PWWvOmM8cgj8wPn8AN72TwA==</latexit>

f1 = 0.5Hz , f2 = 1.0Hz

<latexit sha1_base64="y+342qoXNrqgz0cPagNgGjMBhRI=">AAAB+XicbVDLSgNBEJyNrxhfqx69DAbBU9hVUS9CQA85RjAPSJYwO+lNhsw+mOkNxCV/4sWDIl79E2/+jZNkDxotaCiquunu8hMpNDrOl1VYWV1b3yhulra2d3b37P2Dpo5TxaHBYxmrts80SBFBAwVKaCcKWOhLaPmj25nfGoPSIo4ecJKAF7JBJALBGRqpZ9vdO5DIaEBvqFNxa489u+xUnDnoX+LmpExy1Hv2Z7cf8zSECLlkWndcJ0EvYwoFlzAtdVMNCeMjNoCOoRELQXvZ/PIpPTFKnwaxMhUhnas/JzIWaj0JfdMZMhzqZW8m/ud1UgyuvUxESYoQ8cWiIJUUYzqLgfaFAo5yYgjjSphbKR8yxTiasEomBHf55b+keVZxLyvn9xflai2Po0iOyDE5JS65IlVSI3XSIJyMyRN5Ia9WZj1bb9b7orVg5TOH5Besj2/1+ZHz</latexit>

�f = 0.1Hz

<latexit sha1_base64="sK9tKuZTyoVkuMVfOFccfVU+4UA=">AAAB+HicbVDLSgNBEOyNrxgfWfXoZTAInpZdFfUiBPSQYwTzgGQJs5PZZMjsg5leIYZ8iRcPinj1U7z5N06SPWi0oKGo6qa7K0il0Oi6X1ZhZXVtfaO4Wdra3tkt23v7TZ1kivEGS2Si2gHVXIqYN1Cg5O1UcRoFkreC0c3Mbz1wpUUS3+M45X5EB7EIBaNopJ5d7t5yiZQguSau4+meXXEddw7yl3g5qUCOes/+7PYTlkU8Riap1h3PTdGfUIWCST4tdTPNU8pGdMA7hsY04tqfzA+fkmOj9EmYKFMxkrn6c2JCI63HUWA6I4pDvezNxP+8TobhlT8RcZohj9liUZhJggmZpUD6QnGGcmwIZUqYWwkbUkUZmqxKJgRv+eW/pHnqeBfO2d15pVrL4yjCIRzBCXhwCVWoQR0awCCDJ3iBV+vRerberPdFa8HKZw7gF6yPb2qYkag=</latexit>

�t = 0.1s

5

<latexit sha1_base64="S1vkHTvDySyKxPfhy7q9sxpe0/s=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU1GPBS48VTC20oWy223bpZhN2J0JJ+xu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNHGqGfdZLGPdCqnhUijuo0DJW4nmNAolfwxHdzP/8YlrI2L1gOOEBxEdKNEXjKKV/Anrqkm3XHGr7hxklXg5qUCORrf81enFLI24QiapMW3PTTDIqEbBJJ+WOqnhCWUjOuBtSxWNuAmy+bFTcmaVHunH2pZCMld/T2Q0MmYchbYzojg0y95M/M9rp9i/DTKhkhS5YotF/VQSjMnsc9ITmjOUY0so08LeStiQasrQ5lOyIXjLL6+S5kXVu65e3l9VavU8jiKcwCmcgwc3UIM6NMAHBgKe4RXeHOW8OO/Ox6K14OQzx/AHzucPEYCO4g==</latexit> |c
n
|

<latexit sha1_base64="ZT6dt1X3fKHl+w7BUursWXHVOFM=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0lU1GPBS48V7Ae0oWy2m3bpbhJ2J0Ip/QtePCji1T/kzX/jps1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpYh4EwVK3kk0pyqQvB2M7zO//cS1EXH0iJOE+4oOIxEKRjGTTAUv+qWyW3XnIKvEy0kZcjT6pa/eIGap4hEySY3pem6C/pRqFEzyWbGXGp5QNqZD3rU0ooobfzq/dUbOrTIgYaxtRUjm6u+JKVXGTFRgOxXFkVn2MvE/r5tieOdPRZSkyCO2WBSmkmBMssfJQGjOUE4soUwLeythI6opQxtP0YbgLb+8SlqXVe+mevVwXa7V8zgKcApnUAEPbqEGdWhAExiM4Ble4c1Rzovz7nwsWtecfOYE/sD5/AF+kI3o</latexit> s(
t)

Fourier_1.py



<latexit sha1_base64="NH/4OVblSBtEoAmv837gWELFS1Y="></latexit>

s(tk) =
1

N

N/2X

n=�N/2

cne
i2⇡nk/N <latexit sha1_base64="LOptFLf7lDBmnWtInD2AFq9GAbI=">AAAB83icdVDLSsNAFJ34rPVVdelmsAgiGJI0tHUhFNx0WcE+oI1hMp20QyeTMDMRSuhvuHGhiFt/xp1/46StoKIHLhzOuZd77wkSRqWyrA9jZXVtfWOzsFXc3tnd2y8dHHZknApM2jhmsegFSBJGOWkrqhjpJYKgKGCkG0yuc797T4SkMb9V04R4ERpxGlKMlJYG2M8u+OwK+/zu3C+VLfOyXnXcKrRMy6rZjp0Tp+ZWXGhrJUcZLNHyS++DYYzTiHCFGZKyb1uJ8jIkFMWMzIqDVJIE4Qkakb6mHEVEetn85hk81coQhrHQxRWcq98nMhRJOY0C3RkhNZa/vVz8y+unKqx7GeVJqgjHi0VhyqCKYR4AHFJBsGJTTRAWVN8K8RgJhJWOqahD+PoU/k86jmlXzcqNW240l3EUwDE4AWfABjXQAE3QAm2AQQIewBN4NlLj0XgxXhetK8Zy5gj8gPH2CcRikYw=</latexit>

