Fast Fourier Transform (FFT)

Lets calculate the DFT of a sequence with N=4 and k=1

3 For a single value of k we have

X(1) = z x(m)W,*

n=0

= x(OW2 + x(DWL + x(2QW2 + x(3)W,}?

For example N=1024

Complex multiplication = N2 Complex Addition = N(N — 1)
— 10242 = 1024(1024 — 1)
= 1048576 = 1047552



Fast Fourier Transform (FFT)

 DFT takes more time and resources
* Not much efficient
* Much complex

« S0 we come into a new algorithm to make the calculations fast known as fast Fourier Transform (FFT)

» It is a highly efficient procedure for computing the DFT of a sequence for computing the DFT of a finite
sequence and require less number of computation than that of direct evaluation of DFT

* FFT is based on decomposition and breaking the transform into smaller transform and combine them to get
total transform

 FFT make use of the symmetry and periodicity property of twiddle factor

FFT method

For example N=1024

Complex Addition= N log, N

= 1024 log, 1024
log, 1024 — 1024

Complex multiplication = %log2 N

1024

= 5120
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Let us recollect the twiddle factor

Fast Fourier Transform (FFT)

4

For N=8 & k=0

DFT
N-1 j2m
0 _ (-5 _ For N=8 & k=3
X(k)=zx(n)W1’v”‘,OSksN—1 Wg =el s 1
=0 _Jj2m 3 _zmys e
Wy=e N For N=8 & k=1 W8=e( 8) =e 4
_J2m —— 3m 3m
AES e("ﬂTn)k Wy = e( 8 )1 =e 4 = COS (T) — J sin (T)
T - m
For N=4 & k=0 = CO0S (Z) — J Sin (Z) 0 "
W83 e — _]_
1 1 V2 W2
Sy 1 _ . .
wy = (-0 =4 Ws = 7 —J; =07071-0.7071 W@ = —0.7071 — j0.7071
For N=4 & k=1 For N=8 & k=2
. _j2m —jm
W41 = e(_]zTn)'l _jr T .. (T W82 =4 e( 8 )2 =e 2
=—e 2 = COS\=)—JSsin\—=
2 2 — -
= CO0S (—) — jsin (—)
" 2) 73
Wi =-j ]
Wg = —j
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Fast Fourier Transform (FFT)

N N

» Also known as Radix DIT FFT algorithm == o=
» The number of output points N can be expressed as a power X(k) = z X (n)WE"" + W z X, (n)W&”‘
of 2 (N=2M) n=0 2 n=0 2

Let x(n) is an N-point sequence and we are
dividing it into two (even X,(n) & odd x,(n)) parts

X(k) = X, (k) + WX, (k) Fork<N/2

x.(n) = x(2n) x,(n) =x(2n+1)
We know DFT
N-1
X(k) = Z x(M)Wk
= Then
I\ N
71 7!
_ 2nk (2n+1)k N N N
Z x(2n)W™e + z x(2n+ D)Wy X(k) = X, (k — —) - W, 2X, (k — —) For k > N/2
n=0 n=0 2 2
Y N
71 !
= z xQCr)W™ + Wy z x(2n + D)Wy
n=0 USLY
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X (k) = X (k) + Wi X, (k)
N

x(k) = X, (k - g) —w, %X, (k - g)
even odd

xe(0) = x(0)  x,(0) = x(1)

xe(1) =x(2)  x0(1) =x(3)

xe(2) =x(4)  x,(2) = x(5)

xe(3) = x(6) x,(3) = x(7)

X (k) = xo (k) + Wx, (k),

X(k) = xo(k — 4) = Wg*x,(k — 4),

Decimation in Time (DIT)

X(0) = x,(0) + Wg'x,(0)
X(1) = x(1) + Wgx,(1)
X(2) = x,(2) + Wg'x,(2)
X(3) = x.(3) + Wg'x, (3)

X(4) = x.(0) — Wgx,(0)
X(5) = x.(1) — Wgx,(1)
X(6) = x.(2) — Wg'x,(2)
WUEFACIEAZENE)

This operation can be represented by a butterfly diagram

x¢(0) + Wg'x,(0) = X(0)

°
x¢(0) — Wg'x0(0) = X(4)

® a+bW1\’,‘

0
xe(0) o .
Wy
O
for0<k<3
a @
for4a<k<7
Wy
b L o
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Decimation in Time (DIT)

Steps to follow

Step 1 : Find the number of input samples (N)

Step 2 : Bir reversal

Step 3 : Calculate the number of stages (M = log, N)

