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1

3 nynyny
N

=   where 
⎪⎩

⎪
⎨
⎧ ≤≤−=

−−

otherwise.,0

,,1][ 2

1

2

1

0

NN
nny   Therefore, 

).()()()( 2
0

1
00

1
3

ωωωω == j
N

jj
N

j eYeYeYeY   Now, from the results of Part (a), we  have 

 
( )

.
)2/sin(

2/sin
)(0 ω

ω
=ω N

eY j   Hence, ( )
.

)2/(sin

2/sin1
)(

2

2

3
ω

ω
⋅=ω N

N
eY j    

Note: The above result also holds for  even. N
 

(d)  ],[][
otherwise,,0

,,1][ 314 nynNyNnNNny N

n
+=

⎪⎩

⎪
⎨
⎧ ≤≤−−+=   where  is the sequence 

considered in Part (a) and  is the sequence considered in Part (c).  Hence, 

][1 ny

][3 ny

( )
.

)2/(sin

2/sin1
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2
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ω
⋅+

ω

⎟
⎠
⎞⎜

⎝
⎛ +ω
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N

N
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(e)    Then 
⎩
⎨
⎧ ≤≤−π=

otherwise.,0
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⎠
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3.20  Denote ][
)!1(!

)!1(
][ n

mn

mn
nx n

m µα
−
−+

=  with .1<α   We shall prove by induction that the 

DTFT of  is given by ][nxm .
)1(

1
)(

mj
j

m
e

eX
ω−

ω

α−
=   From Table 3.3, it follows that 

it holds for   Let .1=m .2=m   Then 

].[][][)1(][
!

)!1(
][ 1112 nxnnxnxnn

n

n
nx n +=+=µα

+
=   Therefore, 

,
)1(

1
1

)1(
)(

222 ω−
ω−

ω−

ω−
ω

α−
=α−+

α−

α
=

j
j

j

j
j

e
e

e

e
eX  and it also holds for .2=m  

Now, assume that it holds for   Consider next .m ][
)!(!
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][1 n
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+
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1
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m
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m
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n
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m
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n +⋅⋅=⎟
⎠
⎞

⎜
⎝
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⎟
⎠
⎞

⎜
⎝
⎛ +
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j
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j

m
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e
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d
j

m
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1

)1()1(

1

)1(
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ω−
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ω

+
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+
α−

α
=
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+⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
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.
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1
1+ω−α−

=
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3.21 (a)    Hence, .)2()( ∑ π+ωδ=
∞

−∞=

ω

k

j
a keX .1)(

2

1
][ =ω∫ ωδ

π
= ω

π

π−
denx nj

a  

 

(b)  ( )
.

1

1
)(

1

0
∑=

−

−
=

−

=

ωω
ω

ωω
ω N

n

njj
j

Njj
j

b ee
e

ee
eX   Let .nm −=   .)(

1

0
∑=
+−

=

ω−ωω N

m

mjjj
b eeeX

Consider the DTFT  Its inverse is given by 

  Therefore, by the time-shifting property of the DTFT, the 

inverse DTFT of  is given by  

.)(
1

0
∑=
+−

=

ω−ω N

m

mjj eeX

⎩
⎨
⎧ ≤≤−−=

otherwise.,0
,0)1(,1][ nNnx

)()( ωωω = jjj
b eXeeX

⎩
⎨
⎧ −≤≤−=+=

otherwise.,0
,1,1]1[][ nNnxnxb

 

(c)    Hence, .2)cos(21)(
0

∑+=∑ ω+=
−=

ω−

=

ω N

N

jNj
c eeX

l

l

l
l

⎪⎩

⎪
⎨
⎧
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=

=
otherwise.,0

,0,1
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n
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(d)  
2)1(

)(
ω

ω−
ω

−α−

α−
=

j

j
j

d
je

e
eX   with .1<α   We can rewrite  as )( ωj

d eX
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ω
=

ω
ω

d

edX
eX

j
oj

d
)(

)(   where .
1

1
)(

ω−
ω

α−
=

j
j

o
e

eX   From Table 3.3, the inverse 

DTFT of  is given by   From Table 3.4, using the 

differentiation-in-frequency property the inverse DTFT of   is thus given by 

)( ωj
d eX ].[][ nnx n

o µα=

)( ωj
d eX

].[][][ nnnxnnx n
od µα==  

 

3.22 (a)  .)4sin()( 4
2

14
2

1

2

44 ω−ω−ω −==ω=
ω−ω

j
j

j
jj

eej
a eeeH

jj

  Therefore, 

 .44},5.0,0,0,0,0,0,0,0,5.0{][ ≤≤−−= njjnha  
 

 (b)  .5.05.0)4cos()( 44
2

44 ω−ω+ω +==ω=
ω−ω

jjeej
b eeeH

jj

  Therefore, 

 .44},5.0,0,0,0,0,0,0,0,5.0{][ ≤≤−= nnhb  
 

(c)  .)5sin()( 5
2

15
2

1

2

55 ω−ω−ω −==ω=
ω−ω

j
j

j
jj

eej
c eeeH

jj

  Therefore, 

 .55},5.0,0,0,0,0,0,0,0,0,0,5.0{][ ≤≤−−= njjnhc  
 

  (d)  .5.05.0)5cos()( 55
2

55 ω−ω+ω +==ω=
ω−ω

jjeej
d eeeH

jj

  Therefore, 

 .55},5.0,0,0,0,0,0,0,0,0,0,5.0{][ ≤≤−= nnhd  
 

3.23 (a)  ⎟
⎠
⎞

⎜
⎝
⎛+⎟

⎠
⎞

⎜
⎝
⎛+=ω+ω+=

ω−ωω−ω ++ω
221

22
321)2cos(3)cos(21)(

jjjj eeeejeH  

   Therefore, .5.15.11 22 ω−ωω−ω ++++= jjjj eeee
.22},5.1,1,1,1,5.1{]}[{ 1 ≤≤−= nnh  

 

 (b)  ( ) 2/
22 cos)2cos(4)cos(23)( ω−ωω ⎟
⎠
⎞⎜

⎝
⎛ω+ω+= jj eeH  

2/
222

2/2/22
423 ω−+++ ⎟

⎠
⎞

⎜
⎝
⎛
⎥
⎦

⎤
⎢
⎣

⎡
⎟
⎠
⎞

⎜
⎝
⎛+⎟

⎠
⎞

⎜
⎝
⎛+=

ω−ωω−ωω−ω jeeeeee e
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( )( )ω−ω−ωω−ω +++++= jjjjj eeeee 1223
2

1 22  

.5.125.12 322 ω−ω−ωω−ω +++++= jjjjj eeeee   Hence, 
.32},1,5.1,2,2,5.1,1{]}[{ 2 ≤≤−= nnh  

