
Chapter 1

Signal Representation and Modeling

1.1.

a.

replacemen
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t (sec)

The signal xa (t)
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1.2.

a.

xa (t )=







0 , t <−1 or t > 3

2t +2 , −1 < t < 0

−t +2 , 0 < t < 1

1 , 1 < t < 2

−t +3 , 2 < t < 3

b.

xa (t )=







0 , t <−1 or t > 3

1.5t +1.5 , −1 < t < 0

−1.5t +1.5 , 0 < t < 2

1.5t −4.5 , 2 < t < 3

5
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1.3.

a.

g1 (t )=







0 , t <−1 or t > 3

3.5t +3.5 , −1 < t < 0

−2.5t +3.5 , 0 < t < 1

−1.5t +2.5 , 1 < t < 2

0.5t −1.5 , 2 < t < 3

A
m
p
li
tu
d
e

t (sec)

The signal g1 (t)
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1

2

3

4

b.

g2 (t )=







0 , t <−1 or t > 3

3t 2 +6t +3 , −1 < t < 0

1.5t 2 −4.5t +3 , 0 < t < 1

−1.5t +1.5 , 1 < t < 2

−1.5t 2 +9t −13.5 , 2 < t < 3

A
m
p
li
tu
d
e

t (sec)

The signal g2 (t)

−2 −1 0 1 2 3 4
−2

−1

0

1

2

3

4

c.

g3 (t )=







3 , t <−1 or t > 3

2.5t +5.5 , −1 < t < 0

−0.5t +5.5 , 0 < t < 1

1.5t +3.5 , 1 < t < 2

−3.5t +13.5 , 2 < t < 3

A
m
p
li
tu
d
e

t (sec)

The signal g3 (t)

−2 −1 0 1 2 3 4
2

3

4

5

6

7
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1.4.

a.

Time reversal

g1 (t )=x (−t )

A
m
p
li
tu
d
e

t (sec)

The signal g1 (t)

−10 −5 0 5 10
−2

−1

0

1

2

b.

Time scaling

g2 (t )=x (2t )
A
m
p
li
tu
d
e

t (sec)

The signal g2 (t)

−10 −5 0 5 10
−2

−1

0

1

2

c.

Time scaling

g3 (t ) =x

(
t

2

)

A
m
p
li
tu
d
e

t (sec)

The signal g3 (t)
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−2
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2

d.

Step 1: Time reversal

g4a (t )=x (−t )

Step 2: Time shifting

g4 (t )=g4a (t −3) = x (−t +3)

A
m
p
li
tu
d
e

t (sec)

The signal g4 (t)

−10 −5 0 5 10
−2

−1

0

1

2
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e.

Step 1: Time scaling

g5a (t ) =x

(
t

3

)

Step 2: Time shifting

g5 (t ) =g5a (t −1) = x

(
(t −1)

3

)

A
m
p
li
tu
d
e

t (sec)

The signal g5 (t)

−10 −5 0 5 10
−2

−1

0

1

2

f.

Step 1: Time scaling

g6a (t )=x (4t )

Step 2: Time shifting

g6 (t )=g6a (t −3/4) = x (4t −3)
A
m
p
li
tu
d
e

t (sec)

The signal g6 (t)

−10 −5 0 5 10
−2

−1

0

1

2

g.

Step 1: Time scaling

g7a (t )=x

(
t

3

)

Step 2: Time reversal

g7b (t )=g7a (−t )= x

(

=
t

3

)

Step 3: Time shifting

gy (t )=g7b (t −3) = x

(

1−
t

3

)

A
m
p
li
tu
d
e

t (sec)

The signal g7 (t)

−10 −5 0 5 10
−2

−1

0

1
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1.5.

replacemen

A
m
p
li
tu
d
e

t (sec)

The signal x (t)

−10 −5 0 5 10
−0.2

−0.1

0

0.1

0.2

0.3

0.4

a.

g1 (t )=x (2t −1)

Step 1: Time scaling

g1a (t )=x (2t )

Step 2: Time shifting

g1 (t )=g1a (t −0.5) = x (2t −1)

replacemen

A
m
p
li
tu
d
e

t (sec)

The signal g1 (t)

−10 −5 0 5 10
−0.2

−0.1

0

0.1

0.2

0.3

0.4

b.

g2 (t )=x (−t +2)

Step 1: Time reversal

g2a (t )=x (−t )

Step 2: Time shifting

g2 (t )=g2a (t −2) = x (−t +2)

replacemen

A
m
p
li
tu
d
e

t (sec)

The signal g2 (t)

−10 −5 0 5 10
−0.2

−0.1

0

0.1

0.2

0.3

0.4

c.