Step 4 : Calculate the number of max butterflies in stage (N/2)
Step 5 : Calculate the twiddle factor

Step 6 : Evaluate the N point DFT using butterfly diagram
Step7 : The DFT output is in normal order

2-point
DFT
4-point
DFT
2-point
DFT
8-point
DFT
2-point
DFT
4-point
DFT
2-point
DFT
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Input

Binary

Bit-reversed

Revised
samples




Decimation in Time (DIT)

Q) Find the DFT of a sequence x(n) = {0, 1, 2, 3} using DIT algorithm

Solution
Step 1 : Find the number of input samples (N) Step 3 : Calculate the number of stages (M = log, N)
N=4
M =log, N =log,4

Step 2 : Bit reversal 82 g2

M =2
T Binar Bit- Revised Step 4 : Calculate the number of max butterflies in stage
P y reversed samples

N 4 ;
2 2

www.iafhmanuprasad.com



Decimation in Time (DIT)

Step 5 : Calculate the twiddle factor

Nt
k =om t=0,1,2,..2M"1 -1
Stage =1 (M =1) Stage =2 (M = 2)
£ = t=0,1
for t=0
_ Nt 4.0
T2M T T _ 20
22
for t=1
4.1
j2m k=—=
W4O = e(_T)O = 1 22
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Decimation in Time (DIT)

Step 6 : Evaluate the N point DFT using butterfly diagram

x(n) ={0,1,2,3}

. o— 0 + bW
Wy
.

* a— bW,y

Stage 1 Stage 2

0+21=2 2+41=6 X(0)

x(0) =0 —o— ° i
y—al=—2 24 (-2-j)=-2+2j D

X(Z) =2 Py ° .

x(1) =1 ® ° .
#(3) =3 1-31=-2 —2-(-2.-)=-2-2j *B)

® o C

X(k) =1{6,-2+2j,-2 —2—2j}
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Step7 : The DFT output
IS in normal order



Decimation in Time (DIT)

Q) Find the DFT of a sequence x(n) = {1, 2, 3, 4, 4, 3, 2, 1 } using DIT algorithm

Solution
Step 1 : Find the number of input samples (N) Step 3 : Calculate the number of stages (M = log, N)
N=8
Step 2 : Bit reversal M =log, N =log,8
M=3
Input Binary | Bit-reversed m

Step 4 : Calculate the number of max butterflies in stage

N 8_4
2 2
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Decimation in Time (DIT)

Step 5 : Calculate the twiddle factor

i {(—J),(_) | Stage=3 (M =3) | %-~ Wi o eCE ST
ne S t =023 )6
k = — = M-1 — W2 = —0.7071 — j0.7071 W;:E_’fﬁ = 0.7071 — j0.7071
2% 0 ! for t=0
8.0
St—age—_l ¢ St—age—zz (M:Z) k:?:O W8O=1
=1 M=1)
t=0 (=0 for t=1
- for t=0 -
: 1 1
_— ——— — Wl — A
Nt 8.0 k=o=1 T2 V2
k=— = =0 K 8.0
=— = =7 — _SY_
‘ ; = for t=2
8.2 ; '
for t=1 k=?—2 We =
8.1
= =2
22 _
-2 for t=3
We =-J :?: WSZE—JE
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Decimation in Time (DIT)

Step 6 : Evaluate the N point DFT using butterfly diagram

& I5I!-|-F'JI-"'-":..;Ec

x(n) = {11 21 3141 4; 3; 2; 1} H{N’F
Stage 1 Stage 2 b — *a— bWk
2(0) = 1 1+4. =5 5+5. =10 10+ 10.1 = 20 X(0)
o— ° -o ® ——
~3—j+(~1-3j)
x(4) = 4 1-4.1=-3 —3+(1.—)=-3-j —5.82 — j2.414 X(1)
o~ * -- . ®
2) = 3 3+42..=5 5-51=0 0 X(2
X®=3__ . o . o (2)
_ P G )=-3+4j —0.172 — j0.414 X(3
x©) =2 JSozi=1 - . ©))
1) =2 5 10 0 X(4
g S ® -o > —— )
£y = 3 _ _1-3j —0.172 — j0.414 X(5
*(E) =3 =l - o - ©)
X(6) Step7 : The DFT
x(3) — . o " o output is in normal
order
7) =1 3 —1+3j —5.828 + j0.414 (7
XD=1 < o . - (7)