 
(c)   [ ] )sin()2cos(2)cos(43)(3 ωω+ω+=ω jeH j
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⎟
⎠
⎞

⎜
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⎛
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⎢
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⎝
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.5.05.0223 22 ω−ωω−ω ++++= jjjj eeee   Hence, 
.22},5.0,2,3,2,5.0{]}[{ ≤≤−= nnhc  

 
(d)   [ ] 2/
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( )( )ω−ω−ωω−ω −++++= jjjjj eeeee 15.15.14 22
2

1  

.75.05.05.15.125.05.1 322 ω−ω−ωω−ω −−+−−= jjjjj eeeee   Hence, 
.23},3,5.0,3,3,5.0,5.1{]}[{ 4 ≤≤−−−−−−= nnh  

 
3.24 Let  and  denote the DTFTs of the sequences  and , respectively.   )( ωjeH )( ωjeG ][nh ][ng
 

(a)   Linearity Theorem: F  { } ∑ β+α=β+α
∞

−∞=

ω−

n

njengnhngnh ])[][(][][

   ∑β+∑α=
∞

−∞=

ω−∞

−∞=

ω−

n

nj

n

nj engenh ][][ ).()( ωω β+α= jj eGeH

 

(b) Time-reversal Theorem:   ).(][][ ω−∞

−∞=

ω∞

−∞=

ω− =∑=∑ − j

m

mj

n

nj eHemhenh

 

(c) Time-shifting Theorem:  ∑=∑ −
∞

−∞=

+ω−∞

−∞=

ω−

m

nmj

n

nj
o

oemhennh )(][][

).(][ ωω−∞

−∞=

ω−ω− =∑= jnj

m

mjnj eHeemhe oo  

 

(d) Frequency-shifting Theorem:  ( ) ∑=∑
∞

−∞=

ω−ω−∞

−∞=

ω−ω

n

nj

n

njnj oo enhenhe )(][][  

)( )( ojeH ω−ω= . 
 
3.25 Let = F and = F )(1

ωjeH { ][1 nh } )(2
ωjeH { }.][2 nh   From Example 3.8 we have  

∑ ⎟
⎠

⎞
⎜
⎝

⎛
π
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=
∞
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ω

n

j
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⎩
⎨
⎧

π≤ω<ω
ω≤ω≤

=
.,0
,0,1

2

2   From the result of Problem 3.14 we get  

⎩
⎨
⎧

π≤ω<ω
ω≤ω≤

=∑ ⎟
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⎜
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ω
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1
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n
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n

n
neH  

As the impulse response of the cascade is given by ][O][][ 2*1 nhnhnh = , using the 

convolution theorem we obtain the DTFT of the cascade:   )()()( 21
ωωω = jjj eHeHeH

⎪
⎩

⎪
⎨

⎧
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ω<ω≤

=
.,0
,,1

,0,0

2

21

1
   

H(e    )jω

ω1

1

0
ωππ_ _ ω2 ω2ω1

_
 

 

3.26 ( ).)()()( 44 ωωω == jjj eXeXeY   Now,    Hence, .][)( ∑=
∞
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n

njj enxeX
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3.27   Therefore,  and  .][)( ∑=
∞

−∞=
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n
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∞

−∞=
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n

njj enxeX )2/(2/ ][)(
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∞

−∞=

ω−ω

n

njnj enxeX
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 Hence, ( )
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∞

−∞=
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n
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3.29 [ ]=−= ω−ωω )()()( *
2

1 jjj
ca eXeXeX  
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⎞
⎜⎜
⎝
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∞
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n
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im enxj ][  F { }.][nxj im  

 
3.30 

0 0.6π 1.4π 2π

|X(e    )|jω

 
 
3.31 From Table 3.2 we observe that an even real-valued sequence has a real-valued DTFT 

and an odd real-valued sequence has an imaginary-valued DTFT. 
 
 (a)  Since  is an odd sequence, it has an imaginary-valued DTFT. ][1 nx
 
 (b)  Since  is an even sequence, it has a real-valued DTFT. ][2 nx
 

 (c)  ].[
)sin()sin()sin(

][ 33 nx
n

n

n

n

n

n
nx ccc =

π
ω

=
π−
ω−

=
π−
ω−

=−   Since,  is an even 

sequence, it has a real-valued DTFT. 

][3 nx

 
 (d)  Since  is an odd sequence, it has an imaginary-valued DTFT. ][4 nx
 
 (e)  Since  is an odd sequence, it has an imaginary-valued DTFT. ][5 nx

 
3.32  From Table 3.2 we observe that an even real-valued sequence has a real-valued DTFT 

and an odd real-valued sequence has an imaginary-valued DTFT. 
 (a)  Since  is a real-valued function of )(1

ωjeY ,ω   its inverse is an even sequence. 

  (b)  Since  is an imaginary-valued function of )(2
ωjeY ,ω   its inverse is an odd sequence. 

  (c)  Since  is an imaginary-valued function of )(3
ωjeY ,ω   its inverse is an odd sequence. 

 
3.33 (a)  Since  is a real-valued function of )(1

ωjeH ,ω   its inverse is an even sequence. 

 (b)  Since  is a real-valued function of )(2
ωjeH ,ω   its inverse is an even sequence. 

 
3.34 Let and let  and  denote the DTFTs of  and  

respectively.  From the convolution property of the DTFT given in Table 3.4, the DTFT  
],[][ * nxnu −= )( ωjeX )( ωjeU ][nx ],[nu
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 of  is given by   From Table 3.1,  ][O][][ * nunxny = ).()()( ωωω = jjj eUeXeY )( ωjeU

   Therefore, ).(* ω= jeX
2

* )()()()( ωωωω == jjjj eXeXeXeY  which is a real-valued 

function of  .ω
 
3.35 From the frequency-shifting property of the DTFT given in Table 3.4,  

F   A sketch of this DTFT is shown below ).(}][{ )3/(3/ π+ωπ− = jnj eXenx

π0π_

X(e             )j(ω+π/3)

_ π2
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_
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∑ ⎟
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(b)  .)(
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(c)  Using the differentiation-in-frequency property of the DTFT as given in Table 3.4, 

the inverse DTFT of 
2)1(1

1)(
ω−

ω−

ω− α−

α

α−

ω =⎟⎟
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⎞
⎜⎜
⎝

⎛

ω
=

j

j

j e
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1
ω−α− je

 is  ].1[)1( −−µα+− nn n
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2
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ω
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  (Using Parseval’s relation with 

differentiation-in-frequency property) 
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2
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3.40  From the differentiation-in-frequency property of the DTFT given in Table 3.4 we 

 have 
ω

=∑
ω∞

−∞=

ω−
d

edX
jenxn

j

n

nj )(
][  where F   Therefore, =ω )( jeX ]}.[{ nx

 .][
0

)(

=ω
ω

∞

−∞=

ω
=∑

d

edX

n

j
jnxn   From the definition of the DTFT  ∑=

∞

−∞=

ω−ω

n

njj enxeX ][)(

 it follows that  Therefore, .)(][ 0∑ =
∞

−∞=n

jeXnx .
)( 0

0

)(

j

d

edX

g
eX

j

C

j

=ω
ω

ω

=  

 From Table 3.3, F =ω )( jeX .1,]}[{
1

1 <α=µα
ω−α− je

n n   As a result, 

22 )1(0)1(0

)(

α−

α

=ωα−

α

=ω
ω

==
ω−

ω−ω

j

jj

e

e

d

edX
j   and  .

