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Previously

0 Circular Convolution

m [.inear convolution with circular convolution

0 Discrete Fourier Transform
= Linear convolution through circular

= Linear convolutions through DFT

0 Fast Fourier Transform

0 Today

m Circular convolution as linear convolution with aliasing

= DTFT, DFT, FFT practice

Penn ESE 531 Spring 2017 — Khanna
Adapted from M. Lustig, EECS Berkeley



: Circular Convolution

0 Circular Convolution:

z1[n] @ z2[n| = Z z1|m|zz[((n —m))N]

For two signals of length N

Note: Circular convolution is commutative

z2[n] @ T1[n| = z1[n| @ T2[N]

Penn ESE 531 Spring 2017 — Khanna
Adapted from M. Lustig, EECS Berkeley



Compute Circular Convolution Sum

T1[n]

1 O O T T T
O 1 2 3 4 5 6 n
T2[n]

1 ¢ o

01 2 3 n

21ln] @ aln] 2 3 zfmlas|((n — m))w

Penn ESE 531 Spring 2017 — Khanna
Adapted from M. Lustig, EECS Berkeley



Compute Circular Convolution Sum

T1[n]

O 1 2 3 4 5 6 n
T2[n]
1 T
0O 1 2 3 4 5 6N
N-—-1

z1[n] @ 2a2fn] = > @1[m]za[((n — m))N]

Penn ESE 531 Spring 2017 — Khanna
Adapted from M. Lustig, EECS Berkeley



Compute Circular Convolution Sum

y[0]=2
1[N

O 1 2 3 4 5 6 n

T2[n]

01 2 3 4 5 6N
N-—-1

z1[n] @ 2a2fn] = > @1[m]za[((n — m))N]

Penn ESE 531 Spring 2017 — Khanna
Adapted from M. Lustig, EECS Berkeley



Compute Circular Convolution Sum

. y[0]=2
1 'n,] y[1]=2
1 0 O T T T
0 1 2 3 4 5 6 n
| z2[n]
0 1 2 3 4 5 6N
N—1

z1[n] @ 2a2fn] = > @1[m]za[((n — m))N]

Penn ESE 531 Spring 2017 — Khanna
Adapted from M. Lustig, EECS Berkeley



Compute Circular Convolution Sum

T1[n]
1 O O T T T
o 1 2 3 4 5 6 n
| z2[n]
1

|

0

2 3 4

y[0]=2
y[1]=2
y[2]=3

z1[n] @ 2a2fn] = > @1[m]za[((n — m))N]

Penn ESE 531 Spring 2017 — Khanna
Adapted from M. Lustig, EECS Berkeley



Compute Circular Convolution Sum

8
-
S,
< < <
IwIINIIHIIOI
Il

oo
(oY)

T2[n]
- 1

4
3 4 5 6 N
N-—-1

z1[n] @ 2a2fn] = > @1[m]za[((n — m))N]

1 2

Penn ESE 531 Spring 2017 — Khanna
Adapted from M. Lustig, EECS Berkeley



Result

y[0]=
y[1]=
y[2]=
y[3]=

4 A (@ O

(o (@
20([ T
0 1 2 3 4 5 6 'ﬁ'

Penn ESE 531 Spring 2017 — Khanna
Adapted from M. Lustig, EECS Berkeley
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ILinear Convolution

a0 We start with two non-periodic sequences:

zn] 0<n<L-1
hln] 0<n<P-1

= E.g. x[n] 1s a signal and h[n] a filter’s impulse response

0 We want to compute the linear convolution:

y[n] = x[n] *x hin] = Z z|m|h[n — m]

= y[n] 1s nonzero for 0 < n = L+P-2 with length M=L.+P-1

Penn ESE 531 Spring 2017 — Khanna Requires LP multiplications
Adapted from M. Lustig, EECS Berkeley
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. Linear Convolution via Circular Convolution

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

~J zn] 0<n<L-1
T =)0 L<n<L+P—2

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

n [ hn] 0<n<P-1
»M =10 pP<n<it+P-2

a0 Now, both sequences are length M=L+P-1

Penn ESE 531 Spring 2017 — Khanna
Adapted from M. Lustig, EECS Berkeley 12



Example

z1(n]
1 ¢ O T T T
o—o—=ol
o 1 2 3 4|5 6 7]|n
z2[n]
10 T
0—0—0 e\ S
0 1 2 3 4 \5 6 n
Circular ‘flip’
M=L+P-1=8

yln] = z1[n] @ z2[n] = z1[n] * T2[n]