X (k) = {20p~5i82n=rj2odidd) O~ 0.172 — j0.414,0,—0.172 — j0.414,0,—-5.828 + j0.414 }



Fast Fourier Transform (FFT)

 Based on the decomposition of the DFT computation by
forming smaller and smaller sub sequences

* In DIF the output sequence X(K) is divided into smaller and
smaller sub sequences

Let x(n) is an N-point sequence and we are

dividing it into two parts

x,(n) = x(n +g)

x1(n) = x(n)
N
n=012.5-1 n=012. .Y _4

2
We know DFT N
HOEDIRIO &

n=0
N_4 31
nk (n+2)k
= x1 (M)W + x2 (M)W,
n=0 n=0
N N
a1 Ei_l
_ Z X (WK + W, 2 Z s, (M)W
) n=0

When k is even e /¢ = 1

N
7—1

E—l E—l
2

2
X(2k) = z x; (M)W + g =ik z x,(Wik = Z (21 () + xp () )W
=0

n=0

n=0

Y

2
X(2k) = z (. () + xz(n))W%”k
n=0

When k is odd e /™% = —1

L

2
XQk+1) = 2 (21(n) — xp () )W, O™
n=0
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Y

2
X2k +1) = Z (22 () — 505 () ) Wk W7
n=0 2




Decimation in Frequency (DIF)

N
=i
X(2k) = Z (22(n) + x, () )WR* X(0) = x1(0) + x2(0) X(4) = [x1(0) — x,(0)]Wg
i i X(1) = x2,(1) + x,(1) X(5) = [y (1) — 2, (1) W
2
XQk+1) = z (1. (0) — () )W W X(2) = x1(2) + x,(2) X(6) = [x,(2) — x(2)]W¢
= : MOEEAOREAE) X(7) = [0 (3) — %, ()W
This operation can be represented by a butterfly diagram
x1(n) x1(n) + x,(n)
@ 4
X;(n) X(N)
x1(0) =x(0)  x,(0) = x(4)
(1) =x(1)  x(1) ==x(5)
x1(2) = x(2) x,(2) = x(6) p =
63 =x3) x,3) = 2(7) *2 (1) [x1 () — %, (W)W
a o 9 a+b
XQk+1) =[x,(k) —x,(R)]WgE,  forda<k<7
b ® & n
www.iafhmanuprasad.com [a — b]Wy



Decimation in Frequency (DIF)

Steps to follow

Step 1 : Find the number of input samples (N)

Step 2 : input sequence in normal order Revised
samples

Input Binary Bit-reversed
Step 3 : Calculate the number of stages (M = log, N)

Step 4 : Calculate the number of max butterflies in stage (N/2)
Step 5 : Calculate the twiddle factor

Step 6 : Evaluate the N point DFT using butterfly diagram
Step7 : The DFT output is in bit-reversed order

2-point
DFT
4-point
DFT
2-point
DFT
8-point
DFT
2-point
DFT
4-point
DFT
2-point
DFT
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Decimation in Frequency (DIF)

Q) Find the DFT of a sequence x(n) = {0, 1, 2, 3} using DIF algorithm

Solution
Step 3 : Calculate the number of stages (M = log, N)

Step 1 : Find the number of input samples (N)

N=4 M =log, N =log,4

Step 2 : input sequence in normal order M=2

Step 4 : Calculate the number of max butterflies in stage

Input

N
2

Yww.iammanuprasad.com



Decimation in Frequency (DIF)

Step 5 : Calculate the twiddle factor

Nt
k:W t=0,1,2..2Mm _1
(M=2’m21) (M=2,m:2)
t=20,1 t=0
for t=0
| — Nt _ 4.0
Nt 4.0 T 2M-m+l T ol
k= oM-m+1 92
wpo = G
for t=1
B 4_1 L Wl = e(_ﬂTn)'z = e Jm = cos(m) — j sin(m)
- 3
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Decimation in Frequency (DIF)

Step 6 : Evaluate the N point DFT using butterfly diagram

x(n) ={0,1, 2,3}

Stage 1 Stage 2

0+2=2 2+4=06 X(0)

x(0) =0 —e— ® ”
1+3=4 (2—4)1 =2 X(2)

X(l) =1 Fy ® ®
(0—-2)1=-2 —2+2j X(1)

x(2) =2 @ ® °
x(3) =3 (1-3)—j=2j (-2 = 2= -2 —2j 24€)

L @ @

X(k) =1{6,-2+ 2j,-2,-2 — 2j}

www.iammanuprasad.com

Wy
¢ " [a - bW
Input Binary i 5

Step7 : The DFT output is
in bit-reversed order



Decimation in Frequency (DIF)