1

10 )(
α−

=jeX   Hence, .
1 α−
α=gC  

 
3.41  Let  F  =ω )(1

jeG ]}.[{ 1 ng

 (b)  Note ].4[][][ 112 −+= ngngng  Hence, F  )(]}[{ 22
ω= jeGng

  )()( 1
4

1
ωω−ω += jjj eGeeG ( ) ).(1 1

4 ωω−+= jj eGe  

 (c)  Note ].4[)]3([][ 113 −+−−= ngngng  Now, F   Hence, ).(]}[{ 11
ω−=− jeGng

 F  )(]}[{ 33
ω= jeGng ).()( 1

4
1

3 ωω−ω−ω− += jjjj eGeeGe

 (d)  Note )].7([][][ 114 −−+= ngngng   Hence,  F  )(]}[{ 44
ω= jeGng

  ).()( 1
7

1
ω−ω−ω += jjj eGeeG

3.42   i.e.,  ),()()( 21
ωωω = jjj eXeXeY .][][][ 21 ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
∑⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
∑=∑

∞

−∞=

ω−∞

−∞=

ω−∞

−∞=

ω−

n

nj

n

nj

n

nj enxenxeny

 (a)  Setting  in the above we get  0=ω .][][][ 21 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∑⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
∑=∑

∞

−∞=

∞

−∞=

∞

−∞= nnn
nxnxny

 (b)  Setting  we get  π=ω .][)1(][)1(][)1( 21 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∑ −⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
∑ −=∑ −

∞

−∞=

∞

−∞=

∞

−∞= n

n

n

n

n

n nxnxny

3.43 .1],[][ <αµα= nnx n From Table 3.3, F 
ωα−

ω ==
je

jeXnx
1

1
)(]}[{ .  The total energy  

of   is E][nx .
3

4
)(

2/121

1

0

2
2

1

1
2

1 ==∑ α=ω∫=
=αα−

∞

=

π

π− ω−α−π n

n
je

x d   To determine the  
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80% bandwidth of the signal, we set E 8.0

2

1

1
2

1
80, =ω∫=

ω

ω− ω−α−π
d

c

c
je

x E
3

4
8.0 ⋅=x  

 and solve for , i.e., set Ecω 3

2.3

2/12sin)cos1(

1
2

1
80, 22

=
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
ω∫=

=α

ω

ω− ωα+ωα−π
d

c

c

x . 

 A numerical solution of the above equation yields .5081.0 π=ωc   

 
3.44  Recall where ],[][][ nxnxnx odev += ])[][(][

2

1
nxnxnxev −+=  and   As  is causal, 

 for  and 

][nx

0][ =nx 0<n 0][ =−nx  for   Hence, there is no overlap between the 
nonzero portions of  and 

.0>n
][nx ][ nx −  except at ,0=n  and we have 

][]0[][][2][ nxnnxnx evev δ−µ=  and ].[]0[][][2][ nxnnxnx odod δ+µ=   Moreover, since 

 is real, it follows from Table 3.2 that F  and  ][nx )(]}[{ ω= j
reev eXnx

F   Taking the DTFT of ).(]}[{ ω= j
imev eXjnx ][]0[][][2][ nxnnxnx evev δ−µ=  we 

arrive at 

∫=
π

π−

ν
π

ω )()(
1 j

re
j eXeX µ  ].0[)( )( xde j −νν−ω

From Table 3.3 we have 

µ  F=ω )( je ∑ π+ωπδ+⎟
⎠
⎞⎜

⎝
⎛ −∑ =π+ωπδ+=µ

∞

−∞=

ω∞

−∞=− ω−
kke

kjkn
j

).2()cot(1)2(]}[{
22

1

1

1  

Substituting the above in the equation preceding it we get 

ν⎥⎦
⎤

⎢⎣
⎡

⎟
⎠
⎞⎜

⎝
⎛ ⎟

⎠
⎞⎜

⎝
⎛−∫= ν−ωπ

π−

ν
π

ω djeXeX j
re

j
22

11
cot1)()(  

     ( ) ]0[2)()( xdkeX
k

j
re −νπ+ν−ωδ∑ ∫+

∞

−∞=

π

π−

ν

].0[)(cot)(
2

)(
2

1
2

xeXdeX
j

deX j
re

j
re

j
re −+∫ ν⎟

⎠
⎞⎜

⎝
⎛

π
−∫ ν

π
= ω

π

π−

ν−ων
π

π−

ν    

Comparing the last equation with  we arrive at  ),()()( ωωω += j
im

j
re

j eXjeXeX

.cot)(
2

1
)(

2
∫ ν⎟

⎠
⎞⎜

⎝
⎛

π
−=

π

π−

ν−ωνω deXeX j
re

j
im  

 
 Likewise, taking the DTFT of ][]0[][][2][ nxnnxnx odod δ+µ=  we get  

∫=
π

π−

ν
π

ω )()( j
im

jj eXeX µ  ].0[)( )( xde j +νν−ω

 Substituting the expression for µ  given earlier in the above equation we get )( ωje
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 ν⎥⎦
⎤

⎢⎣
⎡

⎟
⎠
⎞⎜

⎝
⎛ ⎟

⎠
⎞⎜

⎝
⎛−∫= ν−ωπ

π−

ν
π

ω djeXeX j
im

jj
22

1
cot1)()(   

      ( ) ]0[2)()( xdkeXj
k

j
im +νπ+ν−ωδ∑ ∫+

∞

−∞=

π

π−

ν

  ].0[)(cot)()(
22

1

2
xejXdeXdeX j

im
j

im
j

im
j ++∫ ν⎟

⎠
⎞⎜

⎝
⎛+∫ ν= ω

π

π−

ν−ων
π

π

π−

ν
π

 

 Comparing the last equation with  we arrive at ),()()( ωωω += j
im

j
re

j eXjeXeX

.]0[cot)(
2

1
)(

2
∫ +ν⎟

⎠
⎞⎜

⎝
⎛

π
=

π

π−

ν−ωνω xdeXeX j
im

j
re  

 
3.45 If  is the input to the LTI discrete-time system, then its output is given by nznu =][

).(][][][][][ zHzzkhzzkhknukhny n

k

kn

k

kn

k
=∑=∑=∑ −=

∞

−∞=

−∞

−∞=

−∞

−∞=
 

 where  Hence is an eigenfunction of the system. .][)( ∑=
∞

−∞=

−

k

kzkhzH

 If  is the input to the LTI discrete-time system, then its output is given by ][][ nznv nµ=

.][][][][][][ ∑=∑ −µ=∑ −=
−∞=

−∞

−∞=

−∞

−∞=

n

k

kn

k

knn

k
zkhzzknkhzknvkhny  

 Since in this case the summation depends upon is not an eigenfunction of the system. 
 