c�n = c⇤n
<latexit sha1_base64="wC1QN65WXduLnaujy099WXcphdc=">AAAB9XicdVDLSsNAFJ34rPVVdelmsAhuDEka2roQCm66rGAf0MYymU7aoZNJmJkoJe1/uHGhiFv/xZ1/46StoKIHLhzOuZd77/FjRqWyrA9jZXVtfWMzt5Xf3tnd2y8cHLZklAhMmjhikej4SBJGOWkqqhjpxIKg0Gek7Y+vMr99R4SkEb9Rk5h4IRpyGlCMlJZup7ifnvPZ9FITPu0XipZ5US07bhlapmVVbMfOiFNxSy60tZKhCJZo9AvvvUGEk5BwhRmSsmtbsfJSJBTFjMzyvUSSGOExGpKuphyFRHrp/OoZPNXKAAaR0MUVnKvfJ1IUSjkJfd0ZIjWSv71M/MvrJiqoeinlcaIIx4tFQcKgimAWARxQQbBiE00QFlTfCvEICYSVDiqvQ/j6FP5PWo5pl83StVus1Zdx5MAxOAFnwAYVUAN10ABNgIEAD+AJPBv3xqPxYrwuWleM5cwR+AHj7RM8EJMI</latexit>

|c�n| = |cn|

time step k

Fourier number n

• duration T=10s 

• fs=10Hz

<latexit sha1_base64="RRNLi1yv+dVnwcNfpP64xzmpeas=">AAACDnicbVDJSgNBEO1xjXGLevTSGAIJQpgZRb0IAS85RjALZIahp9OTNOlZ6K4RwpAv8OKvePGgiFfP3vwbO8shJj4oeLxXRVU9PxFcgWn+GGvrG5tb27md/O7e/sFh4ei4peJUUtaksYhlxyeKCR6xJnAQrJNIRkJfsLY/vJv47UcmFY+jBxglzA1JP+IBpwS05BVKqgyVW4fGqmw7CceBZ0Hl3F4UbKh4haJZNafAq8SakyKao+EVvp1eTNOQRUAFUaprmQm4GZHAqWDjvJMqlhA6JH3W1TQiIVNuNn1njEta6eEglroiwFN1cSIjoVKj0NedIYGBWvYm4n9eN4Xgxs14lKTAIjpbFKQCQ4wn2eAel4yCGGlCqOT6VkwHRBIKOsG8DsFafnmVtOyqdVW9uL8s1urzOHLoFJ2hMrLQNaqhOmqgJqLoCb2gN/RuPBuvxofxOWtdM+YzJ+gPjK9fTECZxA==</latexit>

s(t) = cos(2⇡f1t) + 2 cos(2⇡f2t)
<latexit sha1_base64="SYsUbCDOw/8q1odl+Wn284B6Ufk=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEFxKS+twUCm6yrGAf0IYwmU7aoZNJmJkIbWjxV9y4UMSt3+HOv3H6WGjrgQuHc+7l3nuChFGpbPvbyK2srq1v5DcLW9s7u3vm/kFdxqnApIZjFotmgCRhlJOaooqRZiIIigJGGkH/buI3HomQNOYPapAQL0JdTkOKkdKSbx6FvlO2rSt3OD4fh36p7Fi2O/TNom3ZU8Bl4sxJEcxR9c2vdifGaUS4wgxJ2XLsRHkZEopiRkaFdipJgnAfdUlLU44iIr1sev4InmqlA8NY6OIKTtXfExmKpBxEge6MkOrJRW8i/ue1UhXeehnlSaoIx7NFYcqgiuEkC9ihgmDFBpogLKi+FeIeEggrnVhBh+AsvrxM6iXLubYu7i+LFXceRx4cgxNwBhxwAyrABVVQAxhk4Bm8gjfjyXgx3o2PWWvOmM8cgj8wPn8AN72TwA==</latexit>

f1 = 0.5Hz , f2 = 1.0Hz

<latexit sha1_base64="y+342qoXNrqgz0cPagNgGjMBhRI=">AAAB+XicbVDLSgNBEJyNrxhfqx69DAbBU9hVUS9CQA85RjAPSJYwO+lNhsw+mOkNxCV/4sWDIl79E2/+jZNkDxotaCiquunu8hMpNDrOl1VYWV1b3yhulra2d3b37P2Dpo5TxaHBYxmrts80SBFBAwVKaCcKWOhLaPmj25nfGoPSIo4ecJKAF7JBJALBGRqpZ9vdO5DIaEBvqFNxa489u+xUnDnoX+LmpExy1Hv2Z7cf8zSECLlkWndcJ0EvYwoFlzAtdVMNCeMjNoCOoRELQXvZ/PIpPTFKnwaxMhUhnas/JzIWaj0JfdMZMhzqZW8m/ud1UgyuvUxESYoQ8cWiIJUUYzqLgfaFAo5yYgjjSphbKR8yxTiasEomBHf55b+keVZxLyvn9xflai2Po0iOyDE5JS65IlVSI3XSIJyMyRN5Ia9WZj1bb9b7orVg5TOH5Besj2/1+ZHz</latexit>

�f = 0.1Hz

<latexit sha1_base64="sK9tKuZTyoVkuMVfOFccfVU+4UA=">AAAB+HicbVDLSgNBEOyNrxgfWfXoZTAInpZdFfUiBPSQYwTzgGQJs5PZZMjsg5leIYZ8iRcPinj1U7z5N06SPWi0oKGo6qa7K0il0Oi6X1ZhZXVtfaO4Wdra3tkt23v7TZ1kivEGS2Si2gHVXIqYN1Cg5O1UcRoFkreC0c3Mbz1wpUUS3+M45X5EB7EIBaNopJ5d7t5yiZQguSau4+meXXEddw7yl3g5qUCOes/+7PYTlkU8Riap1h3PTdGfUIWCST4tdTPNU8pGdMA7hsY04tqfzA+fkmOj9EmYKFMxkrn6c2JCI63HUWA6I4pDvezNxP+8TobhlT8RcZohj9liUZhJggmZpUD6QnGGcmwIZUqYWwkbUkUZmqxKJgRv+eW/pHnqeBfO2d15pVrL4yjCIRzBCXhwCVWoQR0awCCDJ3iBV+vRerberPdFa8HKZw7gF6yPb2qYkag=</latexit>

�t = 0.1s

<latexit sha1_base64="rbg4jXIB7SPFLpOpkBNYm6XguU0=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KomKehEKXnqSCvYD2lA220m7dLMJuxuhhP4ILx4U8erv8ea/cdvmoK0PBh7vzTAzL0gE18Z1v52V1bX1jc3CVnF7Z3dvv3Rw2NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6G7qt55QaR7LRzNO0I/oQPKQM2qs1Lont8Rz3V6p7FbcGcgy8XJShhz1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns3Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfR30ucKmRFjSyhT3N5K2JAqyoxNqGhD8BZfXibN84p3Vbl4uCxXa3kcBTiGEzgDD66hCjWoQwMYjOAZXuHNSZwX5935mLeuOPnMEfyB8/kDJjCOKg==</latexit>