Penn ESE 531 Spring 2017 — Khanna
Adapted from M. Lustig, EECS Berkeley
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Circular Conv. as Linear Conv. w/ Aliasing

0 If the DTFT X(e/®) of a sequence x|n] is sampled at
N frequencies W, =2 7T k/N, then the resulting
sequence X|[k]| corresponds to the periodic sequence

o0

x[n] = Z x[n—rNJ.

r=—00

X(ef(z’”‘/N)) 0<k<N-—1,
0 And  X[k]= otherwise,

DFT of one perlod given as

1s the

10, otherwise.

Penn ESE 531 Spring 2017 - Khanna
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Circular Conv. as Linear Conv. w/ Aliasing

Xplltl = 0, otherwise.

0 If x[n] has length less than or equal to N, then
Xp[0]=x]n]
0 However if the length of x[n] 1s greater than N, this

might not be true and we get aliasing in time

= N-point convolution results in N-point sequence

Penn ESE 531 Spring 2017 - Khanna

15



Circular Conv. as Linear Conv. w/ Aliasing

a Given two N-point sequences (x,[n] and x,[n]) and

their N-point DFT's (X, [k] and X, [k])
0 The N-point DFT of x;[n]=x,[n]*x,[n] 1s defined as

X3[k] _ X3 (ej(Zth/N))

0 And therefore X;[k]|=X,[k]X,[k], where the inverse
DFT of X;[k] is

0

Z x3ln—rN], 0<n<N-—1,

x3p[n| == ot

0. otherwise,

Penn ESE 531 Spring 2017 - Khanna
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Circular Conv. as Linear Conv. w/ Aliasing

0

Z x3ln—rN], 0<n<N-—1,
P O0
0. otherwise,

x3plnl ==

0 Therefore

x3p[n] =x,[n]® x,[n]

a0 The N-point circular convolution 1s the sum of
linear convolutions shifted in time by N

Penn ESE 531 Spring 2017 - Khanna

17



Example 1:

0 lLet

o

a0 The N=L=06-point circular convolution results in

Penn ESE 531 Spring 2017 - Khanna
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Example 1:

0 lLet

oy

a0 The N=L=06-point circular convolution results in

L] l | l l | % [n) N x,[n).
N=L=6
0 N-1

Penn ESE 531 Spring 2017 - Khanna
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Example 1:

0 lLet

11—

0 The linear convolution results in

Penn ESE 531 Spring 2017 - Khanna

xy[n] = x~,[n]
L=P=
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Example 1:

0 lLet

11—

0 The linear convolution results in

,,;IIHHHI:

Penn ESE 531 Spring 2017 - Khanna

xy[n] = x-;[n]
L=P=

x3[n] = xy[n] * x;[n]

21



Example 1:

0 The sum of N-shifted linear convolutions equals the N-point
circular convolution

L””'“ILJ_]

(b)

x3[n] = x[n] * x;[n]

xl_ iV]

,rJlmth

(c)

x3(n + N']

%,Tmllllu, -

Penn ESE 531 Spring 2017 - Khanna
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Example 1:

0 The sum of N-shifted linear convolutions equals the N-point
circular convolutionr

L

;I]”'“Iluz_l

(b)

x3[n] = x\[n] * x;[n]

xl_ i\’]

MJ][H“IN

(c)

x_;[n + N]‘

ey 1] | ” 111 L

n

Penn ESE 531 Spring 2017 - Khanna



Example 1:

0 The sum of N-shifted linear convolutions equals the N-point
circular convolutionr

L

I,']”““LJ

-1

()

x3[n] = x\[n] * x;[n]

i

N-1

(c)

%LTIIIL})

Penn ESE 531 Spring 2017 - Khanna

x;[n+N].
N=L=6

n

24



Example 1:

a If I want the circular convolution and linear
convolution to be the same, what do I have to do?

Penn ESE 531 Spring 2017 - Khanna
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Example 1:

o If I want the circular convolution and linear
convolution to be the same, what do I have to do?

