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ELEN 4810

Digital Signal Processing

Introduction



Signal: loosely, any information bearing function:

Processing:

 Sampling
 Denoising / superresolving
 Analyzing / interpreting / classifying 

Digital Signal Processing: 

    Acquiring, enhancing, analyzing, and synthesizing signals 
     using a computer, or any other platform that works with 

 Finitely many samples
 Finite precision arithmetic 

Welcome to 4810, Digital Signal Processing

EKG signal from [Serra et. al., ‘07]



Why work in the digital domain?

Classical arguments

 Flexibility
     Programming is usually easier than implementing new hardware

 Advances in computing power
 

 Reproducibility: 
     Same data, same result

                Power / precision 
     Attractive tradeoffs vis. analog implementations

Plus a few recent developments:

 New computing platforms 
     Your phone is a camera, microphone and powerful digital computer!

 Data as a resource
      The most effective algorithms for signal classification, denoising, 
                        superresolution, ect., use massive amounts of training data



What is this class really about?

A few core mathematical tools for thinking about 
   discrete time signals and systems.

Introduction: Applications, review of complex math, basic sequences

Time Domain: LTI systems, convolution, impulse response

Frequency Domain: Discrete Time Fourier Transform (DTFT), DFT, FFT, STFT

Sampling: Shannon-Nyquist, Analog-Digital conversion

Midterm exam

Z-transform: Definition, poles, zeros, application in system analysis

Filters:  Magnitude, phase response, linear/generalized linear phase

Filter design: FIR design tools, IIR design tools

Special topics: Adaptive filtering
  Optimization & learning based signal processing
  Applications

Final exam



Motivation (1): Camera Shake Removal

Example from [Wipf + Zhang, Revising Bayesian Blind Deconvolution, 2013]

The picture I want:

The picture actually get:
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The electron microscope gives:

Defects:

Want to determine where the material defects are 
located, and what the basic defect “signature” is…

Motivation (1.5): Scanning Tunneling Spectroscopy

Joint work with Y. Lau, Y. Zhang, S. Cheung, A. Pasuapathy

Project Goals

Goal: Understand electronic structureof exotic nanoscalematerials

Scanning Tunneling M icroscope

.

Scanning%Tunneling%Microscopy/Spectroscopy%<%II 

STS Data Cube

Space ⇥ Energy

Defects: Material structure is encoded in the locations and signatures of

basic motifs “ defects” in the crystal latt ice:
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Motivation (1.5): Scanning Tunneling Spectroscopy

Joint work with Y. Lau, S. Cheung, A. Pasuapathy

The electron microscope gives:

Want to determine where the material defects are 
located, and what the basic defect “signature” is…

4(b) showsan abundanceof noise. Thisnoisestemsfromtherandomphasesin theFTthat areassociated

with therandom locations in real spaceof the impurities. For example, if thedefectsoccur at locations

(x1, y1), (x2, y2), . . . , (xL , yL ),and thedefect signaturein real spaceisa(x ),withcorresponding FT â(! ), then

from the shifting property of the Fourier transform we have

f̂ (! ) =

LX

i = 1

exp {− j (! 1x i + ! 2yi )}

| {z }
Frequency-variant “ noise”

⇥ â(! )
| {z}

Defect signature

. (2)

In thisexpression, thefirst termrepresentsphasenoise,whichvarieswith frequency,obscuring theproperties

of â(! ). An even moreseveredeficiency of FT-STSisthat it completely failswhen materialspossessmultiple

distinct defectsor disorder signatures. TheFT of such an imageyieldsasmeared averageof theFourier

wavelengthsof all thevariousdefect patterns–ascrambled product that ishardly useful for detailed analysis.

Thesetwoproblemsarecurrently thefundamental limitationsin our ability toextract useful information

from STSdata, and directly motivate our search for new analysis methods.

Ideal Analysisof STSData

Considering thefundamental shortcomingsof theFT-STSmethod, alternativeapproachesaredesired to

extract moremeaningful information from alargecollection of STSimages. Ideally, such aprocedurewould

beableto identify and characterizethereal-spacepattern associated with each typeof defect in astatistically

rigorousfashion, with minimal manual input. Additionally, thisproposed novel method should integrate

constraintswhich arephysically relevant to themeasurement. For instance, thedefects remain fixed in

position acrossaseriesof STSimagesinwhich themeasurement biasvoltageisvaried. An ideal methodology

would leveragethisfact, alongwithothermaterial-specificconstraints, to refineand improvetheanalysis

framework.