g3 (t )=x (−3t +5)

Step 1: Time scaling

g3a (t )=x (3t )

Step 2: Time reversal

g3b (t )=g3a (−t )= x (−3t )

Step 3: Time shifting

g3 (t )=g3b (t −5/3) = x (−3t +5)

replacemen

A
m
p
li
tu
d
e

t (sec)

The signal g3 (t)

−10 −5 0 5 10
−0.2

−0.1

0

0.1

0.2

0.3

0.4
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d.

g4 (t )=x

(
t −1

3

)

Step 1: Time scaling

g4a (t )=x

(
t

3

)

Step 2: Time shifting

g4 (t )=g4a (t −1) = x

(
t −1

3

)

replacemen

A
m
p
li
tu
d
e

t (sec)

The signal g4 (t)

−10 −5 0 5 10
−0.2

−0.1

0

0.1

0.2

0.3

0.4

1.6.

Let q (t ) be a rectangular pulse with height 1/a and width a.

q (t )=
1

a
Π

(
t

a

)

and the unit-impulse function can be obtained through

δ(t )= lim
a→∞

[

q (t )
]

= lim
a→∞

[
1

a
Π

(
t

a

)]

It follows that

δ(bt )= lim
a→∞

[

q (bt )
]

= lim
a→∞

[
1

a
Π

(
bt

a

)]

Let ã = a/b so that
1

a
Π

(
bt

a

)

=
1

ã b
Π

(
t

ã

)

Therefore

δ(bt )= lim
a→∞

[
1

ã b
Π

(
t

ã

)]

=
1

b
lim

a→∞

[
1

ã
Π

(
t

ã

)]

=
1

b
δ(t )

1.7.

Given that

q (t ) =
1

a
Π

(
t

a

)

=







1

a
, −

a

2
< t <

a

2

0 , otherwise

the time shifted pulse q (t − t1) is

q (t − t1)=
1

a
Π

(
t − t1

a

)

=







1

a
, t1 −

a

2
< t < t1 +

a

2

0 , otherwise



11

and the integral can be written as
ˆ ∞

−∞
f (t ) q (t − t1) d t =

1

a

ˆ t1+a/2

t1−a/2

f (t ) d t

If f (t ) is continuous in the vicinity of t = t1 then, for small values of a, the value of the integral above is

approximately equal to the area of a rectangle with height equal to f (t1) and width equal to a, that is,

1

a

ˆ t1+a/2

t1−a/2

f (t ) d t ≈
1

a

[

f (t1) a
]

= f (t1)

1.8.

a.

111

t (sec)

x (t)

−1 −0.5 0 0.5 1 1.5 2 2.5 3

b.

1

1

t (sec)

x (t)

−1 −0.5 0 0.5 1 1.5 2 2.5 3

c.

e−1

t (sec)

x (t)

−1 −0.5 0 0.5 1 1.5 2 2.5 3
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d.

0.3679

t (sec)

x (t)

−1 −0.5 0 0.5 1 1.5 2 2.5 3
−0.5

0

0.5

1

1.5

e.

. . .

t (sec)

x (t)

−1 −0.5 0 0.5 1 1.5 2

1.9.

a.

A
m
p
li
tu
d
e

t (sec)

The signal x1 (t)

−1 0 1 2 3 4 5
−2

−1

0

1

2

3
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b.

A
m
p
li
tu
d
e

t (sec)

The signal x2 (t)

−1 0 1 2 3 4 5
−2

−1

0

1

2

3

c.

A
m
p
li
tu
d
e

t (sec)

The signal x3 (t)

−1 0 1 2 3 4 5
−2

−1

0

1

2

3

d.

A
m
p
li
tu
d
e

t (sec)

The signal x4 (t)

−1 0 1 2 3 4 5
−2

−1

0

1

2

3
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e.

A
m
p
li
tu
d
e

t (sec)

The signal x5 (t)

−1 0 1 2 3 4 5
−2

−1

0

1

2

3

1.10.

a. xa (t )= u (t +2)+0.5u (t +1)−2u (t −1.5)+0.5u (t )

b. xb (t )= 1.5u (t +1)−2.5u (t )+u (t −1)

1.11.

a. xa (t )=Π (t +1.5)+1.5Π
(

t−0.25
2.5

)

−0.5Π
(

t−2.25
1.5

)

b. xb (t )= 1.5Π (t +0.5)−Π (t −0.5)

1.12.

a. x (t )=−r (t +1)+3.5r (t )−3r (t −1)−0.5r (t −2)+ r (t −3)

b. x (t )=−Λ(t )+1.5Λ(t −1)+Λ(t −2)

1.13.

