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Today
• Repesenting signals in the time domain 
• Basic signals 
• Operations on signals 
• Complex signals 
• Power and Energy 
• Decibels 
•  Fourier Transforms2π
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Representing Signals
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• This  is a pulse train, that could come up in radar or 
communications 

• How do we represent it? 
• What are its properties: spectral width, power etc 
• Build it up from simpler components



Unit Rectangle

• Unit width, and unit area 
• Also written as Π(t)
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Unit Triangle

• Unit width, and and area 1/2 
• Also written as  or  
• This is a non-standard definition, which is twice as wide 
• The conventional definition gives 
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Unit Step

• This is 1 for positive time 
• Very useful in communications 
• When used in frequency, this is a single sideband 

filter



Sinc Function

• This is the unusual definition, zeros are on the 
integers 

• Less common is , with zeros on 
multiples of .  Watch out for this!

sinc(t) =
sin(t)

t
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Operations: Time Shift

• Think “where does the argument equal 0”?
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Operations: Time Scaling

• Think “for what  does the argument equal 1”?t
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Back to the Pulse Train
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• This is:  

• a carrier at frequency  

• gated on for  seconds 

• repeated every T seconds for N pulses 
• Used for 

• Radar (Pulsed Doppler, Doppler Ultrasound, SAR) 
• If the pulses have variable amplitudes, this is digital 

communications waveform

ω
τ



Pulse Train
• Start with a rect() pulse
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• Scale to the right length and amplitude



Pulse Train
• Combine shifted copies 

• This is the envelope of the signal 
• Also called the baseband signal 
• This describes all of the information that is 

encoded in the signal
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Pulse Train
• Then multiply by a carrier

• This is gives the pulse train waveform 
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Signal Energy and Power

• This is finite for 
• Bounded, finite signals 
• Decaying signals 

• Most signal were concerned with won’t be finite energy

• The energy of a signal  isg(t)



Signal Energy and Power

• This is a limit 
• Energy per unit time 
• If g(t) can often be complex 
• For periodic signals, only need to integrate over one 

period

• The power of a signal  isg(t)



Units of Power

• This would be watts.  We don’t care about the load 
and let  

• For many cases, the effect of the signal varies with the 
log of the signal: human hearing and sight 

• Often convenient to express power in terms of logs 

R = 1

• If  was a voltage applied to a resistorg(t)



Decibels

• If  is measured in watts, then 

• dBW is  

• dBm is   

• Lots of other examples 
• dBA for hearing, compared to the threshold of hearing 
• dBi for antennas, gain relative to an isotropic antenna

P
10 log10(power relative to 1W)

10 log10(power relative to 1mW)

• The decibel (dB) is defined as a ratio, relative to a 
reference

PdB = 10 log10
P

Pref



dB in Communications
• Communications systems have a wide range of 

powers 
• 1 kW transmitted 

• 1 W received 
• Many components have multiplicative effects 

• Antenna gain 
• Path loss 
• Signal processing gain

μ



dB Example
• Communications systems link budget 

• Transmit 10W (+40 dBm) 
• Transmit antenna gain of 10 (+10 db) 

• Path loss of  (-90 dB) 

• Receive antenna gain of 10 (+10 dB) 
• Total is 40 dBm + 10 dB + -90 dB +10 dB = -30 dBm 

• This is  or 1 W, which is a strong signal 

• The nice thing is this allows you to trade off parts of the 
system 
• Reduce transmit power for a better antenna, for example

109

10−30/10 = 10−3 mW μ



Fourier Transform
• In 102A the Fourier Transform was

• In 102A the Fourier Transform was

• We used  so that all of the transforms were of similar 
form (Fourier, Laplace, DTFT, etc).