= Take the N=2L-point circular convolution

2L

_._H_,_,_.._HBIIHL“[III

Penn ESE 531 Spring 2017 - Khanna

x;[n) ) x; [n),
N =

26



Example 2:

0 Let 2] [ ] *1ln]
T
0 L n
(a)
II I I I xz(n]
0 P n
(b)

Penn ESE 531 Spring 2017 - Khanna
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Example 2:

o Let 2[ ‘ [ ol
1
o—0—0—0 .4_._._] I I I I * oo 0o 0o 0o o —
0 L -
(a)
—Q—Q—H—MHI—LU—I—Q-O—O—O—O—O—O—O—O—O—O_IZ['I]
0 P o
(b)
Linear convolution r ol = x,[r] » 2]

\ X ’

1
et

L+P-1

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

Penn ESE 531 Spring 2017 - Khanna



Example 2:

0 Let 111

x1[n]

0,

o0

r=—0o0

I x3,,[n] _ lxlln] @xz[n] = Z x3fn—rL], 0<n<L -1,

otherwise.

1§ x3[n] = xi[n] + xa(n]
7
1
0 P L ; n
L+P-1

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

Penn ESE 531 Spring 2017 - Khanna
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Example 2:

0 The L-shifted linear convolutions

P N — O e il il el

TIIHJH

x3(n]

Penn ESE 531 Spring 2017 - Khanna

-

10

(a)

xy[n+ L)

10 D M T
P-2
(b)

xy[n~ L]

r%,,ﬁl”l[‘ hﬁ,

(¢)

30



Example 2:

0 The L-shifted linear convolutions

l x3|n]
:3:33:33;3:3::TI]|III II‘:v:vCCv
lo 2 } n
L+P-1
(a)
xy[n+ L)

|J—L—o—o—o 0= 0—0—0—0-0—0—0—0~ 00—
0
L oo

PR P R P S P A S W S

xyln]=x;30n] + x3n+ L), 0sn=L -1

0

M S S S S e

Jull

Penn ESE 531 Spring 2017 - Khanna
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Discrete Fourier Transform

a The DFT

1
N
N —

N

Z X[k]Wx*™  Inverse DFT, synthesis

—1
k=0
1

Z z[n]WEn DFT, analysis
n=0

0 It is understood that,

b

X

n

k|

0 outside0<n<N-1
0 outside0<k< N -1

Penn ESE 531 Spring 2017 — Khanna
Adapted from M. Lustig, EECS Berkeley 32



Tl

. DFT vs. DTI

0 The DFT are samples of the DTFT at N equally

spaced frequencies

X[k] = X(€“)|yop2z 0<E<N-—1

Penn ESE 531 Spring 2017 — Khanna
Adapted from M. Lustig, EECS Berkeley



DFT vs DTFT

0 Back to example

X k]

Penn ESE 531 Spring 2017 — Khanna
Adapted from M. Lustig, EECS Berkeley
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Fast Fourter Transtorm Algorithms

0 We are interested in efficient computing methods
for the DFT and inverse DFT:

N—-1
X[k] = x[n]WR",  k=0,...,N—1
n=0
N—-1
x[n] = X[KWyk",  n=0,...,N—1
k=0
WN - e_j(%—).

Penn ESE 531 Spring 2017 — Khanna
Adapted from M. Lustig, EECS Berkeley 35



Eigenfunction Properties

a0 Most FFT algorithms exploit the following
properties of W/

= Conjugate Symmetry

k(N—n — Kn ny\ %
WN( & WNk = (W)

= Periodicity in n and k

n k(n+N k+N)n
wir = wilrtN) — k)

s Power

W2 — WN/2

Penn ESE 531 Spring 2017 — Khanna
Adapted from M. Lustig, EECS Berkeley
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FFT Algorithms via Decimation

0 Most FFT algorithms decompose the computation of a DFT
into successively smaller DFT computations.

= Decimation-in-time algorithms decompose x[n] into successively
smaller subsequences.

= Decimation-in-frequency algorithms decompose X[k] into
successively smaller subsequences.

0 We mostly discuss decimation-in-time algorithms today.

a0 Note: Assume length of x[n] is power of 2 (N = 27). If not,
zero-pad to closest power.

