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Digital Signal Processing

0 Represent signals by a sequence of numbers
= Sampling and quantization (or analog-to-digital conversion)

o  Perform processing on these numbers with a digital processor
= Digital signal processing

0 Reconstruct analog signal from processed numbers
= Reconstruction or digital-to-analog conversion

digital digital

analog, signal signal analog
signal_'| A/D DSP D/A |_'signa|

- Analog input = analog output

Eg. Digital recording music
Analog input = digital output
Eg. Touch tone phone dialing, speech to text
Digital input = analog output
Eg. Text to speech
Digital input = digital output

Eg. Compression of a file on computer

Penn ESE 531 Spring 2020 - Khanna

Discrete Time Signals and Systems
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& Penn,

Signals are Functions

A signal is a function that maps an independent variable to a dependent variable.

DEFINITION

m Signal z[n]: each value of n produces the value z[n]
m In this course, we will focus on discrete-time signals:
 Independent variable is an integer: n € Z  (will refer to as time

o Dependent variable is a real or complex number: z[n] € R or C

-101234567
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v

Discrete Time Systems

.
.
.

A discrete-time system #{ is a transformation (a rule or formula) that maps a
discrete-time input signal z into a discrete-time output signal

y="H{z}

= Systems manipulate the information in signals

= Examples:
« A speech recognition system converts acoustic waves of speech into text
« A radar system transforms the received radar pulse to estimate the position and velocity of targets
« A functional magnetic resonance imaging (fMRI) system transforms measurements of electron spin
into voxel-by-voxel estimates of brain activity
« A 30 day moving average smooths out the day-to-day variability in a stock price
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oelsiese’s

System Properties

o Causality
= y[n] only depends on x[m] for m<=n
0 Lineatity
= Scaled sum of arbitrary inputs results in output that is a scaled sum of
corresponding outputs
= Axy[n]+Bxy[n] > Ay, [n]+By,[n]
0 Memoryless
= y[n] depends only on x[n]
o Time Invariance
= Shifted input results in shifted output
= x[n-q] > y[n-q]
0 BIBO Stability
= A bounded input results in a bounded output (ie. max signal value
exists for output if max )

Penn ESE 531 Spring 2020 - Khanna

a

LTT Systems

oelsiese’s

A system # is linear time-invariant (LTI) if it is both linear and time-invariant

DEFINITION

0 LTI system can be completely characterized by its impulse

response
o}

0 Then the output for an arbitrary input is a sum of weighted,
delay impulse responses

o0

T ‘ y vl = Y. hin—mafm]

m=—00

yn]=x{n]*h[n]

Penn ESE 531 Spring 2020 - Khanna 8

Discrete Time Fourier Transform

& Penn

DTFT Definition

seseees

©

X(e™)="Y x[kle™*

k=—0

P
=— | X()e!™dw
x[n] 2;3:{; (e’)e

3

X(f)= Y, alkle "
j—

Alternate 0s _
xnl= [ X(f)e " df

-0.5
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Example: Window DTFT

eelsieeels

wln] “window”

Penn ESE 531 Spring 2020 - Khanna 11

Example: Window DTFT

eelsieeels

sin((N + l/2)w)
sin (a)/2)

- L

2N +1

oy
Also, 2x[n] W™=

L 8 =1 why?
\ N + 5/‘—
Plot for N=2 \/ \/
- ) ) ™
Penn ESE 531 Spring 2020 - Khanna 12




LTT System Frequency Response

oelsiese’s

o Fourier Transform of impulse response

x[n]=eion LTI System — y[n]=H(ej*")ejon

H(e')= i W[kl

Penn ESE 531 Spring 2020 - Khanna
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z-Transform

a The z-transform generalizes the Discrete-Time
Fourier Transform (DTFT) for analyzing infinite-
length signals and systems

a Very useful for designing and analyzing signal
processing systems

0 Properties are very similar to the DTFT with a few
caveats

H(z)= i hnk™"

n=—oo

Penn ESE 531 Spring 2020 - Khanna 14
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Region of Convergence (ROC)

Given a time signal z[n], the region of convergence (ROC) of its 2-transform
X (z) is the set of z € C such that X(2) converges, that is, the set of z € C such
that z[n] 2~ is absolutely summable

f: [zfn] 2| < oo

n=—oc

DEFINITION

Penn ESE 531 Spring 2020 - Khanna
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Inverse z-Transform

a Ways to avoid it:
= Inspection (known transforms)
= Properties of the z-transform