ω



Fourier Transform
• In this class we’ll use  instead of . If we replace 

with , the Fourier transform is
2πf ω 2πf

ω

• Noting that . the inverse transform isdω = 2π df

• Note that these are almost completely symmetric, only 
the sign of the exponent changes 

• This simplifies a lot of the transforms and theorems



Fourier Transform Example
• The one-sided exponential decay is

• The Fourier transform is

• Same result as in 102A with  replaced by ω 2πf



Duality
• This is much easier and more useful with  

• The Fourier transform pair is

2πf

• The inverse transform differs only in exponent sign 

• If we consider  to be a function of , and apply the 
transform again

G( f ) t



Duality
• We can summarize this as 

• Assume we know a transform pair

g(t) ⇌ G( f )

• Then we immediately know another pair

G(t) ⇌ g(−f )

• This is much more convenient



Duality Example
• The unit rectangle is

• Its transform is

0

1
<latexit sha1_base64="ZgK1ndXHRxRAemm0rRAu67HBphA=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRahXspukeqx4MVjBfsB7VKyabYNTbJrki2Upb/DiwdFvPpjvPlvTNc9aOuDgcd7M8zMC2LOtHHdL6ewsbm1vVPcLe3tHxwelY9POjpKFKFtEvFI9QKsKWeStg0znPZiRbEIOO0G09ul351RpVkkH8w8pr7AY8lCRrCxkp8OlECaSbKohpfDcsWtuRnQOvFyUoEcrWH5czCKSCKoNIRjrfueGxs/xcowwumiNEg0jTGZ4jHtWyqxoNpPs6MX6MIqIxRGypY0KFN/T6RYaD0Xge0U2Ez0qrcU//P6iQlv/JTJODHUPpYtChOOTISWCaARU5QYPrcEE8XsrYhMsMLE2JxKNgRv9eV10qnXvEatcX9VadbzOIpwBudQBQ+uoQl30II2EHiEJ3iBV2fmPDtvzvtPa8HJZ07hD5yPby6tka4=</latexit>

sinc(f)

1 2�1�2 f0

1

1�1

⇧(t)

t

sinc( f )



Duality Example
• By duality, we also have

since  is even, so Π(t) Π( f ) = Π(−f )

sinc(t) ⇋ Π( f )

sinc(t)



Impulses
• The Fourier transform of an impulse follows directly 

from its definition

• Then, by duality

• Note, no  here.2π
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Shifted Impulses
• Shifted impulse to δ(t − t0)

• This is a complex exponential in frequency

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

f

<latexit sha1_base64="YEY0a5QpYpQftGhQzBEylEeNzn4=">AAAB+XicbVDLSgNBEOyNrxhfqx69DAbBi2E3SPQY8OIxgnlAsobZSW8yZPbBzGwgLPkTLx4U8eqfePNvnCR70MSChqKqm+4uPxFcacf5tgobm1vbO8Xd0t7+weGRfXzSUnEqGTZZLGLZ8alCwSNsaq4FdhKJNPQFtv3x3dxvT1AqHkePepqgF9JhxAPOqDZS37bxKbvi1V7CSUB035n17bJTcRYg68TNSRlyNPr2V28QszTESDNBleq6TqK9jErNmcBZqZcqTCgb0yF2DY1oiMrLFpfPyIVRBiSIpalIk4X6eyKjoVLT0DedIdUjterNxf+8bqqDWy/jUZJqjNhyUZAKomMyj4EMuESmxdQQyiQ3txI2opIybcIqmRDc1ZfXSatacWsV9+G6XK/lcRThDM7hEly4gTrcQwOawGACz/AKb1ZmvVjv1seytWDlM6fwB9bnDyFkkqY=</latexit>

e�i2⇡ft0

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

f<latexit sha1_base64="nTq3EhevNTX3Nm+u56HHtwWE2A4=">AAAB/HicbVDLSgMxFM3UV62v0S7dBIvgqsyIqMuiG5cV7APaoWTSTBuaSYbkjjCU+ituXCji1g9x59+YaWehrQcCh3Pu4d6cMBHcgOd9O6W19Y3NrfJ2ZWd3b//APTxqG5VqylpUCaW7ITFMcMlawEGwbqIZiUPBOuHkNvc7j0wbruQDZAkLYjKSPOKUgJUGbrWv+WhsYxGMiU6UkqYycGte3ZsDrxK/IDVUoDlwv/pDRdOYSaCCGNPzvQSCKdHAqWCzSj81LCF0QkasZ6kkMTPBdH78DJ9aZYgjpe2TgOfq78SUxMZkcWgnYwJjs+zl4n9eL4XoOphymaTAJF0silKBQeG8CTzkmlEQmSWEam5vxdR2QCjYvvIS/OUvr5L2ed2/rPv3F7XGTVFHGR2jE3SGfHSFGugONVELUZShZ/SK3pwn58V5dz4WoyWnyFTRHzifPw9KlQg=</latexit>⌦
<latexit sha1_base64="wV2Fsy1sOpwVpITWcLW82G7Xzyg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipaQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDWz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20a1Xvuuo1ryr1Wh5HEc7gHC7Bgxuowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8A3VGM7g==</latexit>