N = 100

5

<latexit sha1_base64="S1vkHTvDySyKxPfhy7q9sxpe0/s=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU1GPBS48VTC20oWy223bpZhN2J0JJ+xu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNHGqGfdZLGPdCqnhUijuo0DJW4nmNAolfwxHdzP/8YlrI2L1gOOEBxEdKNEXjKKV/Anrqkm3XHGr7hxklXg5qUCORrf81enFLI24QiapMW3PTTDIqEbBJJ+WOqnhCWUjOuBtSxWNuAmy+bFTcmaVHunH2pZCMld/T2Q0MmYchbYzojg0y95M/M9rp9i/DTKhkhS5YotF/VQSjMnsc9ITmjOUY0so08LeStiQasrQ5lOyIXjLL6+S5kXVu65e3l9VavU8jiKcwCmcgwc3UIM6NMAHBgKe4RXeHOW8OO/Ox6K14OQzx/AHzucPEYCO4g==</latexit> |c
n
|

<latexit sha1_base64="ZT6dt1X3fKHl+w7BUursWXHVOFM=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0lU1GPBS48V7Ae0oWy2m3bpbhJ2J0Ip/QtePCji1T/kzX/jps1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpYh4EwVK3kk0pyqQvB2M7zO//cS1EXH0iJOE+4oOIxEKRjGTTAUv+qWyW3XnIKvEy0kZcjT6pa/eIGap4hEySY3pem6C/pRqFEzyWbGXGp5QNqZD3rU0ooobfzq/dUbOrTIgYaxtRUjm6u+JKVXGTFRgOxXFkVn2MvE/r5tieOdPRZSkyCO2WBSmkmBMssfJQGjOUE4soUwLeythI6opQxtP0YbgLb+8SlqXVe+mevVwXa7V8zgKcApnUAEPbqEGdWhAExiM4Ble4c1Rzovz7nwsWtecfOYE/sD5/AF+kI3o</latexit> s(
t)

Fourier_1.py



<latexit sha1_base64="NH/4OVblSBtEoAmv837gWELFS1Y="></latexit>

s(tk) =
1

N

N/2X

n=�N/2

cne
i2⇡nk/N <latexit sha1_base64="LOptFLf7lDBmnWtInD2AFq9GAbI=">AAAB83icdVDLSsNAFJ34rPVVdelmsAgiGJI0tHUhFNx0WcE+oI1hMp20QyeTMDMRSuhvuHGhiFt/xp1/46StoKIHLhzOuZd77wkSRqWyrA9jZXVtfWOzsFXc3tnd2y8dHHZknApM2jhmsegFSBJGOWkrqhjpJYKgKGCkG0yuc797T4SkMb9V04R4ERpxGlKMlJYG2M8u+OwK+/zu3C+VLfOyXnXcKrRMy6rZjp0Tp+ZWXGhrJUcZLNHyS++DYYzTiHCFGZKyb1uJ8jIkFMWMzIqDVJIE4Qkakb6mHEVEetn85hk81coQhrHQxRWcq98nMhRJOY0C3RkhNZa/vVz8y+unKqx7GeVJqgjHi0VhyqCKYR4AHFJBsGJTTRAWVN8K8RgJhJWOqahD+PoU/k86jmlXzcqNW240l3EUwDE4AWfABjXQAE3QAm2AQQIewBN4NlLj0XgxXhetK8Zy5gj8gPH2CcRikYw=</latexit>

c�n = c⇤n
<latexit sha1_base64="wC1QN65WXduLnaujy099WXcphdc=">AAAB9XicdVDLSsNAFJ34rPVVdelmsAhuDEka2roQCm66rGAf0MYymU7aoZNJmJkoJe1/uHGhiFv/xZ1/46StoKIHLhzOuZd77/FjRqWyrA9jZXVtfWMzt5Xf3tnd2y8cHLZklAhMmjhikej4SBJGOWkqqhjpxIKg0Gek7Y+vMr99R4SkEb9Rk5h4IRpyGlCMlJZup7ifnvPZ9FITPu0XipZ5US07bhlapmVVbMfOiFNxSy60tZKhCJZo9AvvvUGEk5BwhRmSsmtbsfJSJBTFjMzyvUSSGOExGpKuphyFRHrp/OoZPNXKAAaR0MUVnKvfJ1IUSjkJfd0ZIjWSv71M/MvrJiqoeinlcaIIx4tFQcKgimAWARxQQbBiE00QFlTfCvEICYSVDiqvQ/j6FP5PWo5pl83StVus1Zdx5MAxOAFnwAYVUAN10ABNgIEAD+AJPBv3xqPxYrwuWleM5cwR+AHj7RM8EJMI</latexit>

|c�n| = |cn|

• duration T=10s 

• fs=10Hz

<latexit sha1_base64="RRNLi1yv+dVnwcNfpP64xzmpeas=">AAACDnicbVDJSgNBEO1xjXGLevTSGAIJQpgZRb0IAS85RjALZIahp9OTNOlZ6K4RwpAv8OKvePGgiFfP3vwbO8shJj4oeLxXRVU9PxFcgWn+GGvrG5tb27md/O7e/sFh4ei4peJUUtaksYhlxyeKCR6xJnAQrJNIRkJfsLY/vJv47UcmFY+jBxglzA1JP+IBpwS05BVKqgyVW4fGqmw7CceBZ0Hl3F4UbKh4haJZNafAq8SakyKao+EVvp1eTNOQRUAFUaprmQm4GZHAqWDjvJMqlhA6JH3W1TQiIVNuNn1njEta6eEglroiwFN1cSIjoVKj0NedIYGBWvYm4n9eN4Xgxs14lKTAIjpbFKQCQ4wn2eAel4yCGGlCqOT6VkwHRBIKOsG8DsFafnmVtOyqdVW9uL8s1urzOHLoFJ2hMrLQNaqhOmqgJqLoCb2gN/RuPBuvxofxOWtdM+YzJ+gPjK9fTECZxA==</latexit>