= Partial fraction expansion

= Power series expansion

X(z)= i x[n]z™"

n—n

=t x[-2]27 # x[-1]z + x[0]+ x[1]z7" + x[2]z 72 4+

Penn ESE 531 Spring 2020 - Khanna 16
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Difference Equation to z-Transform

N M
Eaky[n -k]= Ebmx[n—m]
k=0

m=0

0 Difference equations of this form behave as causal LTT
systems
= when the input is zero prior to n=0
= Initial rest equations are imposed prior to the time when input
bCC()mCS nonzero
i y[N]=y[N+H]=...=y[-1]=0

Penn ESE 531 Spring 2020 - Khanna

Sampling and Reconstruction
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DSP System

ADC AD

Quantizer

aclt) [, o | [ == \aln] = z.(nT)
Filter SJ Lt =nT J

DAC D/A

Ye(t)

Penn ESE 531 Spring 2020 - Khanna
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Ideal Sampling Model

¢
z(t) o z[n] = z.(nT)

Discrete and Continuous

0 Ideal continuous-to-discrete time (C/D) converter
= T is the sampling period
= f=1/T is the sampling frequency
« Q=27/T

Penn ESE 531 Spring 2020 - Khanna 20

Ideal Sampling Model
T
v
z(t) cD z[n] = z.(nT)

Discrete and Continuous

Continuous

zo(t) =--- :ZC(O)J(t) +z(T)6(t —T) +---
z4(t) = ¢ Z §(t —nT)

n=—oo

seseees

Frequency Domain Analysis

" ., S
SRR RRRE I I B

27
T
and Q, > 2Qy
XM X, (/)
,
)\ /
) N/, /\ A
0y Oy o -20, Q, -Qy a0 20, 30, 0
(@) (0,-0y)
e
=QT /\ /\ /\
L L
L oren
2
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¢ Frequency Domain Analysis
i
T 2
T
and Q, < 20
X.390) — 1 X, (/)
1 T,
’ A, A A A L {f\\ L S A
0y ay Y (n,.n,v)/ 0 20, Q
(a)
w=QT
Q]
Lorea
Penn ESE 531 Spring 2020 - Khanna 23

Aliasing Example

eelsieeels

u 3 [n] = cos (

n)

R

”“H‘H“H““HH“ M T
It \/ \\w‘
M ““M‘J f M‘\

T
-] \““T H\‘ 4 \‘ TN
UU w““ )w‘“‘\‘\“‘“‘

Il
X“.‘\\

|y

“is -10 -5

3o
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Reconstruction of Bandlimited Signals

oelsiese’s

0 Nyquist Sampling Theorem: Suppose x (t) is
bandlimited. Ie.

X(Q) =0V [|Q>Qn

o If Q >2Q , then x (1) can be uniquely determined
from its samples x[n]=x (nT)

o Bandlimitedness is the key to uniqueness

Mulitiple signals go through
the samples, but only one is
bandlimited within our
sampling band

Penn ESE 531 Spring 2020 - Khanna 25

Reconstruction in Frequency Domain

oelsiese’s

onvert
to impulse
train

@s(t)—>| Hr () — z+(t)

[I z,(t)
— z(t)
T

X,(79Q)

Reconstruction in Time Domain

seseees

z,(t) = z5(t) * he(t) = (Z z[n)é(t — nT)) * hp(t)

n

> anlhn(t — nT)

The sum of “sincs”
gives x,(t) 2 unique
signal that is
bandlimited by
sampling bandwidth

Penn ESE 531 Spring 2020 - Khanna 27

Rate Re-Sampling

& Penn
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0,520y
Il 1
-0, -0y ay N\ 9 a X,3Q)
©,-0 1
H, () —)
@ Qy= 0.2 (0,-0y) “on o 2
-0, a, Q
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: Anti-Aliasing Filter
] ADC AD
zc(t) Analog W [ sampler ]w[n] = z.(nT)
Anti-Aliasing - Quantizer | :
Filter Hqunj | Lt =nT J ;
) and (), < 2Q) .
X Q) oS AN X ()
A ey e 741 N ¥
; \ ; PaS A )
-y Qy Qy
X (X, (jQ) X(JQ)
------ 1—..\ —) e, ,_f/»T-—..\“s/z,,-—---.\
¢ y v +
o ) o,
1B
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¢ Downsampling