3.46 F  F== ω )(]}[{ 11

jeHnh ,5.01]}1[][{
2

1 ω−+=−δ+δ jenn  

 F  F== ω )(]}[{ 22
jeHnh ,25.05.0]}1[][{

4

1

2

1 ω−−=−δ−δ jenn  

 F  F== ω )(]}[{ 33
jeHnh ,2]}[2{ =δ n  

 F  F== ω )(]}[{ 44
jeHnh .

5.01

2
]}[2{

2

1
ω−−

−
=µ⎟

⎠
⎞⎜

⎝
⎛−

j

n

e
n  

 The overall frequency response of the structure of Figure 2.35 is given by 
  

  )()()()()()( 42321
ωωωωωω ++= jjjjjj eHeHeHeHeHeH

   .1
5.01

)25.05.0(2
)25.05.0(25.01 =

−

−
−−++=

ω−

ω−
ω−ω−

j

j
jj

e

e
ee  

 
3.46 Denote  F =ω )( j

i eH .51]},[{ 1 ≤≤ inh    
(a) The overall frequency of Figure P2.2(a) is then given by 

  ).()()()()()()()()( 53214321
ωωωωωωωωω ++= jjjjjjjjj

i eHeHeHeHeHeHeHeHeH

Not for sale 61



(b) The structure of Figure P2.2(b) can be redrawn as shown below 
 

+h [n]o h [n]3

h [n]4

 
 

where the block with an impulse response represents the part of Figure P2.2(b) with a 
feedback loop as shown below 
 

h [n]1 h2[n]

5h [n]

+u[n] v[n]
w[n]

 
 
Let  F  F  and  F  Then we have =ω )( jeU ]},[{ nu =ω )( jeV ]},[{ nv =ω )( jeW ]}.[{ nw

)()()()( 3
ωωωω += jjjj eVeHeUeW  and    

Eliminating  from these two equations we get 

).()()()( 21
ωωωω = jjjj eWeHeHeV

)( ωjeW

( ) )()()()()()()(1 21521
ωωωωωωω =− jjjjjjj eUeHeHeVeHeHeH  

which leads to the frequency response of the feedback structure given by 

)()()(1

)()(

)(

)(
)(

521

21
ωωω

ωω

ω

ω
ω

−
==

jjj

jj

j

j
j

o
eHeHeH

eHeH

eU

eV
eH  

The overall frequency of Figure P2.2(a) is thus given by 

.
)()()(1

)()(
)()()()()(

521

21
434 ωωω

ωω
ωωωωω

−
+=+=

jjj

jj
jjj

o
jj

eHeHeH

eHeH
eHeHeHeHeH  

 
3.48 F  F  == ω )(]}[{ 11

jeHnh ,32]}1[3]2[2{ 2 ωω− −=+δ−−δ jj eenn

 F  F  == ω )(]}[{ 22
jeHnh ,2]}2[2]1[{ 2ωω− +=+δ+−δ jj eenn

 F  F== ω )(]}[{ 33
jeHnh ]}1[3][]1[2]3[7]5[5{ +δ+δ−−δ+−δ+−δ nnnnn  

    .31275 35 ωω−ω−ω− +−++= jjjj eeee
 The overall frequency of Figure P2.3 is given by 
   =+= ωωωω )()()()( 213

jjjj eHeHeHeH ωω−ω−ω− +−++ jjjj eeee 31275 35

  ( )( ) .63295232 33522 ωωω−ω−ω−ωω−ωω− −+++=+−+ jjjjjjjjj eeeeeeeee  
 
3.49 Now,  is the inverse DTFT of   Rewriting we get  ][nhev ).( ωj

re eH
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⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+=

ω−+ωω−+ωω−+ωω
2

33

2

22

2
4321)(

jejejejejejej
re eH  

   Its inverse DTFT is .225.15.11 3322 ω−ωω−ωω−ω ++++++= jjjjjj eeeeee
 ].3[2]3[2]2[5.1]2[5.1]1[]1[][][ −δ++δ+−δ++δ+−δ++δ+δ= nnnnnnnnhev  

 Since  is real and causal, and its DTFT  exists, it is also absolutely 
summable.  Hence, we can reconstruct  from  as  

][nh )( ωjeH

][nh ][nhev

][]0[][][2][ nhnnhnh evev δ−µ= ( ) ][]3[2]2[5.1]1[][2 nnnnn δ−−δ+−δ+−δ+δ=  
  ].3[4]2[3]1[2][ −δ+−δ+−δ+δ= nnnn  

 

3.50 (a) .)(sin)(sin)cos(sin][
32

1

32

1

3
⎟
⎠
⎞⎜

⎝
⎛ −ω−⎟

⎠
⎞⎜

⎝
⎛ +ω=ω⎟

⎠
⎞⎜

⎝
⎛= πππ nnnny ooo

n
a  Hence, the angular  

frequencies present in the output are .)(
3

no
π±ω  

 (b)  )cos()2cos()cos()(cos)(cos][
2

1

2

123 nnnnnny ooooob ω⎥⎦
⎤

⎢⎣
⎡ ω+=ωω=ω=  

[ ])cos()3cos()cos()cos()2cos()cos(
4

1

2

1

2

1

2

1
nnnnnn oooooo ω+ω+ω=ωω+ω=  

).3cos()cos(
4

1

4

3
nn oo ω+ω=   Hence, the angular frequencies present in the output are 

 and  oω3 .oω
 
(c)    Hence, the angular frequency present in the output is ).3cos(][ nny oc ω= oω3 . 