t
<latexit sha1_base64="gN1St6HOIXRJ83Dnbmg3jboBiEY=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBDiwbAbRD0GvHiMYB6QLGF2tjcZMvtwZjYQlnyHFw+KePVjvPk3TpI9aGJBQ1HVTXeXlwiutG1/W2vrG5tb24Wd4u7e/sFh6ei4peJUMmyyWMSy41GFgkfY1FwL7CQSaegJbHuju5nfHqNUPI4e9SRBN6SDiAecUW0kt+ej0LQSXAZ9+6JfKttVew6ySpyclCFHo1/66vkxS0OMNBNUqa5jJ9rNqNScCZwWe6nChLIRHWDX0IiGqNxsfvSUnBvFJ0EsTUWazNXfExkNlZqEnukMqR6qZW8m/ud1Ux3cuhmPklRjxBaLglQQHZNZAsTnEpkWE0Mok9zcStiQSsq0yaloQnCWX14lrVrVua46D1flei2PowCncAYVcOAG6nAPDWgCgyd4hld4s8bWi/VufSxa16x85gT+wPr8AXUMkTE=</latexit>

�(f � f0)

<latexit sha1_base64="wQhNSc+zEu4Mxe/FlTEDBK1heGc=">AAAB+XicbVDLSgNBEOz1GeNr1aOXwSB4CrtBoseAF48RzAOSdZmd9CZDZh/MzAbCkj/x4kERr/6JN//GSbIHTSxoKKq66e4KUsGVdpxva2Nza3tnt7RX3j84PDq2T07bKskkwxZLRCK7AVUoeIwtzbXAbiqRRoHATjC+m/udCUrFk/hRT1P0IjqMecgZ1UbybRufck5q/ZST0HeInvl2xak6C5B14hakAgWavv3VHyQsizDWTFCleq6Tai+nUnMmcFbuZwpTysZ0iD1DYxqh8vLF5TNyaZQBCRNpKtZkof6eyGmk1DQKTGdE9UitenPxP6+X6fDWy3mcZhpjtlwUZoLohMxjIAMukWkxNYQyyc2thI2opEybsMomBHf15XXSrlXdetV9uK406kUcJTiHC7gCF26gAffQhBYwmMAzvMKblVsv1rv1sWzdsIqZM/gD6/MHDVOSmQ==</latexit>

ei2⇡f0t



Sine and Cosine
• Since

• These have the Fourier transforms



<latexit sha1_base64="94Jlwt1T0eE0wpEUGRlC2Kb8weU=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBahXkpSRD0WvHisYGuhLWWz3bRLN5uwOymU0H/ixYMiXv0n3vw3btsctPXBwOO9GWbmBYkUBj3v2ylsbG5t7xR3S3v7B4dH7vFJy8SpZrzJYhnrdkANl0LxJgqUvJ1oTqNA8qdgfDf3nyZcGxGrR5wmvBfRoRKhYBSt1HfdrhGqUusmgoR9j+Bl3y17VW8Bsk78nJQhR6PvfnUHMUsjrpBJakzH9xLsZVSjYJLPSt3U8ISyMR3yjqWKRtz0ssXlM3JhlQEJY21LIVmovycyGhkzjQLbGVEcmVVvLv7ndVIMb3uZUEmKXLHlojCVBGMyj4EMhOYM5dQSyrSwtxI2opoytGGVbAj+6svrpFWr+tdV/+GqXK/lcRThDM6hAj7cQB3uoQFNYDCBZ3iFNydzXpx352PZWnDymVP4A+fzB5elkkg=</latexit>

sin(2⇡f0t)