0 Definition: Reducing the sampling rate by an
integer number

z[n] —>-+M
C

= a,(nT) = a.(n Af)

z4[n] = z[nM)|

Penn ESE 531 Spring 2020 - Khanna 30
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Example: M=2

M-1

X y(ei) = % 3 x (ej(%—%i))

=0

%\
—T ‘ v
2T 4, 4T
de
™

= Scale by M=2
Shift by (i=1)*2rt/(M=2)

Penn ESE 531 Spring 2020 - Khanna
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oelsiese’s

Example: M=3

M-1

. 1 S w ™
Xa(e?) = i X (e](ﬁ_zﬁl))
i=0

%\

O R
27 p=3 4T 671
XdL(?é(A(A

seseees

Example: M=3 w/ Anti-aliasing

LPF ) (

x|n [
n /M J 7 L M ] Fqln] = F[nM]

N AN

M=3

Penn ESE 531 Spring 2020 - Khanna

-~ [ 7 Scale by M=3
Shift by (i=1)2r/(M=3)
Shift by (1=1) 2n/(V=
Penn ESE 531 Spring 2020 - Khanna 32
: Upsampling

o Definition: Increasing the sampling rate by an
integer number
x[n]=x_(nT)
x[n]=x (nT") where T’ = % L integer

Obtain z;(n] from z[n] in two steps:

z[n/L] n=0, £L, £2L,---

(1) Generate: z.[n] = { 0 otherwise

Penn ESE 531 Spring 2020 - Khanna 34

Upsampling

eelsieeels

(2) Obtain x;[n] from z.[n] by bandlimited interpolation:

Penn ESE 531 Spring 2020 - Khanna
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v P g e

X(59)

TN

Example

eelsieeels

~sampling T sampling T'=T/L
X(e3) )
uT
—m I T ™
expanding L L
X (e7°) L
1/T]
.. ‘| n T
= 3
-7 T T
T
Penn ESE 531 Spring 2020 - Khanna 36
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Non-integer Sampling

o T"=TM/L
= Upsample by L, then downsample by M

interpolator decimator

Or,
gainL. LPF
z[n] [ 1L [ min{x/L,m/M} M
Penn ESE 531 Spring 2020 - Khanna 37

Interchanging Operations

Lk Lk

“expander” “compressor”

oelsiese’s

Upsampling Downsampling
-expanding in time -compressing in time
-compressing in frequency -expanding in frequency

Penn ESE 531 Spring 2020 - Khanna 38
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Interchanging Operations - Summary

Filter and expander Expander and expanded filter*

el il = sl e vl
o UY) e 10 m A B O e S (V) B

Compressor and filter ~ Expanded filter* and compressor

*Expanded filter = expanded impulse response, compressed freq response

Penn ESE 531 Spring 2020 - Khanna 39
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Polyphase Implementation of Decimator

interpolator decimator

el B -

Penn ESE 531 Spring 2020 - Khanna 40
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Polyphase Implementation of Interpolation

interpolator decimator

z[n]

Penn ESE 531 Spring 2020 - Khanna 41

eelsieeels

Multi-Rate Filter Banks

0 Use filter banks to operate on a signal differently in
different frequency bands

= To save computation, reduce the rate after filtering

0 hy[n] is low-pass, h,[n] is high-pass
s Often h[n]=e/""hy[n] € shift freq resp by 7T

N hofn] ..
‘oo

Penn ESE 531 Spring 2020 - Khanna 42




Multi-Rate Filter Banks

oelsiese’s

o Assume hy, h, are ideal low/high pass with W =7 /2

N1

[ ‘hofn) IV'IH
| N
X(e]w) L J
. ‘ M ‘ M ‘ . - flipped!™

Penn ESE 531 Spring 2020 - Khanna
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Have to be
careful with
order!

oelsiese’s

Perfect Reconstruction non-Ideal Filters

analysis

V() = 3 [Coe)Ho(@) + Gr(e) Hy ()] X(c)
1 . . )
+5 [Gg(c’”)]lo(c](“”"")) + Gl(c]“)Hl(c](“”"'))} X (2™
T aliasing
need to cancel!
Penn ESE 531 Spring 2020 - Khanna 44

Quadrature Mirror Filters

seseees

Quadrature mirror filters

S mer) = HEe)

Go(ej:“’) 2H0(ej“)
G1(e’*) —2H; (')

Penn ESE 531 Spring 2020 - Khanna

Frequency Response of Systems

&Penn.