 
3.51 F   Let .1)(]}[][{ Rjj eeHRnn ω−ω α−==−αδ−δ .φα=α je  Then the maximum value 

of )( ωjeH  is α+1  and the minimum value is .1 α−   There are R  peaks of )( ωjeH  

located at ,10,/2 −≤≤π=ω RkRk  and R  dips located at 
,/)12( Rk π+=ω 10 −≤≤ Rk  in the frequency range .20 π<ω≤  
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3.52 .
1

1
)(

1

0 ω−

ω−
ω−−

=

ω

α−

α−
=∑ α=

j

MjM
njM

n

nj

e

e
eeG   Note  for   In order  )()( ωω = jj eHeG .1=α
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 to have  the impulse response should be multiplied by a factor  where ,1)( 0 =jeG ,K

 .
1

1
M

K
α−

α−=  

 
3.53 [ ] [ ].)sin()()2sin()cos()()2cos()( 3213321 ω−+ω−++ω++ω=ω aaajaaaaeH j  
 The frequency response will have zero-phase for 32 aa =  and . 01 =a

 
3.54  ω−ω−ω−ω−ω ++++= 4

5
3

4
2

321)( jjjjj eaeaeaeaaeH

  ( ) ( ) .2
3

2
42

22
5

2
1

ω−ω−ω−ωω−ω−ω ++++= jjjjjjj eaeeaeaeeaea  
 If  and  then we can rewrite the above equation as 51 aa = ,42 aa =

  which is seen to have a linear phase. [ ω−ω +ω+ω= 2
321 )cos(2)2cos(2)( jj eaaaeH ]

 
3.55  ω−−ω−−ω−ωω +++= )3(

1
)2(

2
)1(

21)( kjkjkjjkj eaeaeaeaeH

   )( 3
1

2
221

ω−ω−ω−ω +++= jjjjk eaeaeaae

  [ ].)()( 2/2/
2

2/32/3
1

)(
2

3
ω−ωω−ωω−

+++= jjjjkj
eeaeeae   Hence,  will be a 

real function of  if  in which case we have 

 

)( ωjeH
ω ,2/3=k

).()()( 2/2/
2

2/32/3
1

ω−ωω−ωω +++= jjjjj eeaeeaeH
 
3.56 F  ,)(]}2[]1[][{ 2

1
ω−ω−ω ++==−δ+−δ+δ jjj eebaeHnnbna

 F ,
1

1
)(]}[{ 2 ω−

ω

−
==µ

j
jn

ec
eHnc  and F .

1

1
)(]}[{ 3 ω−

ω

−
==µ

j
jn

ed
eHnd  

 The overall frequency response is then  )()()()( 321
ωωωω = jjjj eHeHeHeH

 .
)1)(1(

2

ω−ω−

ω−ω−

−−

++
=

jj

jj

edec

eeba   Therefore, 

)1)(1()1)(1(
)(

222

ωω

ωω

ω−ω−

ω−ω−
ω

−−

++

−−

++
=

jj

jj

jj

jj
j

edec

eeba

edec

eeba
eH  

  ( )( )22

22

)cos(21)cos(21

)2cos(2)cos()1(2)1(

ddcc

aabba

+ω−+ω−

ω+ω++++
=  

 .
)2cos(2)cos()1)((2)21(

)2cos(2)cos()1(2)1(
2222

22

ω+ω++−++++

ω+ω++++
=

cdcddccddcdc

aabba   Hence, 

,1)(
2
=ωjeH  if  ,211 222222 cddcdcba ++++=++

 ),1)(()cos()1( cddcab ++−=ω+  and .cda =  Substituting cda =  in the equation on the  
 left we get  ).( dcb +−=
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3.57 .)()( )(arg ωαωω =
jeXjjj eeXeY   Therefore, .)(

)(

)(
)(

1−αω
ω

ω
ω == j

j

j
j eX

eX

eY
eH  

 Since  is real function of )( ωjeH ,ω  it has zero-phase. 
 
3.58 ].[][][ Rnynxny −α−=   Taking the DTFT of both sides we get 

  Hence, ).()()( ωω−ωω α−= jRjjj eYeeXeY .)(
1

1

)(

)(
Rjj

j

eeX

eYjeH
ω−ω

ω

α+

ω ==  

 The maximum value of  is )( ωjeH
α−1

1  and the minimum value is .
1

1

α+
  There are 

peaks and dips in the range .20 π<ω≤  The locations of the peaks and the dips are given 

by α±=α− ω− 11 Rje  or .
α

αω− ±=Rje   The locations of the peaks are given by  

 
R

k
k

π=ω=ω 2  and the locations of the dips are given by .10,
)12(

−≤≤
+π=ω=ω Rk
R

k
k  

 Plots of the magnitude and the phase responses of  for )( ωjeH 8.0=α  and 5=R  are 
shown below: 
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 In this case the maximum value is 5

8.01

1 =
−

 and the minimum value is 0.5556.
8.01

1 =
+

 

 

3.59 .
1

)(
1

10
ω−

ω−
ω

+

+
=

j

j
j

ea

ebb
eA   Thus, we set )()()(*)()(

2 ω−ωωωω == jjjjj eAeAeAeAeA  

 .1
)cos(21

)cos(2

)1)(1(

))((

1
2
1

10
2
1

2
0

11

1010 =
ω++

ω++
=

++

++
=

ωω−

ωω−

aa

bbbb

eaea

ebbebb
jj

jj
 

 Solution #1:  and 10 ±=b .)sgn( 101 abb =   In which case ,1
1

1
)(

1

1 =
+

+
±=

ω−

ω−
ω

j

j
j

ea

ea
eA  a 

trivial solution. 

 Solution #2:  and 11 ±=b .)sgn( 110 abb =   In which case .
1

)(
1

1
ω−

ω−
ω

+

+
±=

j

j
j

ea

ea
eA  
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3.60 .
11

)(
1

10

1

10
10

ω−θ

ω−φφ

ω−

ω−
ω

+

+
=

+

+
=

jj

jjj

j

j
j

eeA

eeBeB

ea

ebb
eA   Thus, we set 

ωθ−

ωφ−φ−

ω−θ

ω−φφ
ωωω

+

+
⋅

+

+
==

jj

jjj

jj

jjj
jjj

eeA

eeBeB

eeA

eeBeB
eAeAeA

1

10

1

102

11
)(*)()(

1010
 

 .1
)cos(21

)cos(2

1
2
1

0110
2
1

2
0 =

θ−ω++

φ+φ−ω++
=

AA

BBBB
 

 Solution #1: .,)sgn(,1 011010 θ=φ−φ=±= ABBB   In which case  

00
00

1

1

1

)(
1

1

1

1
)( φ

ω−θ

ω−θ
φ

ω−θ

ω−θ+φφ
ω ±=

⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛

+

+
±=

+

±±
= j

jj

jj
j

jj

jjj
j e

eeA

eeA
e

eeA

eeAe
eA  implying 

 A trivial solution. .0 π±=φ
 Solution #2: .,)sgn(,1 011101 θ=φ−φ=±= ABBB   In which case 

11
1

1

1

1

)(
1

11
)( φ

ω−θ

ω−θ−
φ

ω−θ

ω−θ−φ
ω ±=

⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛

+

+
±=

+

±±
= j

jj

jj
j

jj

jj
j e

eeA

eeA
e

eeA

eeA
eA  implying .1 π±=φ   

 Hence, a non-trivia solution is .
1

)(
1

*
1

⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛

+

+
=

ω−
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πω
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eeA  