s(t) = cos(2⇡f1t) + 2 cos(2⇡f2t)
<latexit sha1_base64="SYsUbCDOw/8q1odl+Wn284B6Ufk=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEFxKS+twUCm6yrGAf0IYwmU7aoZNJmJkIbWjxV9y4UMSt3+HOv3H6WGjrgQuHc+7l3nuChFGpbPvbyK2srq1v5DcLW9s7u3vm/kFdxqnApIZjFotmgCRhlJOaooqRZiIIigJGGkH/buI3HomQNOYPapAQL0JdTkOKkdKSbx6FvlO2rSt3OD4fh36p7Fi2O/TNom3ZU8Bl4sxJEcxR9c2vdifGaUS4wgxJ2XLsRHkZEopiRkaFdipJgnAfdUlLU44iIr1sev4InmqlA8NY6OIKTtXfExmKpBxEge6MkOrJRW8i/ue1UhXeehnlSaoIx7NFYcqgiuEkC9ihgmDFBpogLKi+FeIeEggrnVhBh+AsvrxM6iXLubYu7i+LFXceRx4cgxNwBhxwAyrABVVQAxhk4Bm8gjfjyXgx3o2PWWvOmM8cgj8wPn8AN72TwA==</latexit>

f1 = 0.5Hz , f2 = 1.0Hz

<latexit sha1_base64="y+342qoXNrqgz0cPagNgGjMBhRI=">AAAB+XicbVDLSgNBEJyNrxhfqx69DAbBU9hVUS9CQA85RjAPSJYwO+lNhsw+mOkNxCV/4sWDIl79E2/+jZNkDxotaCiquunu8hMpNDrOl1VYWV1b3yhulra2d3b37P2Dpo5TxaHBYxmrts80SBFBAwVKaCcKWOhLaPmj25nfGoPSIo4ecJKAF7JBJALBGRqpZ9vdO5DIaEBvqFNxa489u+xUnDnoX+LmpExy1Hv2Z7cf8zSECLlkWndcJ0EvYwoFlzAtdVMNCeMjNoCOoRELQXvZ/PIpPTFKnwaxMhUhnas/JzIWaj0JfdMZMhzqZW8m/ud1UgyuvUxESYoQ8cWiIJUUYzqLgfaFAo5yYgjjSphbKR8yxTiasEomBHf55b+keVZxLyvn9xflai2Po0iOyDE5JS65IlVSI3XSIJyMyRN5Ia9WZj1bb9b7orVg5TOH5Besj2/1+ZHz</latexit>

�f = 0.1Hz

<latexit sha1_base64="sK9tKuZTyoVkuMVfOFccfVU+4UA=">AAAB+HicbVDLSgNBEOyNrxgfWfXoZTAInpZdFfUiBPSQYwTzgGQJs5PZZMjsg5leIYZ8iRcPinj1U7z5N06SPWi0oKGo6qa7K0il0Oi6X1ZhZXVtfaO4Wdra3tkt23v7TZ1kivEGS2Si2gHVXIqYN1Cg5O1UcRoFkreC0c3Mbz1wpUUS3+M45X5EB7EIBaNopJ5d7t5yiZQguSau4+meXXEddw7yl3g5qUCOes/+7PYTlkU8Riap1h3PTdGfUIWCST4tdTPNU8pGdMA7hsY04tqfzA+fkmOj9EmYKFMxkrn6c2JCI63HUWA6I4pDvezNxP+8TobhlT8RcZohj9liUZhJggmZpUD6QnGGcmwIZUqYWwkbUkUZmqxKJgRv+eW/pHnqeBfO2d15pVrL4yjCIRzBCXhwCVWoQR0awCCDJ3iBV+vRerberPdFa8HKZw7gF6yPb2qYkag=</latexit>

�t = 0.1s

<latexit sha1_base64="rbg4jXIB7SPFLpOpkBNYm6XguU0=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KomKehEKXnqSCvYD2lA220m7dLMJuxuhhP4ILx4U8erv8ea/cdvmoK0PBh7vzTAzL0gE18Z1v52V1bX1jc3CVnF7Z3dvv3Rw2NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6G7qt55QaR7LRzNO0I/oQPKQM2qs1Lont8Rz3V6p7FbcGcgy8XJShhz1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns3Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfR30ucKmRFjSyhT3N5K2JAqyoxNqGhD8BZfXibN84p3Vbl4uCxXa3kcBTiGEzgDD66hCjWoQwMYjOAZXuHNSZwX5935mLeuOPnMEfyB8/kDJjCOKg==</latexit>

N = 100

5

<latexit sha1_base64="S1vkHTvDySyKxPfhy7q9sxpe0/s=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU1GPBS48VTC20oWy223bpZhN2J0JJ+xu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNHGqGfdZLGPdCqnhUijuo0DJW4nmNAolfwxHdzP/8YlrI2L1gOOEBxEdKNEXjKKV/Anrqkm3XHGr7hxklXg5qUCORrf81enFLI24QiapMW3PTTDIqEbBJJ+WOqnhCWUjOuBtSxWNuAmy+bFTcmaVHunH2pZCMld/T2Q0MmYchbYzojg0y95M/M9rp9i/DTKhkhS5YotF/VQSjMnsc9ITmjOUY0so08LeStiQasrQ5lOyIXjLL6+S5kXVu65e3l9VavU8jiKcwCmcgwc3UIM6NMAHBgKe4RXeHOW8OO/Ox6K14OQzx/AHzucPEYCO4g==</latexit> |c
n
|

<latexit sha1_base64="ZT6dt1X3fKHl+w7BUursWXHVOFM=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0lU1GPBS48V7Ae0oWy2m3bpbhJ2J0Ip/QtePCji1T/kzX/jps1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpYh4EwVK3kk0pyqQvB2M7zO//cS1EXH0iJOE+4oOIxEKRjGTTAUv+qWyW3XnIKvEy0kZcjT6pa/eIGap4hEySY3pem6C/pRqFEzyWbGXGp5QNqZD3rU0ooobfzq/dUbOrTIgYaxtRUjm6u+JKVXGTFRgOxXFkVn2MvE/r5tieOdPRZSkyCO2WBSmkmBMssfJQGjOUE4soUwLeythI6opQxtP0YbgLb+8SlqXVe+mevVwXa7V8zgKcApnUAEPbqEGdWhAExiM4Ble4c1Rzovz7nwsWtecfOYE/sD5/AF+kI3o</latexit> s(
t)

0 0.2 0.4 0.6 0.8 1.0
time [s]

0.50 1.0 2.0 3.0 4.0 5.0
frequency [Hz]