Q) Find the DFT of a sequence x(n) = {1, 2, 3, 4, 4, 3, 2, 1 } using DIF algorithm

Solution

Step 1 : Find the number of input samples (N) Step 3 : Calculate the number of stages (M = log, N)

M =log, N =log,8
Step 2 : input sequence in normal order 82 52

M=3

Input Binary Bit-reversed

samples

Step 4 : Calculate the number of max butterflies in stage

1v_8_4
2 2
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Decimation in Frequency (DIF)

Step 5 : Calculate the twiddle factor

Nt
k= M—m+1

Stage =1 (M=3m=1)
t=0,123

for t=0

8.0
k=?=0

for t=1

8.1
k=?=1

t=20,1,2,..

2M-m _ 1

Stage =2

(M =3,m=2)

t=0,1

for t=0

8.0
= ?

for t=1

w.iammanuprasad.com

)

I=_r - —
N e

B70%1 — j0.7071
03

7071 — j0.7071

W80 == 1
Wg = —j
we =1




Decimation in Frequency (DIF)

W?'L
Step 6 : Evaluate the N point DFT using butterfly diagram '
x(n) =1{1,2,3,4,4,3,2,1} - = 3
[a — b]Wy'
Stage 1 Stage 2 Stage 3
x(0) =1 1+4=5 54+5=10 10 + 10 = 20 ()
o- -& ® o
-@ o & ®
_ - 5—-5) =0
x(2) =3 3‘+2 5 .( ) o A 0 X(2)
(5—5) =0
x@)=4 441 - » o’ X(6)
_ 4 = — —3—] —5.82 — j2.414
x(4) = 4 (1—4) 3 . . o j X(1)
(2-3)
x(5) =3 —0.707 + j0.707 —2.828 —j1.414 —0.172 —j0.414 X(5)
- > ® ®
NOEY: -2 /= ~3+) . o= 0:L72 = 0414 X(3)
~ ~ Step7 : The DFT output
-1 is in bit reversed order
_ _ i 2.828 — j1.414 _ ;
x(7) =1 \, 2.121 —j2.121 . Jj . . 5.828 + j0.414 X(7)

X(k) = {20, —5:82 2l 050172 — j0.414,0,—0.172 — j0.414,0,—5.828 + j0.414 }



IDFT Computation using Radix -2 FFT algorithm

The inverse DFT of an N-point sequence X(k), for k=0,1,2,..., N-1

*

1 N-1
x(m) = z X* (kywyk
k=0

Q) Find the IDFT of the sequence X(k) = {10, -2+2j, -2, -2-2j} using DIT algorithm

Solution
Step 1 : Find the number of input samples (N)

Step 3 : Calculate the number of stages (M = log, N)

N=4
M =log, N =log,4
Step 2 : Bir reversal

M=2
Input Binary Bit- Revised
reversed | samples Step 4 : Calculate the number of max butterflies in stage
N_4_,
2 2
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Step 5 : Calculate the twiddle factor

Nt

=-m  t=012.2""1-1
Stage =1 (M =1)

t=0

Nt 40

K= = =0

IDFT Computation using Radix -2 FFT algorithm

Stage =2 (M =2)
t=0,1
for t=0
4.0
k = ? — 0
for t=1
4.1
k = ? =
A e(_joH)'z =g~ ™ = cos(m) — j sin(m)
W4l ==
| www.iammanuprasad.com

} Step 6 : Find the conjugates of X(k)

X(k) = {10, -2+2j, -2, -2-2j}

X*(k) = {10, -2-2j, -2, -2+2j}




IDFT Computation using Radix -2 FFT algorithm

a » . a+ bWy
Step 7 : Evaluate the IDFT using butterfly diagram
X*(k) =1{10, —2-2j, =2, —2+2j} , W
* * a— bW,y
Stage 1 Stage 2
10+ (—2%1) =38 B+ (—4x1)=4 x*(0)
x(0) = 10—-e— o - °
10 — (=2 % 1) = 12 12+ (—4j x—j) = 8 x*(1)
x(2) =-2 Py ® L ®
x(1) = -2 -2/ (—2-2))+(—2+2j).1=—4 8—(—4%1)=12 x*(2)
® o 4
Step8 : The output is in
normal order and divide
’ it with N
x(3) = —2 + 2j 12 — (—4j % —j) = 16 x"(3)
L 8 ®