3.61 (a)  
)sin(

)cos(

)2/sin(

)2/cos(
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+
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relation is given by ].1[2]2[][ −=−+ nxnyny  
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 (d)  .
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1
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 Therefore, the input-output relation is given by ].1[][]1[][ −+−=−+ nxjnxjnyny  
 
3.62 From Eq. (2.20), the input-output relation of a factor-of- L  up-sampler is given by 

  The DTFT of  is thus given by 
⎩
⎨
⎧ ±±±==

otherwise.,0
,3,2,,0],/[][ KLLLnLnxny ][ny
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3.63 .1,
1

1
)( <α
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=
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jL
j

e
eG   Thus, we can write  where ),()( ωω = jLj eXeG

 .
1

1
)(

ω−
ω

α−
=

j
j

e
eX   From Table 3.3, the inverse DTFT of  is   

Hence, from the results of Problem 3.62, it follows that 

 

)( ωjeX ].[][ nnx nµα=

⎩
⎨
⎧ ±±±==

otherwise.,0
,3,2,,0],/[][ KLLLnLnxng

 

3.64 From Table 3.3, .
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1
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−
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j
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e
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1
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=ωjeH  and 
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5059.1)( 5/ =π± jeH  and 4585.0)5/( m=π±θ  radians.   

 Now, for an input ],[)sin(][ nnnx o µω=  the steady-state output is given by 

 ( ).)(sin)(][ oo
j neHny o ωθ+ω= ω   For ,5/π=ωo  the steady-state output is therefore 

given by .4585.0sinsin5059.1)(sin)(][
555

5/ ⎟
⎠
⎞⎜

⎝
⎛ −=⎟

⎠
⎞⎜

⎝
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3.65  ω−ω−ω−ω−ω ++=++= jjjjj ehehehehheH ]1[)1](0[]0[]1[]0[)( 22

   We require ( ).]1[)cos(]0[2 hhe j +ω= ω− 0]1[)3.0cos(]0[2)( 3.0 =+= hheH j  

 and .1]1[)6.0cos(]0[2)( 6.0 =+= hheH j   Solving these two equations we get 

  and  8461.3]0[ =h .3487.6]1[ −=h
 

Not for sale 67



3.66 ω−ω−ω ++= jjj eheheH ]1[)1](0[)( 2 ( ).]1[)cos(]0[2 hhe j +ω= ω−   We require 

1]1[)3.0cos(]0[2)( 3.0 =+= hheH j and .0]1[)6.0cos(]0[2)( 6.0 =+= hheH j   Solving 

these two equations we get 8461.3]0[ −=h  and .3487.7]1[ =h  
 
3.67 
 
3.68  ω−ω−ω−ω−ω ++++= 234 ]2[)(]1[)1](0[)( jjjjj eheeheheH

   We require ( ).]2[)cos(]1[2)2cos(]0[22 hhhe j +ω+ω= ω−

 ,0]2[]1[)2.0cos(2]0[)4.0cos(2)( 2.0 =++= hhheH j  

 ,1]2[]1[)5.0cos(2]0[)0.1cos(2)( 5.0 =++= hhheH j  

 .0]2[]1[)8.0cos(2]0[)6.1cos(2)( 8.0 =++= hhheH j   Solving these three equations we 

get ,8089.63]2[,228.45]1[,4866.13]0[ −==−= hhh  i.e., 
 .20},8089.63,228.45,4866.13{]}[{ ≤≤−−= nnh  
 
3.69   Therefore, .]3[]2[]1[]0[)( 32 ω−ω−ω−ω +++= jjjj ehehehheH

  ,2]3[]2[]1[]0[)( 0 =+++= hhhheH j

  2/32/2/ ]3[]2[]1[]0[)( π−π−π−π +++= jjjj ehehehheH
   ,37]3[]2[]1[]0[ jhjhhjh −=+−−=  

   Since the impulse response is real, the value of 

 at 

.0]3[]2[]1[]0[)( =−+−=π hhhheH j

)( ωjeH 2/3π=ω  is the conjugate of its value at ,2/π=ω  i.e.,  

)(*)( 2/2/3 ππ = jj eHeH .37]3[]2[]1[]0[ jhjhhjh +=−−+=   Writing the four 
equations in matrix form we get  
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 and 

hence .30},1,3,2,4{][{ ≤≤−−= nnh  
 
3.70 (a)   ω−ω−ω−ω +++= 32 ]3[]2[]1[]0[)( jjjj ehehehheH

   Therefore, .]0[]1[]1[]0[ 32 ω−ω−ω− −−+= jjj ehehehh

  2/32/2/ ]0[]1[]1[]0[)( π−π−π−π −−+= jjjj ehehehheH
   ,22]0[]1[]1[]0[ jhjhhjh +−=−+−=  

   Solving these two equations we get .8]0[]1[]1[]0[)( =+−−=π hhhheH j

  and   Hence, 1]0[ =h .3]1[ −=h .30},1,3,3,1{]}[{ pnnh ≤−−=  
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3.71 (a)   The two 

conditions to be satisfied by the filter are: 
.]0[]1[]0[]2[]1[]0[)( 22 ω−ω−ω−ω−ω ++=++= jjjjj ehehhehehheH

  and 0]0[]1[]0[)( 8.04.04.0 =++= π−π−π jjj ehehheH

   Solving these two equations we get  and  .1]0[]1[]0[)( 0 =++= hhheH j 7236.0]0[ =h
  .4472.0]1[ −=h

 (b)   .7236.04472.07236.0)( 2ω−ω−ω +−= jjj eeeH
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3.72 (a)   ω−ω−ω−ω +++= 32 ]3[]2[]1[]0[)( jjjj ehehehheH

( ).)2/cos(]1[2)2/3cos(]0[2]0[]1[]1[]0[ 2/332 ω+ω=+++= ω−ω−ω−ω− hheehehehh jjjj

The two conditions to be satisfied by the filter are: 
 ,8.0)1.0cos(]1[2)3.0cos(]0[2)( 2.0 =π+π=π hheH j  

 .5.0)25.0cos(]1[2)75.0cos(]0[2)( 5.0 =π+π=π hheH j  Solving these two equations we 

get  and 0414.0]0[ =h .395.0]1[ =h  
 
 (b)   .0414.0395.0395.00414.0)( 32 ω−ω−ω−ω +++= jjjj eeeeH
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3.73 (a)  ω−ω−ω−ω +++= 32 ]3[]2[]1[]0[)( jjjj ehehehheH
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( ).)2/sin(]1[2)2/3(sin]0[2]0[]1[]1[]0[ 2/332 ω+ω=−−+= ω−ω−ω−ω− hshejehehehh jjjj