Fourier_1.py



5
<latexit sha1_base64="S1vkHTvDySyKxPfhy7q9sxpe0/s=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU1GPBS48VTC20oWy223bpZhN2J0JJ+xu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNHGqGfdZLGPdCqnhUijuo0DJW4nmNAolfwxHdzP/8YlrI2L1gOOEBxEdKNEXjKKV/Anrqkm3XHGr7hxklXg5qUCORrf81enFLI24QiapMW3PTTDIqEbBJJ+WOqnhCWUjOuBtSxWNuAmy+bFTcmaVHunH2pZCMld/T2Q0MmYchbYzojg0y95M/M9rp9i/DTKhkhS5YotF/VQSjMnsc9ITmjOUY0so08LeStiQasrQ5lOyIXjLL6+S5kXVu65e3l9VavU8jiKcwCmcgwc3UIM6NMAHBgKe4RXeHOW8OO/Ox6K14OQzx/AHzucPEYCO4g==</latexit> |c
n
|

<latexit sha1_base64="ZT6dt1X3fKHl+w7BUursWXHVOFM=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0lU1GPBS48V7Ae0oWy2m3bpbhJ2J0Ip/QtePCji1T/kzX/jps1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpYh4EwVK3kk0pyqQvB2M7zO//cS1EXH0iJOE+4oOIxEKRjGTTAUv+qWyW3XnIKvEy0kZcjT6pa/eIGap4hEySY3pem6C/pRqFEzyWbGXGp5QNqZD3rU0ooobfzq/dUbOrTIgYaxtRUjm6u+JKVXGTFRgOxXFkVn2MvE/r5tieOdPRZSkyCO2WBSmkmBMssfJQGjOUE4soUwLeythI6opQxtP0YbgLb+8SlqXVe+mevVwXa7V8zgKcApnUAEPbqEGdWhAExiM4Ble4c1Rzovz7nwsWtecfOYE/sD5/AF+kI3o</latexit> s(
t)

0 0.2 0.4 0.6 0.8 1.0
time [s]

0.50 1.0 2.0 3.0 4.0 5.0
frequency [Hz]

We note:

• for the spectral power it is sufficient to consider 

<latexit sha1_base64="Nnn0y3XiUQ+CN3Ym//r+dCdma2w=">AAAB+HicbVDLSsNAFL3xWeujUZduBovgqiZV1GXBTZcV7APaECbTSTt0MgkzE6GGfokbF4q49VPc+TdO0yy09cC9HM65l7lzgoQzpR3n21pb39jc2i7tlHf39g8q9uFRR8WpJLRNYh7LXoAV5UzQtmaa014iKY4CTrvB5G7udx+pVCwWD3qaUC/CI8FCRrA2km9XnAGnKMybry7qvl11ak4OtErcglShQMu3vwbDmKQRFZpwrFTfdRLtZVhqRjidlQepogkmEzyifUMFjqjysvzwGTozyhCFsTQlNMrV3xsZjpSaRoGZjLAeq2VvLv7n9VMd3noZE0mqqSCLh8KUIx2jeQpoyCQlmk8NwUQycysiYywx0SarsgnBXf7yKunUa+517fL+qtpoFnGU4ARO4RxcuIEGNKEFbSCQwjO8wpv1ZL1Y79bHYnTNKnaO4Q+szx8VBZIY</latexit>

0  f  fs/2



5
<latexit sha1_base64="S1vkHTvDySyKxPfhy7q9sxpe0/s=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU1GPBS48VTC20oWy223bpZhN2J0JJ+xu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNHGqGfdZLGPdCqnhUijuo0DJW4nmNAolfwxHdzP/8YlrI2L1gOOEBxEdKNEXjKKV/Anrqkm3XHGr7hxklXg5qUCORrf81enFLI24QiapMW3PTTDIqEbBJJ+WOqnhCWUjOuBtSxWNuAmy+bFTcmaVHunH2pZCMld/T2Q0MmYchbYzojg0y95M/M9rp9i/DTKhkhS5YotF/VQSjMnsc9ITmjOUY0so08LeStiQasrQ5lOyIXjLL6+S5kXVu65e3l9VavU8jiKcwCmcgwc3UIM6NMAHBgKe4RXeHOW8OO/Ox6K14OQzx/AHzucPEYCO4g==</latexit> |c
n
|

<latexit sha1_base64="ZT6dt1X3fKHl+w7BUursWXHVOFM=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0lU1GPBS48V7Ae0oWy2m3bpbhJ2J0Ip/QtePCji1T/kzX/jps1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpYh4EwVK3kk0pyqQvB2M7zO//cS1EXH0iJOE+4oOIxEKRjGTTAUv+qWyW3XnIKvEy0kZcjT6pa/eIGap4hEySY3pem6C/pRqFEzyWbGXGp5QNqZD3rU0ooobfzq/dUbOrTIgYaxtRUjm6u+JKVXGTFRgOxXFkVn2MvE/r5tieOdPRZSkyCO2WBSmkmBMssfJQGjOUE4soUwLeythI6opQxtP0YbgLb+8SlqXVe+mevVwXa7V8zgKcApnUAEPbqEGdWhAExiM4Ble4c1Rzovz7nwsWtecfOYE/sD5/AF+kI3o</latexit> s(
t)

0 0.2 0.4 0.6 0.8 1.0
time [s]

0.50 1.0 2.0 3.0 4.0 5.0
frequency [Hz]

We note:

• for the spectral power it is sufficient to consider 

<latexit sha1_base64="Nnn0y3XiUQ+CN3Ym//r+dCdma2w=">AAAB+HicbVDLSsNAFL3xWeujUZduBovgqiZV1GXBTZcV7APaECbTSTt0MgkzE6GGfokbF4q49VPc+TdO0yy09cC9HM65l7lzgoQzpR3n21pb39jc2i7tlHf39g8q9uFRR8WpJLRNYh7LXoAV5UzQtmaa014iKY4CTrvB5G7udx+pVCwWD3qaUC/CI8FCRrA2km9XnAGnKMybry7qvl11ak4OtErcglShQMu3vwbDmKQRFZpwrFTfdRLtZVhqRjidlQepogkmEzyifUMFjqjysvzwGTozyhCFsTQlNMrV3xsZjpSaRoGZjLAeq2VvLv7n9VMd3noZE0mqqSCLh8KUIx2jeQpoyCQlmk8NwUQycysiYywx0SarsgnBXf7yKunUa+517fL+qtpoFnGU4ARO4RxcuIEGNKEFbSCQwjO8wpv1ZL1Y79bHYnTNKnaO4Q+szx8VBZIY</latexit>