(-2 - Zj).— (=2+4+2j).1=—-4j

x*(n) = %{4, 8,12,16} x(n) ={1,2,3,4}
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IDFT Computation using Radix -2 FFT algorithm

Q) Find the IDFT of the sequence X(k) = {7, 2, 3, 1+j} using DIF algorithm

Solution

Step 1 : Find the number of input samples (N)

Step 3 : Calculate the number of stages (M = log, N)

Step 2 : Bit reversal

Bit- Revised M =2
reversed samples

Input Binary

www.iafhmanuprasad.com



IDFT Computation using Radix -2 FFT algorithm

Step 5 : Calculate the twiddle factor

Nt
k=m t=0,1,2,..2Mm _1

Stage =1 M=2m=1)

t=0,1
for t=0
4.0
k = ? =
for t=1
4.1
p— ? —_—

W41 =—j

Stage =2 UEVRIEY))

t=0
Nt 4.0
k= == =0
e 21

www.iammanuprasad.com

Step 6 : Find the conjugates of X(k)

X(k) = {7, 2, 3, 1+j}

X*(k) = {7, 2, 3, 1-j}



Decimation in Frequency (DIF)

Step 7 : Evaluate the N point DFT using butterfly diagram
X*(k) =17 2 3, 1}

Stage 1 Stage 2
74+3=10 10+3—-j=13—j X(0)
x(0) =7 — o -® o

; ; ) : X(2)

2+1—j=3— 10—-B3—j))1=7+

x(1) =2 — o . p £ B-0) !
7-3).1=4 4+(1-j))1=5—j X(1)

() =3 ¢ ) . .( (1-)) j
o 1 i : X(3)

@ =1-j . £4 (1-/))1=3+;

L
2-A-D)-j=1-j

1
x*(n) =Z{13 —i5-47+j,3+j}

www.iammanuprasad.com

Wy
* " [a- blWy
Input Binary i 5

Step8 : The output is in
normal order and divide it
with N



Application of FFT

Efficient computation of DFT of two real sequences

Let x,(n) and x,(n) are two real sequences of length N and let x(n) be a complex values sequence defined as x(n) =x,(n)+jx,(n)

Now find the DFT of the sequence x(n) which is linear

X(k) = X1(k) + jX, (k)

The sequences x,(n) and x,(n) can be expressed in terms of x(n) as

* x(n) — x*(n)
x,(n) = i -;x () x2(n) = 2

Then the DFT of x,(n) and x,(n) are

1 1
X1(k) = E{DFT[x(n)] + DFT[x*(n)]} X (k) = z—j{DFT[x(n)] — DFT[x*(n)]}
From conjugation property of twiddle factor

DFT 1 1

x*(n) = X*(N — k) X, (k) = E{X(k) +X'(N—-k)}  Xyk) = Z—j{X(k) — X*(N — k)}
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Q) Find the DFT of two sequence x,(n) = {1,3,1,2} and x,(n) ={2,5,1,3}

Solution

x(n) =x;(n) + jx,(n) Forn=0,1,2,3
Now find the DFT of the sequence x(n) using DIT or DIF method

x(n) ={1+2j,3+5j,1+j,2+3j}

x(n) ={1+2j,3+5j,1+j,2+ 3j}

Stage 1 ) Stage 2 7+ 11j X(0
2(0) = 1+ 2 2+8 ! o
. v
_ o X(2)
(1) =,3 + 5 St T
S @
) y) X1
x(2)=1+]__ 4 — .
x(3) =2 + 3j —2+72j A6
& ° ®
2—j

www.iammanuprasad.com

a - > a+b
Wy
b . *— [a— bW
Input Binary i o

X(k) ={7 +11j,2,-3 - 5j, -2 + 2j}



X(k) = {7 +11j,2,—-3 — 5], =2 + 2j}

Now we have to calculate X; (k) and X,(k)

1
X1(0) = 5{X(0) + X"(4 - 0))

1
=§{7+11j+7—11j} =7

1
Xi(1) = 5 {(X(1) + X" - 1)}

1
=2+ (2-2)) =

1
Xi(2) = 5 {(X(2) + X" (4 - 2)}

= %{—3 —5j+ (=3+5/)} =-3

1
Xi(3) = 5 (3) + X" (4 - 3))

1
=s{-2+2j+ () j

r‘f'l r .'I'.' :I ==

1
X, (k) E{.J{U{ )+ X"(N — k)}

1

—{X(k) —X"(N —k)}

2

1
X2(0) = Z—j{X(O) —X'(4-0)}

1
= —{7+11j—7—11j} =
2].{ + 11j j} =11

1
X (D) = Z—j{X(l) - X'(4-1)}

1
=2—j{2—(—2—2f)} =-2j+1

1
X2(2) = Z—J.{X(Z) —X'(4-2)}

1 . ,
=375 (=345 =5

1
X2(3) = Z—j{X(3) - X'(4-3)}

~ar2i—p =2j+1
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Application of FFT

Let g(n) is a real valued sequences of 2N points.