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

f

<latexit sha1_base64="nTq3EhevNTX3Nm+u56HHtwWE2A4=">AAAB/HicbVDLSgMxFM3UV62v0S7dBIvgqsyIqMuiG5cV7APaoWTSTBuaSYbkjjCU+ituXCji1g9x59+YaWehrQcCh3Pu4d6cMBHcgOd9O6W19Y3NrfJ2ZWd3b//APTxqG5VqylpUCaW7ITFMcMlawEGwbqIZiUPBOuHkNvc7j0wbruQDZAkLYjKSPOKUgJUGbrWv+WhsYxGMiU6UkqYycGte3ZsDrxK/IDVUoDlwv/pDRdOYSaCCGNPzvQSCKdHAqWCzSj81LCF0QkasZ6kkMTPBdH78DJ9aZYgjpe2TgOfq78SUxMZkcWgnYwJjs+zl4n9eL4XoOphymaTAJF0silKBQeG8CTzkmlEQmSWEam5vxdR2QCjYvvIS/OUvr5L2ed2/rPv3F7XGTVFHGR2jE3SGfHSFGugONVELUZShZ/SK3pwn58V5dz4WoyWnyFTRHzifPw9KlQg=</latexit>⌦
<latexit sha1_base64="ACvJN8mxnYi6dFjlfGrCL4xSWcU=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1iEurAkRdRlwY3LCvYBTQiTyU07OnkwMxFKCG78FTcuFHHrV7jzb5w+Ftp64MLhnHu59x4/5Uwqy/o2SkvLK6tr5fXKxubW9o65u9eRSSYotGnCE9HziQTOYmgrpjj0UgEk8jl0/fursd99ACFZEt+qUQpuRAYxCxklSkueeeCEgtDcLvLGXeEEwBWphaehZ514ZtWqWxPgRWLPSBXN0PLMLydIaBZBrCgnUvZtK1VuToRilENRcTIJKaH3ZAB9TWMSgXTzyQsFPtZKgMNE6IoVnqi/J3ISSTmKfN0ZETWU895Y/M/rZyq8dHMWp5mCmE4XhRnHKsHjPHDABFDFR5oQKpi+FdMh0ZkonVpFh2DPv7xIOo26fV63b86qzcYsjjI6REeohmx0gZroGrVQG1H0iJ7RK3oznowX4934mLaWjNnMPvoD4/MHJB+Wjw==</latexit>

1

2j
�(f � f0)

<latexit sha1_base64="xLfos31Q/9bMZPZOkv3KnnP2zEQ=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBahIpakiLosuHFZwT6gCWEymbRjJ5MwMxFKCLjxV9y4UMStP+HOv3HaZqGtBy4czrmXe+/xE0alsqxvo7S0vLK6Vl6vbGxube+Yu3sdGacCkzaOWSx6PpKEUU7aiipGeokgKPIZ6fqj64nffSBC0pjfqXFC3AgNOA0pRkpLnnlw5oQC4czOs8Z97gSEKVQLT0PPOvHMqlW3poCLxC5IFRRoeeaXE8Q4jQhXmCEp+7aVKDdDQlHMSF5xUkkShEdoQPqachQR6WbTH3J4rJUAhrHQxRWcqr8nMhRJOY583RkhNZTz3kT8z+unKrxyM8qTVBGOZ4vClEEVw0kgMKCCYMXGmiAsqL4V4iHSmSgdW0WHYM+/vEg6jbp9Ubdvz6vNRhFHGRyCI1ADNrgETXADWqANMHgEz+AVvBlPxovxbnzMWktGMbMP/sD4/AGO25bE</latexit>

� 1

2j
�(f + f0)