0  f  fs/2

• maximum frequency of DFT is 

Nyquist frequency 
<latexit sha1_base64="2fp2TvLc5UbnzUI8T4FGT7QeYTw=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4qkkV9Vjw0mMF0xbaUDbbSbt0swm7G6GU/gYvHhTx6g/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/nbX1jc2t7cJOcXdv/+CwdHTc1EmmGPosEYlqh1Sj4BJ9w43AdqqQxqHAVji6n/mtJ1SaJ/LRjFMMYjqQPOKMGiv5UU9fVnulsltx5yCrxMtJGXI0eqWvbj9hWYzSMEG17nhuaoIJVYYzgdNiN9OYUjaiA+xYKmmMOpjMj52Sc6v0SZQoW9KQufp7YkJjrcdxaDtjaoZ62ZuJ/3mdzER3wYTLNDMo2WJRlAliEjL7nPS5QmbE2BLKFLe3EjakijJj8ynaELzll1dJs1rxbipXD9flWj2PowCncAYX4MEt1KAODfCBAYdneIU3RzovzrvzsWhdc/KZE/gD5/MHODqOUw==</latexit>

fs/2



example signal: FitzHugh-Nagumo model activity 

• T = 500s

• fs = 2Hz

<latexit sha1_base64="Y6NRSYzjr3JNhCnCaWnV8zH1Rnk=">AAAB+3icbZDLSsNAFIYnXmu9xbp0M1gEVyWpom6Egi66rGAv0IYymU7aoZNJmDkRa+iruHGhiFtfxJ1v46TNQlt/GPj4zzmcM78fC67Bcb6tldW19Y3NwlZxe2d3b98+KLV0lCjKmjQSker4RDPBJWsCB8E6sWIk9AVr++ObrN5+YErzSN7DJGZeSIaSB5wSMFbfLvVumQCCA3yNnYrjVOtPfbucUSa8DG4OZZSr0be/eoOIJiGTQAXRuus6MXgpUcCpYNNiL9EsJnRMhqxrUJKQaS+d3T7FJ8YZ4CBS5knAM/f3REpCrSehbzpDAiO9WMvM/2rdBIIrL+UyToBJOl8UJAJDhLMg8IArRkFMDBCquLkV0xFRhIKJq2hCcBe/vAytasW9qJzdnZdr9TyOAjpCx+gUuegS1VAdNVATUfSIntErerOm1ov1bn3MW1esfOYQ/ZH1+QPb8JJo</latexit>

�f = 0.002Hz

Nyquist frequency is 1Hz  
= maximum frequency

Fourier_2.py



example signal: FitzHugh-Nagumo model activity 

• T = 500s

• fs = 2Hz

<latexit sha1_base64="Y6NRSYzjr3JNhCnCaWnV8zH1Rnk=">AAAB+3icbZDLSsNAFIYnXmu9xbp0M1gEVyWpom6Egi66rGAv0IYymU7aoZNJmDkRa+iruHGhiFtfxJ1v46TNQlt/GPj4zzmcM78fC67Bcb6tldW19Y3NwlZxe2d3b98+KLV0lCjKmjQSker4RDPBJWsCB8E6sWIk9AVr++ObrN5+YErzSN7DJGZeSIaSB5wSMFbfLvVumQCCA3yNnYrjVOtPfbucUSa8DG4OZZSr0be/eoOIJiGTQAXRuus6MXgpUcCpYNNiL9EsJnRMhqxrUJKQaS+d3T7FJ8YZ4CBS5knAM/f3REpCrSehbzpDAiO9WMvM/2rdBIIrL+UyToBJOl8UJAJDhLMg8IArRkFMDBCquLkV0xFRhIKJq2hCcBe/vAytasW9qJzdnZdr9TyOAjpCx+gUuegS1VAdNVATUfSIntErerOm1ov1bn3MW1esfOYQ/ZH1+QPb8JJo</latexit>

�f = 0.002Hz

28s

f=0.036

principal data frequency  
 highest power frequency≈

Nyquist frequency is 1Hz  
= maximum frequency

Fourier_2.py



example signal: FitzHugh-Nagumo model activity 

• T = 500s

• fs = 2Hz

<latexit sha1_base64="Y6NRSYzjr3JNhCnCaWnV8zH1Rnk=">AAAB+3icbZDLSsNAFIYnXmu9xbp0M1gEVyWpom6Egi66rGAv0IYymU7aoZNJmDkRa+iruHGhiFtfxJ1v46TNQlt/GPj4zzmcM78fC67Bcb6tldW19Y3NwlZxe2d3b98+KLV0lCjKmjQSker4RDPBJWsCB8E6sWIk9AVr++ObrN5+YErzSN7DJGZeSIaSB5wSMFbfLvVumQCCA3yNnYrjVOtPfbucUSa8DG4OZZSr0be/eoOIJiGTQAXRuus6MXgpUcCpYNNiL9EsJnRMhqxrUJKQaS+d3T7FJ8YZ4CBS5knAM/f3REpCrSehbzpDAiO9WMvM/2rdBIIrL+UyToBJOl8UJAJDhLMg8IArRkFMDBCquLkV0xFRhIKJq2hCcBe/vAytasW9qJzdnZdr9TyOAjpCx+gUuegS1VAdNVATUfSIntErerOm1ov1bn3MW1esfOYQ/ZH1+QPb8JJo</latexit>

�f = 0.002Hz

DFT has multiple power peaks

principal data frequency  
 highest power frequency≈

Nyquist frequency is 1Hz  
= maximum frequency

Fourier_2.py



illustration for spectral decomposition (Fourier_2.py)







data sampling

Fourier analysis

linear filters

time-frequency analysis

errors in analysis



fs=0.5Hz

Error: subsampling
SamplingError_1.py



fs=0.2Hz

fs=0.5Hz

SamplingError_1.py



fs=0.2Hz

fs=0.5Hz

wrong peak

SamplingError_1.py



fs=0.1Hz wrong peak

wrong signal SamplingError_1.py



fs=0.1Hz wrong peak
fs=0.05Hz wrong peak

wrong signal

SamplingError_1.py



data sampling

Fourier analysis

linear filters

time-frequency analysis

aliasing spectral leakageerrors in analysis spectral power



•assume: we have a signal s(t) and its Fourier Transform X(f)



•assume: we have a signal s(t) and its Fourier Transform X(f)

• then the Poisson summation formula yields:

DFT periodic continuation  
of Fourier transform with 
period fs 

<latexit sha1_base64="lfpg2FRkIKp54zkYEtYDb8pi8Ro="></latexit>

NX

k=1

s(tk)e
�i2⇡nk/N =

1

�t

1X

p=�1
X(fn � pfs)