For each data point (ti , xi ) use a triangle

xi Λs (t , ai ,bi ) with parameters ai = ti − ti−1

and bi = ti+1 − ti . The signal x (t ) can be ex-

pressed as

x (t )=
∑

i

xi Λs (t , ai ,bi )

=
∑

i

xi Λs (t , ti − ti−1, ti+1 − ti )

t

x (t)

(t1, x1)

(t2, x2)

(t3, x3)

(t4, x4) (t5, x5)

(t6, x6)
(t7, x7)

(t8, x8)
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1.14.

Integration by parts:
ˆ b

a

u (t ) d v (t )= u (t ) v (t )
∣
∣
∣

b

a
−
ˆ b

a

v (t ) du (t )

Let u (t )= f (t ) and d v (t )= δ′ (t ) d t :

ˆ ∞

−∞
f (t ) δ′ (t ) d t = f (t ) δ′ (t )

∣
∣
∣

∞

−∞
−
ˆ ∞

−∞
δ(t ) f ′ (t ) d t

Using the sifting property of the unit impulse function yields

ˆ ∞

−∞
f (t ) δ′ (t ) d t =− f ′ (0)

1.15.

Using

u (t )=
{

1 , t > 0

0 , t < 0
and u (−t )=

{
1 , t < 1

0 , t > 0

the signum function can be written as

sgn (t )=−u (−t )+u (t )

or as

sgn (t )=−1+2u (t )

1.16.

a.

e j a =cos (a)+ j sin(a)

e− j a =cos (a)− j sin(a)

Therefore
1

2
e j a +

1

2
e− j a = cos (a)

b.

e j a =cos (a)+ j sin(a)

e− j a =cos (a)− j sin(a)

Therefore
1

2
e j a −

1

2
e− j a = j sin (a) ⇒ sin (a)=

1

2 j
e j a −

1

2 j
e− j a
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c.
d

d a

[
1

2
e j a +

1

2
e− j a

]

=
j

2
e j a −

j

2
e− j a =−

1

2 j
e j a +

j

2 j
e− j a =−sin (a)

d.

cos (a +b)=
1

2
e j (a+b) +

1

2
e− j (a+b)

=
1

2

[

e j a e j b +e− j a e− j b
]

=
1

2

[[

cos (a)+ j sin(a)
] [

cos (b)+ j sin (b)
]

+
[

cos (a)− j sin(a)
] [

cos (b)− j sin (b)
]]

=cos (a) cos (b)−sin (a) sin(b)

e.
d

d a

[
1

2
e j a +

1

2
e− j a

]

=
j

2
e j a −

j

2
e− j a =−

1

2 j
e j a +

j

2 j
e− j a =−sin (a)

d.

sin(a +b)=
1

2 j
e j (a+b) −

1

2 j
e− j (a+b)

=
1

2 j

[

e j a e j b −e− j a e− j b
]

=
1

2 j

[[

cos (a)+ j sin(a)
] [

cos (b)+ j sin (b)
]

−
[

cos (a)− j sin(a)
] [

cos (b)− j sin (b)
]]

=sin(a) cos (b)+cos (a) sin(b)

f.

cos2 (a) =
[

1

2
e j a +

1

2
e− j a

]2

=
1

4
e j 2a +

1

2
+

1

4
e− j 2a

=
1

2
+

1

2
cos (2a)

1.17.

a. Periodic.

2π f0 = 2 ⇒ f0 =
1

π
Hz , T0 =

1

f0
=π sec

b. Periodic.

2π f0 =
p

20 ⇒ f0 =
p

20

2π
=

p
5

π
Hz , T0 =

1

f0
=

π
p

5
sec
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c. Not periodic due to the factor u (t ).

d. Periodic.

2π f0 = 3 ⇒ f0 =
3

2π
Hz , T0 =

1

f0
=

2π

3
sec

e. Not periodic due to the factor e−|t |.

f. Not periodic.

g. Periodic.

x (t ) = cos (2t +π/10)+ j si n (2t +π/10)

2π f0 = 2 ⇒ f0 =
1

π
Hz , T0 =

1

f0
=π sec

h. Not periodic.