<latexit sha1_base64="wV2Fsy1sOpwVpITWcLW82G7Xzyg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipaQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDWz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20a1Xvuuo1ryr1Wh5HEc7gHC7Bgxuowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8A3VGM7g==</latexit>

t

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

f<latexit sha1_base64="nTq3EhevNTX3Nm+u56HHtwWE2A4=">AAAB/HicbVDLSgMxFM3UV62v0S7dBIvgqsyIqMuiG5cV7APaoWTSTBuaSYbkjjCU+ituXCji1g9x59+YaWehrQcCh3Pu4d6cMBHcgOd9O6W19Y3NrfJ2ZWd3b//APTxqG5VqylpUCaW7ITFMcMlawEGwbqIZiUPBOuHkNvc7j0wbruQDZAkLYjKSPOKUgJUGbrWv+WhsYxGMiU6UkqYycGte3ZsDrxK/IDVUoDlwv/pDRdOYSaCCGNPzvQSCKdHAqWCzSj81LCF0QkasZ6kkMTPBdH78DJ9aZYgjpe2TgOfq78SUxMZkcWgnYwJjs+zl4n9eL4XoOphymaTAJF0silKBQeG8CTzkmlEQmSWEam5vxdR2QCjYvvIS/OUvr5L2ed2/rPv3F7XGTVFHGR2jE3SGfHSFGugONVELUZShZ/SK3pwn58V5dz4WoyWnyFTRHzifPw9KlQg=</latexit>⌦

<latexit sha1_base64="OVT69AwTcQZaGQPzt8ShOJNc8TQ=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBahXkpSRD0WvHisYGuhCWWz3bRLN7thd1Ioof/EiwdFvPpPvPlv3LY5aOuDgcd7M8zMi1LBDXjet1Pa2Nza3invVvb2Dw6P3OOTjlGZpqxNlVC6GxHDBJesDRwE66aakSQS7Cka3839pwnThiv5CNOUhQkZSh5zSsBKfdcNqDK1RpByHPc9DJd9t+rVvQXwOvELUkUFWn33KxgomiVMAhXEmJ7vpRDmRAOngs0qQWZYSuiYDFnPUkkSZsJ8cfkMX1hlgGOlbUnAC/X3RE4SY6ZJZDsTAiOz6s3F/7xeBvFtmHOZZsAkXS6KM4FB4XkMeMA1oyCmlhCqub0V0xHRhIINq2JD8FdfXiedRt2/rvsPV9Vmo4ijjM7QOaohH92gJrpHLdRGFE3QM3pFb07uvDjvzseyteQUM6foD5zPH4+7kkM=</latexit>

cos(2⇡f0t)

<latexit sha1_base64="T16gbP9nUJxV037Kw1G1Z7/kja4=">AAACAXicbVBNS8NAEN3Ur1q/ol4EL8EiVISSFFGPBS8eK9gPaELYbCbt0s0m7G6EEurFv+LFgyJe/Rfe/Ddu2xy09cHA470ZZuYFKaNS2fa3UVpZXVvfKG9WtrZ3dvfM/YOOTDJBoE0SlohegCUwyqGtqGLQSwXgOGDQDUY3U7/7AELShN+rcQpejAecRpRgpSXfPHIjgUnuTPLGxA2BKVyLziPfPvPNql23Z7CWiVOQKirQ8s0vN0xIFgNXhGEp+46dKi/HQlHCYFJxMwkpJiM8gL6mHMcgvXz2wcQ61UpoRYnQxZU1U39P5DiWchwHujPGaigXvan4n9fPVHTt5ZSnmQJO5ouijFkqsaZxWCEVQBQba4KJoPpWiwyxjkTp0Co6BGfx5WXSadSdy7pzd1FtNoo4yugYnaAactAVaqJb1EJtRNAjekav6M14Ml6Md+Nj3loyiplD9AfG5w9RjZYZ</latexit>

1

2
�(f + f0)

<latexit sha1_base64="vEc5pLHWj64KfHnCnLpHLBNBuEQ=">AAACAXicbVBNS8NAEN3Ur1q/ol4EL8Ei1IMlKaIeC148VrAf0ISw2UzapZtN2N0IJdSLf8WLB0W8+i+8+W/ctjlo64OBx3szzMwLUkalsu1vo7Syura+Ud6sbG3v7O6Z+wcdmWSCQJskLBG9AEtglENbUcWglwrAccCgG4xupn73AYSkCb9X4xS8GA84jSjBSku+eeRGApPcmeSNiRsCU7gWnUe+feabVbtuz2AtE6cgVVSg5ZtfbpiQLAauCMNS9h07VV6OhaKEwaTiZhJSTEZ4AH1NOY5Bevnsg4l1qpXQihKhiytrpv6eyHEs5TgOdGeM1VAuelPxP6+fqejayylPMwWczBdFGbNUYk3jsEIqgCg21gQTQfWtFhliHYnSoVV0CM7iy8uk06g7l3Xn7qLabBRxlNExOkE15KAr1ES3qIXaiKBH9Ixe0ZvxZLwY78bHvLVkFDOH6A+Mzx9UnZYb</latexit>