Penn ESE 531 Spring 2020 - Khanna

Frequency Response of LTI System

eelsieeels

)l

0 We can define a magnitude response

e =Je e ()

o And a phase response

2y ()= () + X ()

Penn ESE 531 Spring 2020 — Khanna
Adapted from M. Lustig, EECS Berkeley

eelsieeels

Group Delay

0 General phase response at a given frequency can be
characterized with group delay, which is related to
phase

grd[H(e™)] = — - {arg[H(e)]}

arglH(c™)]

Penn ESE 531 Spring 2020 — Khanna ~_
Adapted from M. Lustig, EECS Berkeley slope -~ 48




LTI System

oelsiese’s

N M
Zaky[n — k= Zbkz[n — k|
k=0 k=0

Stable and causal
if all poles inside
unit circle

Example: ¥[n] = z[n] +0.1y[n — 1]

bt bzt by M B b_n Hﬂil(l — (:kz_l)

H(z =
@ ag+arz 4. +anz N ao [IN (1 —dyzl)

0 Transfer function is not unique without ROC
= If diff. eq represents LTI and causal system, ROC is
region outside all singularities
= If diff. eq represents LTI and stable system, ROC

includes unit circle in z-plane
Penn ESE 531 Spring 2020 - Khanna 49

General All-Pass Filter

oelsiese’s

o d,=real pole, e,.=complex poles paired w/
conjugate, e,

“l_g o @l - e = ep)

M,
z
Hap(z) = A
(@ ,}:[1 1—dizt A= ez ) —efz7h)

Penn ESE 531 Spring 2020 - Khanna
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Minimum-Phase Systems

0 Definition: A stable and causal system H(z) (i.c.
poles inside unit circle) whose inverse 1/H(z) is also
stable and causal (i.e. zeros inside unit circle)

» All poles and zeros inside unit circle

H(2) /H@)

Penn ESE 531 Spring 2020 - Khanna 51
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Min-Phase Decomposition Purpose

o Have some distortion that we want to compensate

for: G(z)
rooTTTTTTTTrm T ]
: Distorting Compensating| |
] system mm— system |
st | @[] H@ [ s
1 1
s J

0 If Hy(2) is min phase, easy:
= H (2)=1/Hy(z) € also stable and causal

0 Else, decompose Hy(2)=Hy 1in(2) Hy,,(2)
= H(2)=1/Hypn(2) PHyAH#)=Hy ,(2)

= Compensate for magnitude distortion

Penn ESE 531 Spring 2020 - Khanna

Generalized Linear Phase

eelsieeels

0 An LTI system has generalized linear phase if
frequency response H(e’”) can be expressed as:

[H(e) = a(@)e ™7 |o|<z |

0 Where A(W) is a real function.

a What is the group delay?

Penn ESE 531 Spring 2020 - Khanna 53

FIR GLP: Type I and 11

eelsieeels

| Centerof Ale9)
" symmetry
|

[] 2

M=4 n

11

[Ny S—

| Center of
" symmetry

L1111] &

NI -
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FIR GLP: Type 11 and IV

oelsiese’s

Center of

1 ] ,4/ symmetry

M=2

| " T
-1

|
|
e
|
i
|

Center of

1 e symmetry
|
M=1

0! l n
-1
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e

Zeros of GLP System

oelsiese’s

a FIR GLP System Function

M
H@) =) hinlz™"
n=0

Real system — zeros occur in conjugate-reciprocal groups of 4
{a- rejez_l)(l — re‘jez_l)(l — r_lejezvl)(l - r'le_joz"l)
a If zero is on unit circle (r=1)
(1- ejez_l)(l — e_jsz_l).
a If zero is real and not on unit circle (6 =0)
AxrzH £, 17,

Penn ESE 531 Spring 2020 - Khanna 56

FIR Filter Design

& Penn

seseees

FIR Design by Windowing

o Given desired frequency response, Hy(el?) , find an
impulse response

1 /7 o
— Jw) jwn
hg[n] = [ﬂ Hy(e'*)e’“ dw "
laeal

0 Obtain the M™ order causal FIR filter by
truncating/windowing it

Penn ESE 531 Spring 2020 — Khanna

FIR Design by Windowing

eelsieeels

pass-band ripple
—

|[H (e7)

transition width

stop-band ripple
t”””’