To find the 2N point DFT from N point DFT , we divide the
sequence to two

x;(n) = g(2n) x,(n) = g(2n+ 1)

Now follow same as the DFT computation of two real sequence

1 1
X, (k) = Z{X (k) + X*(N — k)} Xz(k)=2—j{X(k)—X*(N—k)}

Finally we must express the 2N point DT in terms of two N point
DFTs

N-1 N-1
Gk = ) g@uWE+ ) g@n+DWG
n=0 n=0

N-1 N-1
= Z X1 (n)szAT/lk + Wsz z X2 (n)szz\T/lk
n=0 n=0

www.iammanupgrasad.com

N-1

N-1

G0 = ) W+ Why ) %W~

n=0

n=0

Wherek =0,1,2, ...



Q) Find the DFT of the sequence x(n) ={1,3,7,2,1,2,1,3} using 4-point DFT

Solution x;(n) ={1,7,1,1,}
x(n) =x,(n) +jx,(n)

Now find the DFT of the sequence x(n) using DIT or DIF method

x,(n) = {3,2,2,3}

x(n) ={1+3j,7+2j,1+2j,1+ 3j}

x(n) ={1+4+3},7+2j,1+2j,1+ 3j}

Stage 1 . Stage 2 10 + 10j X(0
2(0) = 1+ 3j 2+ : -
o -& v
, ~ X(2)
x(1)=7+2j 8.+ J o > °
, . —1-75j X(1)
x(2)=1+42j é ® J o ®
x(3) =1+3j 1+7j X(3)
o ® 8. ®
—1-6j
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a - > a+b
W
b . *— [a— bW

X(k) = {10 + 10j, -1 — 5j, 6,1 + 7j}



X(k) = {10 + 10j,—1 — 5j,—6,1 + 7}

Now we have to calculate X; (k) and X,(k)

1
X1(0) = 5{X(0) + X"(4 - 0))

1
=-{10+10j+10-10j} =10

1
Xi(1) = 5 {(X(1) + X" - 1)}

1
=>{-1-5/+1-7j} = —¢]

1
Xi(2) = 5 {(X(2) + X" (4 - 2)}

1
=5{-6+(-6)} = —6

1
Xi(3) = 5 (3) + X" (4 - 3))

1
=§{1+7j+(—1+5j)} =6j

1
X, (k) E{.J{U{ )+ X"(N — k)}
1

xlg.f..-;l:ﬁ{x-;&-) X*(N —k)}

1
X2(0) = Z—j{X(O) —X'(4-0)}

1
— 2—j{10+10j—(10—10j)} =10

1
X (D) = Z—j{X(l) +X'(4-1)}

1
=2—j{—1—5j—(1—7j)} =1+

1
X2(2) = Z—J.{X(Z) +X*(4-2)}

1
e 2—].{—6 — (=6} =0

1
X2(3) = Z—j{X(3) - X'(4-3)}

=1{1+7j—(—1+5j)} =1—j
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For k=3
X(3) = X1 (3) + WgX,(3)

= 6j +[1 -] [\/2—1\/2] = —V2+6j

Here 2N =8 so,
For k=0
X(0 +4) = X1(0) — Wg'X,(0)
For k=0 =10-1.[10] =
OEPAOERZI. A Fork=1

= _ 1
= 10+1.[10] =20 X(A1+4 =X (1) - Wy X (1)

——6]—1+][ —j ] = —V2 - 6j
For k=1 V2 V2
For k=2

X(1) = X, (1) + WgX,(1) X(2+4) =X,2) - WgX,(2)

1
= —6j + 1+][ —j—] =2 -6j = —6 — 0[—j] =—6
V2 V2 For k=3

For k=2 X(B+4)=Xx,3)-WX,(3)
X(2) = X;(2) + WgX,(2)
= —6+ 0[] = —6

=6j —[1—/] [\/2—]\/2] =2 + 6]

L 4

X(k) = {20,¥2 — 6j,—6,—V2 + 6j,0,—V2 — 6j, —6,V2 + 6/}
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