Penn ESE 531 Spring 2017 — Khanna
Adapted from M. Lustig, EECS Berkeley
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Decimation-in-Time FFT

0 We start with the DFT

N—-1
X[k =) x[MWf", k=0,...,N—1
n=0

0 Separate the sum into even and odd terms:

Xkl = ) x[nW§"+ ) x[n]Wy"

n even n odd

s These are two DFT's, each with half the number of
samples (N/2)

Penn ESE 531 Spring 2017 — Khanna
Adapted from M. Lustig, EECS Berkeley



Decimation-in-Time FFT

Let n = 2r (n even) and n =2r + 1 (n odd):

(N/2)-1 (N/2)-1
Xkl = Y xRAWE*+ S x2r+ 1wtk
r=0 r=0
(N/2)-1 (N/2)—1
= ) xPRAWFF+ W D> x[2r + W™
r=0 r=0
(N/2)—1 (N/2)-1
Xkl = > xRrAWg,+ Wy Y x[2r+ W,
r=0 r=0

Penn ESE 531 Spring 2017 — Khanna
Adapted from M. Lustig, EECS Berkeley
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Decimation-in-Time FFT

Hence:
(N/2)-1 (N/2)-1
Xk = Y xPRAWf,+wy > x[2r+ 1w,
r=0 r=0
2 Glk]+ WEH[K], k=0,...,N—1
where we have defined:
(N/2)-1
Glk] = Z x[2r|W N/2 = DFT of even samples
r=0
(N/2)-1
H[k] = Z x[2r+1]W,(,"/2 = DFT of odd samples
r=0

Penn ESE 531 Spring 2017 — Khanna
Adapted from M. Lustig, EECS Berkeley



Decimation-in-Time FFT

An 8 sample DFT can then be diagrammed as X[k] = G[k] + Wll\;H[k]

x[0]
x[2]
x[4]
x[6]
x[1]

Even Samples

X[3]
X[5]
x[7]

Odd Samples

Penn ESE 531 Spring 2017 — Khanna

G[0]
O 0 o X][0]
G;”\ |/VN /
O o X[1]
N/2 - Point
DFT X[2]
X[3]
X[4]
N/2 - Point X[oI
DFT
X[6]
X[7]

Adapted from M. Lustig, EECS Berkeley
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Decimation-in-Time FFT

O So,

Glk+(N/2)] = GIA]
Hlk +(N/2)] = HIK]

0 The periodicity of G|k| and H[k] allows us to
further simplify. For the first N/2 points we
calculate G[k] and W *H[k], and then compute the

Sum

X[k] = G[k] + WSHIK] V{k:0< k< g}.

How does periodicity help for g’ < k < N?

Penn ESE 531 Spring 2017 — Khanna
Adapted from M. Lustig, EECS Berkeley
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: Decimation-in-Time FFT

X[k] = G[k] + WxHIK]

for%§k<N:

WhHN/2)

X[k + (N/2)] =?

Penn ESE 531 Spring 2017 — Khanna
Adapted from M. Lustig, EECS Berkeley

V{k:0§k<g}.
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: Decimation-in-Time FFT

X[k] = G[k] + WxHIK]

for%§k<N:

WihHN2) _ g

X[k + (N/2)] = G[k] — WHI[K]

Penn ESE 531 Spring 2017 — Khanna
Adapted from M. Lustig, EECS Berkeley

V{k:0§k<g}.
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Decimation-in-Time FFT

The N-point DFT has been reduced two N/2-point DFTs,

plus N /2 complex multiplications. The 8 sample DFT is then:

x[0]
x[2]
x[4]
x[6]
x[1]

Even Samples

x[3]
x[5]
X[7]

Odd Samples

Ol

O

G[K]

o X[0]

N/2 - Point
DFT

X[1]

X[2]

X[3]

N/2 - Point
DFT

Penn ESE 531 Spring 2017 — Khanna
Adapted from M. Lustig, EECS Berkeley

X[4]

X[5]

X[6]

X[7]
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Decimation-in-Time FFT

0 We can use the same approach for each of the N/2
point DFT’s. For the N = 8 case, the N/2 DFT's

look like

0
X0 s - point V° Gl
x[4] o— DFT o o G[1]

0
W2
X[2] o—— O © G[2]
N/4 - Point 1 1
DFT | Wz '
x[6] o—— ———o - © G[3]

-1

*Note that the inputs have been reordered again.