In notation, theSTSdataset consistsof acubeY 2 Rm⇥n⇥p. Here, thefirst twodimensionsrepresent the

spatial location, whilethethird representstheapplied voltage. Imagine, for simplicity, that thereisonly one

typeof defect. Thedefect’sreal spacesignaturecan berepresented asafunction A 2 Rm 0⇥n 0⇥p, again of

space and voltage. For each voltage sliceY ·,·,` , we observe

Y u,v ,`
| {z }

Observation at position (u, v ) and voltage `

=

LX

i = 1

A u− x i ,v− x i ,`| { z }
Translated defect signature

+ Z u,v ,`
| { z }

Noise

. (3)

Let X 2 Rm⇥n bea two-dimensional signal which consistsof spikes at the locations (x i , yi ) and zeros

everywhere else. Then we can write the `-th slice of Y as the convolution of the `-th slice of A with X :

Y ·,·,` = A ·,·,` ⇤X + Z ·,·,` , ` = 1, . . . , p, (4)

where⇤denotestwo-dimensional convolution. BecauseX iszeroexcept at thelocations(x i , yi ),X isasparse

signal. Moreover, noticethat thedefect location map X isthesamefor each slice` = 1, . . . , p. Wecan write

thisrelationship morecompactly asY = A ⇠X + Z , where⇠simply denotesthethree-dimensional object

produced by convolving X with each slice of A :

Spectroscopy*Data*Analysis*as*Deconvolution!

Observation Defect*signature7 Activation*map7

!
!

Noise7

3



Motivation (1.5): Scanning Tunneling Spectroscopy

The electron microscope gives:

Want to determine where the material defects are 
located, and what the basic defect “signature” is…

Joint work with Y. Lau, S. Cheung, A. Pasuapathy



Motivation (2): Spectrum Sensing
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New communications technology is spectrum-hungry…

… and available RF spectrum is increasingly scarce. 



Motivation (2): Spectrum Sensing
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Sampling theorems inspire new ways of sensing the spectrum:

Joint work led by T. Yazicigil, T. Haque, P. Kinget
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Motivation (3): Dynamic MRI

Example from [Otazo+Candes+Sodickson, 
                            Low-Rank and Sparse Matrix Decomposition for Accelerated MRI, 2014]

… and for other completely different signal modalities, 
       e.g., magnetic resonance imaging:



Syllabus 

Introduction: Applications, review of complex math, basic sequences

Time Domain: LTI systems, convolution, impulse response

Frequency Domain: Discrete Time Fourier Transform (DTFT), DFT, FFT, STFT

Sampling: Shannon-Nyquist, Analog-Digital conversion

Midterm exam

Z-transform: Definition, poles, zeros, application in system analysis

Filters:  Magnitude, phase response, linear/generalized linear phase

Filter design: FIR design tools, IIR design tools

Special topics: Adaptive filtering

  Optimization & learning based signal processing
  Applications

Final exam



Course Organization

Discrete-Time Signal Processing
     Oppenheim + Schafer, 3rd Ed. 
     [Yes, digital/pdf version is fine.] 

Instructor:      John Wright 
            johnwright@ee.columbia.edu
            Office hours: 11-1 PM Thursday (408 Mudd) 

TA:                TBD

Website:       Course materials (notes, videos, assignments) on CourseWorks

mailto:johnwright@ee.columbia.edu


Grades

Homework 15%
Midterm  30%
Final   30%
Course Project     25%

 



Exams

Closed-book. No phones, calculators, or other computing devices. 

Questions: mostly analytical and conceptual. We strive to test 
understanding; heroic feats of mathematical proof or hand calculation will 
probably not be necessary. 

Students often find the exams challenging. Please prepare appropriately! We will 
have review sessions before both exams. 

Midterm: Tentative date October 27. One sheet of handwritten notes 
(front+back) allowed. 

Final: Tentative date December 15, 1:10 PM-4 PM. Two sheets of 
handwritten notes (front+back) allowed. The final is comprehensive in 
scope, but contains more material from the second half of the semester.  



Homework

Analytical problems (Oppenheim-Schafer) + Matlab exercises.

Homework will start heavy and then get much lighter at the end of the semester. 

You can get Matlab for free through SEAS:
 https://portal.seas.columbia.edu/matlab/

If you don’t know Matlab, a good resource for getting started is: 
http://www.ee.columbia.edu/ee-matlab

Feel free to discuss with peers, but you must write up your solutions 
    independently. Please don’t cheat yourself out of learning the material!

Late homework will not be accepted. We will drop your lowest 
    homework score, as a buffer against illness, travel, hungry pets, 
    meteor strike, ect.

https://portal.seas.columbia.edu/matlab/
http://www.ee.columbia.edu/ee-matlab
http://www.ee.columbia.edu/ee-matlab
http://www.ee.columbia.edu/ee-matlab
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Introduction: Applications, review of complex math, basic sequences

Time Domain: LTI systems, convolution, impulse response

Frequency Domain: Discrete Time Fourier Transform (DTFT), DFT, FFT, STFT

Sampling: Shannon-Nyquist, Analog-Digital conversion

Midterm exam

Z-transform: Definition, poles, zeros, application in system analysis

Filters:  Magnitude, phase response, linear/generalized linear phase

Filter design: FIR design tools, IIR design tools

Special topics: Adaptive filtering

  Optimization & learning based signal processing
  Applications

Final exam


	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21