 The two conditions to be satisfied by the filter are: 
 ,2.0)25.0(sin]1[2)75.0sin(]0[2)( 5.0 =π+π=π shheH j  

 .7.0)4.0cos(]1[2)2.1sin(]0[2)( 8.0 =π+π=π hheH j  Solving these two equations we get 

 and  14.0]0[ −=h .2815.0]1[ =h
 
 (b)   .14.02815.02815.014.0)( 32 ω−ω−ω−ω +−+−= jjjj eeeeH
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3.74 (a)  ω−ω−ω−ω−ω ++++= 432 ]4[]3[]2[]1[]0[)( jjjjj ehehehehheH

 ( ).)sin(]1[2)2(sin]0[2]0[]1[]1[]0[ 243 ω+ω=−−+= ω−ω−ω−ω− hshejehehehh jjjj  
 The two conditions to be satisfied by the filter are: 
 ,8.0)4.0(sin]1[2)8.0sin(]0[2)( 5.0 =π+π=π shheH j  

 .2.0)8.0cos(]1[2)6.1sin(]0[2)( 8.0 =π+π=π hheH j  Solving these two equations we get 

 and  112.0]0[ =h .3514.0]1[ =h
 
 (b)   .112.03514.03514.0112.0)( 43 ω−ω−ω−ω −−+= jjjj eeeeH
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3.75 (a) .3.03.0)(,3.03.0)( 22 ω−ω−ωω−ω−ω ++=+−= jjj
B

jjj
A eeeHeeeH  
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 It can be seen from the above plots that )( ωj

A eH  is a highpass filter, whereas  
is a lowpass filter. 

)( ωj
B eH

 
 (b)  ).()()( )( π+ωωω == j

A
j

B
j

C eHeHeH

 
3.76 ( .]1[][5.0]1[][ )−++−= nxnxnyny   Taking the DTFT of both sides we get 

( ).)()(5.0)()( ωω−ωωω−ω ++= jjjjjj eXeeXeYeeY   Hence, the frequency response is 

given by .
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.
1

41
)(

2

2

3

1

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

−

++
=

ω−

ω−ω−
ω

j

jj
j

simpson
e

ee
eH  

0 0.2 0.4 0.6 0.8 1
0

0.5

1

1.5

2

ω/π

M
ag

ni
tu

de

Trapezoidal

Simpson

 
 

 Note: To compare the performances of the Trapezoidal numerical integration formula 
with that of the Simpson’s formula, we first observe that if the input is then ,)( tj

a etx ω=
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the result of integration is .)(
1 tj
ja ety ω
ω

=   Thus, the desired ideal frequency response is 

.)(
1

ω
ω =

j
jeH   Hence, we take the ratio of the frequency responses of the approximation 

to the ideal, and plot the two curves as indicated on the previous page.  From this plot, it 
is evident that the Simpson’s formula amplifies high frequencies, whereas, the 
trapezoidal formula attenuates them.  In the very low frequency range, both formulae 
yield results close to the ideal.  However, Simpson’s formula is reasonably accurate for 
frequencies close to the midband range. 

 
3.78  ω−ω−ω−ω +++= 3

3
2

210)( jjjj egegeggeG

 ( )2/3
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2
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1
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2/3 ω−ω−ωωω− +++= jjjjj egegegege  

  )2/3sin()2/3cos()2/3sin()2/3cos([ 3300
2/3 ω−+ω−+ω+ω= ω− jggjgge j

   )]2/sin()2/cos()2/sin()2/cos( 2211 ω−+ω−+ω+ω+ jggjgg ] 

  )2/cos()()2/3cos()[( 2130
2/3 ω++ω+= ω− gggge j

   )].2/cos()()2/3sin()( 2130 ω−+ω−+ ggjggj   
 Thus, if  and  then 

 which has a linear phase 
30 gg = ,21 gg =

)]2/cos()()2/3cos()[()( 2130
2/3 ω++ω+= ω−ω ggggeeG jj

,)(
2

3ω−=ωθ and hence, a constant group delay. 

Alternately, if  and 30 gg −= ,21 gg −=  then 

 which has a linear phase )]2/sin()()2/3sin()[()( 2130
2/3 ω++ω+= ω−ω ggggejeG jj

,)(
22

3 π
+

ω−=ωθ and hence, a constant group delay. 

3.79 (a)    Thus, .sincos)( ω−ω+=+= ω−ω bjbaebaeH jj
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(b)  Let   From the results of Part (a) we 

have 

.sincos11)( ω−ω+=+= ω−ω cjceceG jj
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response of Part (a) and  is the frequency response of Part (b).  Thus, 
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3.80 The group delay of a causal LTI discrete-time system with a frequency response 

)()()( ωθωω = jjj eeHeH  is given by .
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  The first term on the right-

hand side of the above equation is purely imaginary.  Hence, 
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3.81 Since  is the Fourier transform of  )( ωjeG ],[nng .
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3.82 (a)    and thus, ω−ω+=+= ω−ω sin4.0cos4.014.01)( jeeH jj
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 0.6969)( 5/ =πjeH  and 0.2063
6821.0

1427.0
tan)5/()}(arg{ 15/ =⎟

⎠
⎞

⎜
⎝
⎛=πθ= −πjeH  radians. 

 Since for a frequency response with real coefficient impulse response, )( ωjeH  is an 

even function of  and  is an odd function of ω )(ωθ ,ω we have 0.6969)( 5/ =π− jeH  and 

 0.2063.)5/( −=π−θ
 Now, for an input ],[)sin(][ nnnx o µω=  the steady-state output is given by  

 ( ).)(sin)(][ oo
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3.84 ( ) ( ).]1[cos]0[2]1[1]0[)( 2 hheeheheH jjjj +ω=++= ω−ω−ω−ω   We require 
  and 1]1[)3.0cos(]0[2 =+ hh .0]1[)7.0cos(]0[2 =+ hh   Solving these two equations we 

get  and 2.6248]0[ =h 4.015.]1[ −=h  
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M3.2 It should be noted that Program 3_1.m uses the function freqz to determine the 

samples of a DTFT that is rational function in  i.e., a ratio of polynomials in 

.  Their inverse DTFTs are two-sided sequences.  However, all sequences of 

,ω− je
ω− je
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Problem 3.19 except that in Part (b) are two-sided finite-length sequences of length 
, and their DTFTs have  both positive and negative powers of   As a result, 12 +N .ωje

 the frequency sample computed using freqz should be multiplied by the vector 
 evaluated at the frequency points Nj ne ω

nω  used in freqz. In Parts (a), (c) and (d), 
the phase spectra are the plots of the unwrapped phase obtained using the function 
unwrap. 