Penn ESE 531 Spring 2017 — Khanna
Adapted from M. Lustig, EECS Berkeley



: Decimation-in-Time FFT

0 At this point for the 8 sample DFT, we can replace
the N/4 = 2 sample DFT’s with a single butterfly.
The coeftficient is

Wija = Wejs = Wo = e /™ = —1

The diagram of this stage is then
x[0] Q x[0] + x[4]

x[4] —»—0 —>- x[0] - x[4]

Penn ESE 531 Spring 2017 — Khanna
Adapted from M. Lustig, EECS Berkeley 47



Decimation-in-Time FFT

Combining all these stages, the diagram for the 8 sample DFT is:
x[0] " °  X[0]
x[4] o—:X: \ / X[1]
e T wIX X NN

x[6] o—X We, g , g ‘ o X[3]

’ " XOXOXOX

x[1] o——o O 2
[1] </ . - a X[4]
x[5] o——o 0 Q 0 X[5
5] 70 << - 15]
N/2 N
x[3] o—— ~ X[6]
1 - 3 1
Wiz Wy
x[7] o—— > > —7 X[7]
- -1

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

Penn ESE 531 Spring 2017 — Khanna . 15t stage has trivial multiplication
Adapted from M. Lustig, EECS Berkeley



Decimation-in-Time FFT

0 In general, there are log,N stages of decimation-in-time.

0 Fach stage requires N/2 complex multiplications, some of
which are trivial.

0 The total number of complex multiplications is (N/2) log,N,
or O(N log,N)

Penn ESE 531 Spring 2017 — Khanna
Adapted from M. Lustig, EECS Berkeley
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Decimation-in-Time FFT

0 In general, there are log,N stages of decimation-in-time.

0 Fach stage requires N/2 complex multiplications, some of
which are trivial.

0 The total number of complex multiplications is (N/2) log,N,
or O(N log,N)

0 The order of the input to the decimation-in-time FFT
algorithm must be permuted.
= First stage: split into odd and even. Zero low-order bit (LSB) first
= Next stage repeats with next zero-lower bit first.

= Net effect is reversing the bit order of indexes

Penn ESE 531 Spring 2017 — Khanna
Adapted from M. Lustig, EECS Berkeley 50



Decimation-in-Time FFT

This is illustrated in the following table for N = 8.

Decimal | Binary | Bit-Reversed Binary | Bit-Reversed Decimal
0 000 000 0
1 001 100 4
2 010 010 2
3 011 110 6
4 100 001 1
D 101 101 5
6 110 011 3
7 111 111 7

Penn ESE 531 Spring 2017 — Khanna
Adapted from M. Lustig, EECS Berkeley



Decimation-in-Time FFT

Combining all these stages, the diagram for the 8 sample DFT is:
x[0] " °  X[0]
x[4] o—:X: \ / X[1]
e T wIX X NN

x[6] o—X We, g , g ‘ o X[3]

’ " XOXOXOX

x[1] o——o O 2
[1] </ . - a X[4]
x[5] o——o 0 Q 0 X[5
5] 70 << - 15]
N/2 N
x[3] o—— ~ X[6]
1 - 3 1
Wiz Wy
x[7] o—— > > —7 X[7]
- -1

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

Penn ESE 531 Spring 2017 — Khanna . 15t stage has trivial multiplication
Adapted from M. Lustig, EECS Berkeley



Decimation-in-Frequency FFT

The DFT s
N—1

X[kl =Y x[n]Wgk

n=0

If we only look at the even samples of X[k], we can write k = 2r,

N—-1

X[2r] = 3 x[nwy®"
n=0

We split this into two sums, one over the first N/2 samples, and
the second of the last N/2 samples.

(N/2)—1 (N/2)-1
X2rl= 3 Wi+ 3 x{n+ N/2qwg N2
n=0 n=0

Penn ESE 531 Spring 2017 — Khanna
Adapted from M. Lustig, EECS Berkeley
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Decimation-in-Frequency FFT

But W2’("+N/2) W2rn WII\‘,N_ W2rn — W/{',n/2
We can then write

(N/2)-1 (N/2)-1
Xprd = S xnWEm+ S xin+ Nj2WEHN/)
n=0 n=0
(N/2)-1 (N/2)-1
= > x[nWEm+ Y x[n+ N/2AWET
n=0 n=0
(N/2)-1
= Z (x[n] +x[n+ N/2]) W,
n=0

This is the N/2-length DFT of first and second half of x|n]
summed.