<latexit sha1_base64="7EILchsP/355wLm8h5QJ9Q4DZbY="></latexit>

DFT = XA ⇠ X(fn) +X(fn � fs) +X(fn + fs) + · · ·



<latexit sha1_base64="7EILchsP/355wLm8h5QJ9Q4DZbY="></latexit>

DFT = XA ⇠ X(fn) +X(fn � fs) +X(fn + fs) + · · ·

fs/2-fs/2

fs/2-fs/2



Example: sub-sampled periodic signal

original time series with fm=15Hz

subsampled time series with fs=20Hz



original time series with fm=15Hz

subsampled time series with fs=20Hz

X(f)

15-15
frequency [Hz]



X(f) X(f-fs)

15-15
frequency [Hz]



X(f) X(f-fs)X(f+fs)

15-15
frequency [Hz]



15-15
frequency [Hz]

X(f) X(f-fs)X(f+fs)



Nyquist borders

5Hz-5Hz



Fourier spectrum of sub-sampled data

Fourier spectrum of original data



Fourier spectrum of sub-sampled data

Fourier spectrum of original data

erroneous peak

aliasing



aliasing = stroboscope effect



summary for aliasing

choose sampling rate that is more than double the maximum frequency 



data sampling

Fourier analysis

errors in analysis

linear filters

time-frequency analysis

aliasing spectral leakage spectral power



frequency [Hz]

time [s]

sig
na

l
sp

ec
tr

al
 p

ow
er

Example: FHN oscillator

fs = 0.5Hz

T= 500s

SamplingError_2.py



frequency [Hz]

time [s]

sig
na

l
sp

ec
tr

al
 p

ow
er

T= 100s



frequency [Hz]

time [s]

sig
na

l
sp

ec
tr

al
 p

ow
er

T= 50s

the shorter the time series, the worse the spectral estimate



how to improve the spectral estimate ?



idea: prolongation of signal by zero-padding

how to improve the spectral estimate ?



<latexit sha1_base64="+N7JXJDnppa8Klp6FLOzCSpTK8s=">AAACAHicbZC7TsMwFIadcivlFmBgYImokMpSJYCAsRJLxyLRi9RGkeM6rVUnjuwTUBW1A6/CwgBCrDwGG2+Dm2aAliPZ+vT/58g+vx9zpsC2v43Cyura+kZxs7S1vbO7Z+4ftJRIJKFNIriQHR8ryllEm8CA004sKQ59Ttv+6Hbmtx+oVExE9zCOqRviQcQCRjBoyTOPVAW80dm0B2I6x8fs9syyXbWzspbByaGM8mp45levL0gS0ggIx0p1HTsGN8USGOF0UuolisaYjPCAdjVGOKTKTbMFJtapVvpWIKQ+EViZ+nsixaFS49DXnSGGoVr0ZuJ/XjeB4MZNWRQnQCMyfyhIuAXCmqVh9ZmkBPhYAyaS6b9aZIglJqAzK+kQnMWVl6F1XnWuqhd3l+VaPY+jiI7RCaogB12jGqqjBmoigiboGb2iN+PJeDHejY95a8HIZw7RnzI+fwDB75Xk</latexit>

s(tk) ! s(tk)w(tk)

description of short signal:  

multiplication by window function

w(t)

t

w(t)

w(t)



<latexit sha1_base64="mCX9Ip5Dmz3xoM92+6WfT3fstwc="></latexit>

NX

k=1

s(tk)w(tk)e
�i2⇡nk/N ⇠

N/2X

m=�N/2

cn�mdmDFT = 
<latexit sha1_base64="gY+K5jSf/TPN5T/E24XU4OnsTpQ=">AAACDnicbVC7SgNBFJ2NrxhfUUubwRCIhXE3itoEAjapQgTzgDyW2ckkGXZmdpmZVcKSL7DxV2wsFLG1tvNvnDwKTTxw4XDOvdx7jxcyqrRtf1uJldW19Y3kZmpre2d3L71/UFdBJDGp4YAFsukhRRgVpKapZqQZSoK4x0jD828mfuOeSEUDcadHIelwNBC0TzHSRnLT2Z7Li20VcTf2i864W3nIadc/Id34lBbaIYXCP6uM3XTGzttTwGXizEkGzFF101/tXoAjToTGDCnVcuxQd2IkNcWMjFPtSJEQYR8NSMtQgThRnXj6zhhmjdKD/UCaEhpO1d8TMeJKjbhnOjnSQ7XoTcT/vFak+9edmIow0kTg2aJ+xKAO4CQb2KOSYM1GhiAsqbkV4iGSCGuTYMqE4Cy+vEzqhbxzmT+/vciUyvM4kuAIHIMccMAVKIEyqIIawOARPINX8GY9WS/Wu/Uxa01Y85lD8AfW5w/TEZtZ</latexit>

dm =
NX

k=1

w(tk)e
�i2⇡nk/N



<latexit sha1_base64="mCX9Ip5Dmz3xoM92+6WfT3fstwc="></latexit>

NX

k=1

s(tk)w(tk)e
�i2⇡nk/N ⇠

N/2X

m=�N/2

cn�mdm
<latexit sha1_base64="gY+K5jSf/TPN5T/E24XU4OnsTpQ=">AAACDnicbVC7SgNBFJ2NrxhfUUubwRCIhXE3itoEAjapQgTzgDyW2ckkGXZmdpmZVcKSL7DxV2wsFLG1tvNvnDwKTTxw4XDOvdx7jxcyqrRtf1uJldW19Y3kZmpre2d3L71/UFdBJDGp4YAFsukhRRgVpKapZqQZSoK4x0jD828mfuOeSEUDcadHIelwNBC0TzHSRnLT2Z7Li20VcTf2i864W3nIadc/Id34lBbaIYXCP6uM3XTGzttTwGXizEkGzFF101/tXoAjToTGDCnVcuxQd2IkNcWMjFPtSJEQYR8NSMtQgThRnXj6zhhmjdKD/UCaEhpO1d8TMeJKjbhnOjnSQ7XoTcT/vFak+9edmIow0kTg2aJ+xKAO4CQb2KOSYM1GhiAsqbkV4iGSCGuTYMqE4Cy+vEzqhbxzmT+/vciUyvM4kuAIHIMccMAVKIEyqIIawOARPINX8GY9WS/Wu/Uxa01Y85lD8AfW5w/TEZtZ</latexit>