 
 Moreover, the DTFTs of the sequences in Parts (a), (c) and (d) are real functions of ω  

and thus have zero phase.  More accurate plots of the DTFTs are obtained using the 
function zerophase. 
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Program 3_1.m are shown below: 
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 The plot obtained using the function zerophase is shown below: 
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(b)    Then 
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 The plot obtained using the function zerophase is shown below: 
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 The plot obtained using the function zerophase is shown below: 
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 The plot obtained using the function zerophase is shown below: 
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 The plots obtained using Program 3_1.m are shown below: 
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 The plots obtained using Program 3_1.m are shown below: 
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M3.4 % Property 1 
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N = 8; % Number of samples in sequence 
gamma = 0.5; k = 0:N-1; 
x = exp(-j*gamma*k); y = exp(-j*gamma*fliplr(k)); 
% r = x[-n] then y = r[n-(N-1)] 
% so if X1(exp(jw)) is DTFT of x[-n], then 
% X1(exp(jw)) = R(exp(jw)) = exp(jw(N-1))Y(exp(jw)) 
[Y,w] = freqz(y,1,512); 
X1 = exp(j*w*(N-1)).*Y; 
m = 0:511; w = -pi*m/512; 
X = freqz(x,1,w); 
% Verify X = X1 
 
% Property 2 
k = 0:N-1; y = exp(j*gamma*fliplr(k)); 
[Y,w] = freqz(y,1,512); 
X1 = exp(j*w*(N-1)).*Y; 
[X,w] = freqz(x,1,512); 
% Verify X1 = conj(X) 
 
% Property 3 
y = real(x); 
[Y3,w] = freqz(y,1,512); 
m = 0:511; w0 = -pi*m/512; 
X1 = freqz(x,1,w0); 
[X,w] = freqz(x,1,512); 
% Verify Y3 = 0.5*(X+conj(X1)) 
 
% Property 4 
y = j*imag(x); [Y4,w] = freqz(y,1,512); 
% Verify Y4 = 0.5*(X-conj(X1)) 
 
% Property 5 
k = 0:N-1; y = exp(-j*gamma*fliplr(k)); 
xcs = 0.5*[zeros(1,N-1) x] + 0.5*[conj(y) zeros(1,N-1)]; 
xacs = 0.5*[zeros(1,N-1) x] - 0.5*[conj(y) zeros(1,N-1)]; 
[Y5,w] = freqz(xcs,1,512); 
[Y6,w] = freqz(xacs,1,512); 
Y5 = Y5.*exp(j*w*(N-1)); 
Y6 = Y6.*exp(j*w*(N-1)); 
% Verify Y5 = real(X) and Y6 = j*imag(X) 

 
M3.5 N = 8; % Number of samples in sequence 

gamma = 0.5; k = 0:N-1; 
x = exp(gamma*k); y = exp(gamma*fliplr(k)); 
xev = 0.5*([zeros(1,N-1) x] + [y zeros(1,N-1)]); 
xod = 0.5*([zeros(1,N-1) x] - [y zeros(1,N-1)]); 
[X,w] = freqz(x,1,512); 
[Xev,w] = freqz(xev,1,512); 
[Xod,w] = freqz(xod,1,512); 
Xev = exp(j*w*(N-1)).*Xev; 
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Xod = exp(j*w*(N-1)).*Xod; 
% Verify real(X) = Xev, and j*imag(X) = Xod 

 
M3.5 N = input('The length of the seqeunce = '); 

k = 0:N-1; gamma = -0.5; 
g = exp(gamma*k); 
% g is an exponential seqeunce 
h = sin(2*pi*k/(N/2)); 
% h is a sinusoidal sequence with period  = N/2 
[G,w] = freqz(g,1,512); [H,w] = freqz(h,1,512); 
 
% Property 1 
alpha = 0.5; beta = 0.25; 
y = alpha*g+beta*h; [Y,w] = 
freqz(y,1,512); 
% Plot Y and alpha*G+beta*H to verify that they are equal 
 
% Property 2 
n0 = 12; % Sequence shifted by 12 samples 
y2 = [zeros(1,n0) g]; 
[Y2,w] = freqz(y2,1,512); 
G0 = exp(-j*w*n0).*G; 
% Plot G0 and Y2 to verify they are equal 
 
% Property 3 
w0 = pi/2; % the value of omega0 = pi/2 
r = 256; % the value of omega0 in terms of number of 
samples 
k = 0:N-1; y3 = g.*exp(j*w0*k); 
[Y3,w] = freqz(y3,1,512); 
k = 0:511; 
w = -w0+pi*k/512; % creating G(exp(w-w0)) 
G1 = freqz(g,1,w); 
% Compare G1 and Y3 
 
% Property 4 
k = 0:N-1; y4 = k.*g; 
[Y4,w] = freqz(y4,1,512); 
% To compute derivative we need sample at pi 
y0 = ((-1).^k).*g; 
G2 = [G(2:512)' sum(y0)]'; 
delG = (G2-G)*512/pi; 
% Compare Y4, delG 
 
% Property 5 
y5 = conv(g,h); 
[Y5,w] = freqz(y5,1,512); 
% Compare Y5 and G.*H 
 
% Property 6 
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y6 = g.*h; 
[Y6,w] = freqz(y6,1,512,'whole'); 
[G0,w] = freqz(g,1,512,'whole'); 
[H0,w] = freqz(h,1,512,'whole'); 
% Evaluate the sample value at w = pi/2 
% and verify with Y6 at pi/2 
H1 = [fliplr(H0(1:129)') fliplr(H0(130:512)')]'; 
val = 1/(512)*sum(G0.*H1); 
% Compare val with Y6(129) i.e., sample at pi/2 
% Can extend this to other points similarly 
 
% Parsevals theorem 
val1 m = sum(g.*conj(h)); val2 = sum(G0.*conj(H0))/512; 
% Compare val1 with val2 

 

M3.7 The DTFT of  is ][nnh .
)(

ω

ω

d

edH j
j  Hence, the group delay )(ωτg  can be computed at a 

set of N  discrete frequency points ,10,/2 −≤≤π=ω NkNkk  as follows: 

,Re)(
]}[{

]}[{
⎟
⎠
⎞

⎜
⎝
⎛=ωτ

nhDFT

nhnDFT
kg  

where all DFTs are –points in length with  greater than or equal to the length of 
 

N N
]}.[{ nh

 
M3.8 h = [3.8461 -6.3487 3.8461]; 

[H,w] = freqz(h,1,512); 
plot(w/pi,abs(H)); grid 
xlabel('\omega/\pi'); ylabel('Magnitude'); 
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M3.9 h = [-13.4866 45.228 -63.8089 45.228 -13.4866]; 

[H,w] = freqz(h,1,512); 
plot(w/pi,abs(H)); grid 
xlabel('\omega/\pi'); ylabel(Magnitude); 
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