1

2
�(f � f0)

<latexit sha1_base64="wV2Fsy1sOpwVpITWcLW82G7Xzyg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipaQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDWz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20a1Xvuuo1ryr1Wh5HEc7gHC7Bgxuowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8A3VGM7g==</latexit>

t



Convolution in Time
• Convolution

• This has the Fourier transform

• Note, there is no factor of   here.1
2π



Multiplication in Time
• Multiplication

• This has the Fourier transform

• Convolution in one domain corresponds exactly to 
multiplication in the other!  For example:



Shift Theorems
• Using impulses, convolution, and multiplication:

• Similarly



Modulation

• Modulation corresponds to convolution in frequency 
• Convolution with an impulse is just a shift 
• Modulation lets us move signals around in frequency.  

• Modulation is multiplication in time. Since

• Then





Airband AM Signal
Audio Envelope

RF Waveform
RF Spectrum

Audio Spectrum



Signum Signal
• The signum signal can be approximated as

• This has the Fourier transform



Signum Signal
• The transform pair is 

• Then, by duality



Step Signal
• The unit step can be written as

• This has the Fourier transform

• By duality

• This will be important for single sideband signals (SSB)



Δ(t)
• The triangle function is

• It is the convolution of two scaled ’s Π(t)

• Each  is scaled to half the length,  Π(t)

• The factor of 2 makes the area work out to 1



 Fourier TransformΔ(t)
• The Fourier transform is then

• The transform pair is

= 2 ( 1
2

sinc ( f
2 ))

2

=
1
2

sinc2 ( f
2 )

Δ(t) ⇋
1
2

sinc2 ( f
2 )



Bandpass Signals
• A signal is bandlimited if

• Modulating  by a cosine at a carrier frequency g(t) fc

• This is a bandpass signal, with

• Many of the signals in the course will be bandpass 
• The AM signal earlier is an example



Filters
• Filters allow us to select specific signals by frequency, 

and suppress noise

<latexit sha1_base64="M41nKLDp+gJaM2A1+8kq2T7RQFk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9WtVrXlfq9TyOIpzBOVyCBzdQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AzE+M7g==</latexit>
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Windowed Sinc Filters
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• Windowed sinc filter , where n is the 
number of zeros

h(t) = w(t/n) sinc(t)

• Spectral Response



Windowed Sinc Filters
• Scale the duration of  to produce the passband 

we want for  

• The previous filter had a duration of T = n, and a 
bandwidth 2B = 1 
• Time-Bandwidth Product of (n)(1) = n. 
• Transition width is approximately 2/n 

• If we want a bandwidth of , we scale , 
which corresponds to a filter . The time-
bandwidth product stays the same, n. 

• The transition width is then 

h(t)
H( f )

2B = β H( f/β)
βh(βt)

2β/n



Windowed Sinc Filter Example
• We want a 10 kHz passband, and a transition width of 

1 kHz, so that we can suppress adjacent signals. 
• The transition width is  

• 1 kHz = 2*(10 kHz)/n 
• That tells us that n = 20, the time-bandwidth product 

and also the number of sinc zeros 

• The bandwidth  is 10 kHz, so  
• 20 = (10 kHz) * T 

• The duration is 2 ms.

2B



Windowed Sinc Filter Example

• Spectral Response
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• The filter looks like this

• In matlab, you would sample the filter at the signal 
sampling rate, and the convolve to do the filtering



More Filters
• Most filters will start with a windowed sinc 
• Bandpass filters are just a modulated lowpass 

windowed sinc 
• A Single Sideband (SSB) filter is just a frequency 

shifted windowed sinc 
• A differentiator is just the derivative of a windowed 

sinc 
• We’ll see many of these in the coming weeks.



Next Time
• Spectral energy density 
• AM modulators and receivers 
• Quadrature receivers 
• Lab this week: Capturing RF signals with Matlab