Penn ESE 531 Spring 2020 — Khanna
Adapted from M. Lustig, EECS Berkeley 59

Adapted from M. Lustig, EECS Berkeley 58
: .
¢ Tapered Windows
:
Name(s) Definition 'MATLAB Command Graph (M=8)
1 ) ol
Henn w];[?[“‘“{ﬁﬂ <72 ann 0441) 3o J/( \
) > M2 o4
frrad
Hanning 44—&[‘*"“{»1;241 PSM2 | pnsngonny | §°
o o> 52 o4

. o
03406008 2| a2 <o

Hamming | vil= Gz N———
0 |n[> M/2 o4l

Penn ESE 531 Spring 2020 — Khanna
Adapted from M. Lustig, EECS Berkeley 60
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Tradeoff — Ripple vs. Transition Width

oelsiese’s

M=t6 M=t6

= Borcar < — Boxear
- Trangular N -—- Trangular
osl W, . tof--\N: e

{— Famning
—=- Homming

— Faming
=~ Hamming

3

05 1 s 2 25 3

Penn ESE 531 Spring 2020 — Khanna
Adapted from M. Lustig, EECS Berkeley 61

Optimality

oelsiese’s

Hy(e?*)

wp Ws ™
0 Least Squares:
minimize / [H(e™) — Ha(e’)|?dw
weEcare
a Variation: Weighted Least Squares:

minimize / W (W) H(e) — Hy(e?)2dw

Penn ESE 531 Spring 2020 — Khanna

Adapted from M. Lustig, EECS Berkeley 62
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Min-Max Ripple Design

o Recall, H(e*) is symmetric and real
0 Given W, W, M, find 8, i, 1_H‘g§
1-—

minimize ) \

)

Subject to :
1-0<H@E) <145 0<wp<w,
< H(*) < 4§ wy<wp <
6>0

0 Formulation is a linear program with solution &, hy

o A well studied class of problems

Penn ESE 531 Spring 2020 — Khanna
Adapted from M. Lustig, EECS Berkeley 63

Discrete Fourier Transform

Discrete Fourier Transform

eelsieeels

o The DFT
1 N2
zln] = N kzzo X[k]WxF™  Inverse DFT, synthesis
N-1
X[k = z[n]Wkn DFT, analysis
n=0
o It is understood that,
zln] = 0 outside0<n<N-1
X[k] = 0 outside0<k<N-1
Penn ESE 531 Spring 2020 — Khanna
Adapted from M. Lustig, EECS Berkeley 65

DFT
: DFT vs DTFT
0 Back to example ) (3” )
2 Sin|—k
Vi1 Z N\ gk _ 7k 5

1(£k)
10
“6-point” DFT
“10-point” DFT
Use fftshift

to center
7 around dc

Penn ESE 531 Spring 2020 — Khanna

Adapted from M. Lustig, EECS Berkeley 66
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Circular Convolution

oelsiese’s

o For x;[n] and x,[n] with length N

z1[n] @ x2[n] <> X1[k] - Xa[k]

= Very usefulll (for linear convolutions with DFT)

Penn ESE 531 Spring 2020 — Khanna
Adapted from M. Lustig, EECS Berkeley 67

Linear Convolution via Circular Convolution

oelsiese’s

a Zero-pad x[n] by P-1 zeros

[z 0<n<L-1
zplll =0 L<n<L+P_2

a Zero-pad h[n] by L-1 zeros

A [ hp] 0<n<P-1
=)0 P<n<LiP-2

a Now, both sequences are length M=L+P-1

Penn ESE 531 Spring 2020 — Khanna

Block Convolution

seseees

Example:

h[n] Impulse response, Length P=6

(TPTTT

x[n] Input Signal, Length P=33 y[n] Output Signal, Length P=38

. WT?WJ?MA‘LLM‘L?TTTTTTQT . ﬁ it °“’*"’MJ,,],1J}§TTWT

Penn ESE 531 Spring 2020 — Khanna
Adapted from M. Lustig, EECS Berkeley 69

Example of Overlap-Save

eelsieeels

LAP-1=16 e e e P-1=5
i I | Overlap
= w*a—“?]iﬁ; L samples

Penn ESE 531 Spring 2020 — Khanna
Adapted from M. Lustig, EECS Berkeley 7

Adapted from M. Lustig, EECS Berkeley 68
i Example of Overlap-Add L+P-1=16
L=11 T Xo[n] on Yo[n]
i Fel e, — = o
x41[n] s yi[n]
7"%&1% = TR
Xa[n] oo ya[n]
{ﬁkﬁﬁ% = o aﬂﬂﬁ%ﬁhﬁ
X[n] = Xo[n]+x1[n]4+x2[n] yIn] = yo[n]+y1[n]+y2[n]
® o TTTT1Te,
o Mﬂg i, e
Penn ESE 531 Spring 2020 — Khanna
Adapted from M. Lustig, EECS Berkeley 70
¢ Citcular Conv. as Linear Conv. w/ Aliasing
o0
xaln—rN], 0<n<N-1,
x3plnl = rgoo ’ :
0, otherwise,
a Therefore
x3p[n] =x,[n]® x,[n]
0 The N-point circular convolution is the sum of
linear convolutions shifted in time by N
Penn ESE 531 Spring 2020 - Khanna 72
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Example:

o 'gmme

(a)
1 xln]
L1, !

®)

Linear convolution ;
\
Al

L+P-1

xs3ln] = x1[n] « x[n]

0 What does the L-point circular convolution look like?

Penn ESE 531 Spring 2020 - Khanna 73
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Example:

0 The L-shifted linear convolutions

il

(@

lnl

aln+ L)

atlly L

xglnl=xiln) 4 xifn v L.05n = Lot

il

————
«
Penn ESE 531 Spring 2020 - Khanna 74

Fast Fourier Transform

FFT

& Penn

Fast Fourier Transform

seseees

0 Enable computation of an N-point DFT (or DFT"!) with the
order of just N -log, N complex multiplications.
0 Most FFT algorithms decompose the computation of a DFT
into successively smaller DFT computations.
= Decimation-in-time algorithms
= Decimation-in-frequency
0 Historically, power-of-2 DFTs had highest efficiency
0 Modern computing has led to non-power-of-2 FFT's with
high efficiency

0 Sparsity leads to reduce computation on order K -logN

Penn ESE 531 Spring 2020 — Khanna
Adapted from M. Lustig, EECS Berkeley 76

Decimation-in-Time FFT

eelsieeels

Combining all these stages, the diagram for the 8 sample DFT is:

R GV "
o— X1

x[4]

-1 WN/ZD
2l < xzzl
ma' SN SNXX S
el X3
-1 # w0
1] - X4]
m' XX
5] ” 5]
3 —— - - - Xt6]
W § wy
7] X171
-1 # -1

» 3=log,(N)=log,(8) stages
« 4=N/2=8/2 multiplications in each stage

Penn ESE 531 Spring 2020 — Khanna « 1%t stage has trivial multiplication
Adapted from M. Lustig, EECS Berkeley

Decimation-in-Frequency FFT

eelsieeels

The diagram for and 8-point decimation-in-frequency DFT is as

follows
x[0] X[o]
1
X1 e
vz
x2] X2
ol /S\Wurf
X
.y ’ o X
x[4] el X[1]
1 e
N
5
(5] a = e
6] X i/ d X3
! wy’ W'
X7] X0
-1 1 -1

This is just the decimation-in-time algorithm reversed!
The inputs are in normal order, and the outputs are bit reversed.

Penn ESE 531 Spring 2020 — Khanna
Adapted from M. Lustig, EECS Berkeley 78
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Admin

o Final Project due - Today!

= TA advice — “The report takes time. Leave time for it.”
0 Last day of TA office hours = Apr 28"

= Piazza still available

= Review session for exam TBD

= Poll in Piazza coming soon
0 Last day of Tania office hours — May 1st
0 Final Exam - May 7%

79

Final Exam Admin

oelsiese’s

0 Final Exam - 5/7 (3pm-5pm)
= In Canvas
= Will have a 2 hr window to complete within a 14 hr time
block (6am-8pm EDT)
= Open course notes and textbook, but cannot communicate with
cach other about the exam

= Students will have randomized and different questions

= Reminder, it is not in your best interest to share the exam
= Old exams posted on old course websites
= Covers Lec 1- 20

= Does not include lec 12 (data converters and noise shaping)
or IIR Filters
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