Penn ESE 531 Spring 2017 — Khanna
Adapted from M. Lustig, EECS Berkeley
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Decimation-in-Frequency FFT

X[2r] = DFT w {(x[n] + x[n+ N/2])}
X[2r+1] = DFTg {(x[n] — x[n+ N/2]) Wg}

(By a similar argument that gives the odd samples)

Penn ESE 531 Spring 2017 — Khanna
Adapted from M. Lustig, EECS Berkeley
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Decimation-in-Frequency FFT

X[2r] = DFT w {(x[n] + x[n+ N/2])}
X[2r+1] = DFTg {(x[n] —x[n+ N/2]) Wg}

(By a similar argument that gives the odd samples)

Continue the same approach is applied for the N/2 DFTs, and the
N/4 DFT's until we reach simple butterflies.

Penn ESE 531 Spring 2017 — Khanna
Adapted from M. Lustig, EECS Berkeley
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Decimation-in-Frequency FFT

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

X[0]

X[4]

X[2]

X[6]

X[1]

X[5]

X[3]

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 2017 — Khanna
Adapted from M. Lustig, EECS Berkeley
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Example 1:

A long periodic sequence x of period N =2" (r is an integer) is to be convolved with a
finite-length sequence 4 of length K.

(a) Show that the output y of this convolution (filtering) is periodic; what is its period?

Penn ESE 531 Spring 2017 - Khanna
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Example 1:

A long periodic sequence x of period N =2" (r is an integer) is to be convolved with a
finite-length sequence 4 of length K.

(a) Show that the output y of this convolution (filtering) is periodic; what is its period?

(b) Let K =mN where m is an integer; N is large. How would you implement this
convolution efficiently? Explain your analysis clearly.

Compare the total number of multiplications required in your scheme to that in the
direct implementation of FIR filtering. (Consider the case »=10, m=10).

Penn ESE 531 Spring 2017 - Khanna
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Example 2:

A sequence x ={x[n],n=0,1,...,N —1} is given; let X(ej’”) be its DTFT.

(a) Suppose N =10. You want to evaluate both X(e’/?*""'?) and X (e/****). The only

computation you can perform is one DFT, on any one input sequence of your choice.
Can you find the desired DTFT values? (Show your analysis and explain clearly.)

Penn ESE 531 Spring 2017 - Khanna
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Example 2:

A sequence x ={x[n],n=0,1,...,N -1} is given; let X(ej‘”) be its DTFT.

(a) Suppose N =10. You want to evaluate both X(e’/?*""'?) and X (e/****). The only

computation you can perform is one DFT, on any one input sequence of your choice.

Can you find the desired DTFT values? (Show your analysis and explain clearly.)

(b) Suppose N is large. You want to obtain X (e’®) at the following 2M frequencies:

a)=2—ﬂm, m=0,1,.,M-1 and a)=2—”m+2—”, m=0,1,.,M-1.
M M N

Here M =2 <« N=2"

A standard radix-2 FFT algorithm is available. You may execute the FFT algorithm
once or more than once, and multiplications and additions outside of the FFT are
allowed, if necessary.

You want to get the 2M DTFT values with as few total multiplications as possible
(including those in the FFT). Give explicitly the best method you can find for this,

with an estimate of the total number of multiplications needed in terms of M and N .

Does your result change if extra multiplications outside of FFTs are not allowed?
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Big Ideas

a Discrete Fourier Transform (DFT)

= For finite signals assumed to be zero outside of defined length
= N-point DFT 1s sampled DTFT at N points

= Usetul properties allow easier linear convolution

0 Fast Convolution Methods

= Use circular convolution (i.e DFT) to perform fast linear convolution

= Overlap-Add, Overlap-Save

m Circular convolution is linear convolution with aliasing

0 Fast Fourier Transform

s Enable computation of an N-point DFT (or DFT!) with the order
of just N -log, N complex multiplications.

0 Design DSP systems to minimize computations!
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Admin

0 Project
m Due 4/25
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