dm =
NX

k=1

w(tk)e
�i2⇡nk/N

DFT = 



<latexit sha1_base64="mCX9Ip5Dmz3xoM92+6WfT3fstwc="></latexit>

NX

k=1

s(tk)w(tk)e
�i2⇡nk/N ⇠

N/2X

m=�N/2

cn�mdm
<latexit sha1_base64="gY+K5jSf/TPN5T/E24XU4OnsTpQ=">AAACDnicbVC7SgNBFJ2NrxhfUUubwRCIhXE3itoEAjapQgTzgDyW2ckkGXZmdpmZVcKSL7DxV2wsFLG1tvNvnDwKTTxw4XDOvdx7jxcyqrRtf1uJldW19Y3kZmpre2d3L71/UFdBJDGp4YAFsukhRRgVpKapZqQZSoK4x0jD828mfuOeSEUDcadHIelwNBC0TzHSRnLT2Z7Li20VcTf2i864W3nIadc/Id34lBbaIYXCP6uM3XTGzttTwGXizEkGzFF101/tXoAjToTGDCnVcuxQd2IkNcWMjFPtSJEQYR8NSMtQgThRnXj6zhhmjdKD/UCaEhpO1d8TMeJKjbhnOjnSQ7XoTcT/vFak+9edmIow0kTg2aJ+xKAO4CQb2KOSYM1GhiAsqbkV4iGSCGuTYMqE4Cy+vEzqhbxzmT+/vciUyvM4kuAIHIMccMAVKIEyqIIawOARPINX8GY9WS/Wu/Uxa01Y85lD8AfW5w/TEZtZ</latexit>

dm =
NX

k=1

w(tk)e
�i2⇡nk/N

DFT = 

spectrum is convoluted with window Fourier transform



<latexit sha1_base64="EaN3FZ9lPnDcYx/nAPOUeA/wZgU=">AAACCnicbZC7TsMwFIYdrqXcAowshgqpLFUCCBgrsXQsUm9SE0WO47RWHCeyHaQqyszCq7AwgBArT8DG2+C2GaDlSJY//f85ss/vp4xKZVnfxsrq2vrGZmWrur2zu7dvHhz2ZJIJTLo4YYkY+EgSRjnpKqoYGaSCoNhnpO9Hd1O//0CEpAnvqElK3BiNOA0pRkpLnnkSeJEjaeyEAuFcE687KYWhF3XOi1xfhWfWrIY1K7gMdgk1UFbbM7+cIMFZTLjCDEk5tK1UuTkSimJGiqqTSZIiHKERGWrkKCbSzWerFPBMKwEME6EPV3Cm/p7IUSzlJPZ1Z4zUWC56U/E/b5ip8NbNKU8zRTiePxRmDKoETnOBARUEKzbRgLCg+q8Qj5EORen0qjoEe3HlZehdNOzrxuX9Va3ZKuOogGNwCurABjegCVqgDboAg0fwDF7Bm/FkvBjvxse8dcUoZ47AnzI+fwBpOJq+</latexit>

dk ⇠ sin(⇡fkT )

fk

<latexit sha1_base64="QTawO+ZygcnLj5BRz58hAddurVE=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEInkpSRb0IBS89VugXtCFstpt26WYTdjdCDf0lXjwo4tWf4s1/47bNQVsfDDzem2FmXpBwprTjfFuFjc2t7Z3ibmlv/+CwbB8dd1ScSkLbJOax7AVYUc4EbWumOe0lkuIo4LQbTO7nfveRSsVi0dLThHoRHgkWMoK1kXy7HPrO3SCUmGS1Wdaa+XbFqToLoHXi5qQCOZq+/TUYxiSNqNCEY6X6rpNoL8NSM8LprDRIFU0wmeAR7RsqcESVly0On6FzowxRGEtTQqOF+nsiw5FS0ygwnRHWY7XqzcX/vH6qw1svYyJJNRVkuShMOdIxmqeAhkxSovnUEEwkM7ciMsYmBW2yKpkQ3NWX10mnVnWvq5cPV5V6I4+jCKdwBhfgwg3UoQFNaAOBFJ7hFd6sJ+vFerc+lq0FK585gT+wPn8AXbiS7w==</latexit>

f0 =
2

T

frequency f

<latexit sha1_base64="aSsSBs883/wHmopsEGrpLyi0eEs=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0V9RjwkmOEvCBZwuxkNhkzj2VmVghL/sGLB0W8+j/e/BsnyR40saChqOqmuytKODPW97+9tfWNza3twk5xd2//4LB0dNwyKtWENoniSncibChnkjYts5x2Ek2xiDhtR+P7md9+otowJRt2ktBQ4KFkMSPYOqnVM0ygRr9U9iv+HGiVBDkpQ456v/TVGyiSCiot4diYbuAnNsywtoxwOi32UkMTTMZ4SLuOSiyoCbP5tVN07pQBipV2JS2aq78nMiyMmYjIdQpsR2bZm4n/ed3UxndhxmSSWirJYlGccmQVmr2OBkxTYvnEEUw0c7ciMsIaE+sCKroQguWXV0nrshLcVK4ersvVWh5HAU7hDC4ggFuoQg3q0AQCj/AMr/DmKe/Fe/c+Fq1rXj5zAn/gff4AITiO3Q==</latexit>⇠ T

Fourier transform of window function

spectral leakage effect



SamplingError_3.py

Example: sinusoidal oscillation



SamplingError_3.py

Example: sinusoidal oscillation

spectral leakage effect



SamplingError_3.py

Example: sinusoidal oscillation

spectral leakage effect



zero padding

SamplingError_3.py



short signal, no zero padding

long signal, with zero padding

spectral leakage effect by zero-padding



short signal, no zero padding

long signal, with zero padding

spectral leakage effect by zero-padding



Example: FHN-model



Example: FHN-model

spectral leakage effect



Example: FHN-model short signal for comparison



how to reduce spectral leakage: • choose long time series 

• avoid zero-padding 



• choose long time series 
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• choose better window function

how to reduce spectral leakage:



• choose long time series 
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how to reduce spectral leakage:



• choose long time series 

• avoid zero-padding 

• choose better window function

how to reduce spectral leakage:



rectangular window

SamplingError_4.py



Hann window

reduced spectral  leakage

SamplingError_4.py



summary:

if your signal is too short, then prolong with zeros (zero-padding)  

and apply a specific window function (e.g. Hann window)



data sampling

Fourier analysis

errors in analysis

linear filters

time-frequency analysis

aliasing spectral leakage spectral power