1.18.

a.
f1 =

5

2π
Hz, f2 =

5

2π
Hz ⇒ f0 =

5

2π
Hz, T0 =

2π

5
sec

b.

f1 = 5 Hz, f2 = 15 Hz ⇒ f0 = 5 Hz, T0 =
1

5
= 0.2 sec

c.

f1 =
p

2

2π
Hz, f2 =

2

2π
Hz

For periodicity we require two integers m1 and m2 to be found such that

m1

f1
=

m2

f2
⇒

m1p
2
=

m2

2

No two integers can be found; therefore the signal is not periodic.

d.
f1 = 22.5 Hz, f2 = 27.5 Hz ⇒ f0 = 2.5 Hz, T0 =

1

2.5
= 0.4 sec

1.19.

a. The energy of the signal x (t ) is

Ex =
ˆ ∞

−∞
|x (t ) |2 d t <∞

The energy of g (t ) is found as

Eg =
ˆ ∞

−∞
=

∣
∣g (t )

∣
∣2

d t =
ˆ ∞

−∞
|A x (t ) |2 d t = |A|2

ˆ ∞

−∞
|x (t ) |2 d t
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Thus we have

Eg = |A|2 Ex

If x (t ) is an energy signal, x (t ) is also an energy signal.

b. The power in the signal x (t ) is

Px =
〈∣
∣x (t )

∣
∣2

〉

The power in g (t ) is found as

Pg =
〈∣
∣g (t )

∣
∣2

〉

=
〈∣
∣A x (t )

∣
∣2

〉

= |A|2
〈∣
∣x (t )

∣
∣2

〉

Thus we have

Pg = |A|2 Px

If x (t ) is a power signal, x (t ) is also a power signal.

1.20.

a. We will assume that parameters A and B are real-valued. Given that Ex =
´∞
−∞ |x (t )|2 d t ,

attempting to compute the normalized energy of the signal g (t ) results in

Eg =
ˆ ∞

−∞

∣
∣A x (t )+B

∣
∣2

d t

which does not converge for B 6= 0. Therefore g (t ) is a power signal.

b. The normalized average power in g (t ) is

Pg =
〈∣
∣g (t )

∣
∣2

〉

=
〈 (

A x (t )+B
)(

A x (t )+B
)∗〉

= A2
〈

|x (t )|2
〉

+B 2 +2AB
〈

Re{x (t )}
〉

Since x (t ) is an energy signal, we have

Pg = B 2

1.21.

a. The signal x (t ) can be written as

x (t )= e−2|t | =
{

e2t , t < 0

e−2t , t > 0

The energy of the signal is

Ex =
ˆ ∞

−∞
|x (t )|2 d t =

ˆ 0

−∞
e4t d t +

ˆ ∞

0

e−4t d t =
1

2



19

b.

Ex =
ˆ ∞

−∞

∣
∣e−2t

∣
∣
2

u (t ) d t =
ˆ ∞

0

e−4t d t =
1

4

c.
∣
∣x (t )

∣
∣
2 =

∣
∣e−2t

∣
∣
2 ∣

∣cos (5t )
∣
∣
2

u (t )

= e−4t cos2 (5t ) u (t )

Remembering that

cos2 (5t ) =
1

2
+

1

2
cos (10t )

we have

∣
∣x (t )

∣
∣
2 =

1

2
e−4t u (t )+

1

2
e−4t cos (10t ) u (t )

=
1

2
e−4t u (t )+

1

4
e−4t e j 10t u (t )+

1

4
e−4t e− j 10t u (t )

=
1

2
e−4t u (t )+

1

4
e(−4+ j 10) t u (t )+

1

4
e(−4− j 10) t u (t )

The normalized energy is

Ex =
ˆ ∞

−∞

∣
∣x (t )

∣
∣
2

d t

=
1

2

ˆ ∞

0

e−4t d t +
1

4

ˆ ∞

0

e(−4+ j 10) t d t +
1

4

ˆ ∞

0

e(−4− j 10) t d t

=
1

8
+

1

58
= 0.1422

1.22.

a.

xa (t )=







2t +2 , −1 < t < 0

−t +2 , 0 < t < 1

1 , 1 < t < 2

−t +3 , 2 < t < 3

0; , otherwise

Ex =
ˆ 0

−1

(2t +2)2 d t +
ˆ 1

0

(−t +2)2 d t +
ˆ 2

1

(1)2 d t +
ˆ 3

2

(−t +3)2 d t = 5

b.

xb (t )=







1.5t +1.5 , −1 < t < 0

−1.5t +1.5 , 0 < t < 2

1.5t −4.5 , 2 < t < 3

0 , otherwise
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Ex =
ˆ 0

−1

(1.5t +1.5)2 d t +
ˆ 2

0

(−1.5t +1.5)2 d t +
ˆ 3

2

(1.5t −4.5)2 d t = 3

1.23.

a.

Px =
〈∣
∣x (t )

∣
∣2

〉

=
ˆ 0.5

0

(1)2 d t =
1

3

b.

Px =
〈∣
∣x (t )

∣
∣2

〉

=
ˆ 1

0

t 2 d t =
t 3

3

∣
∣
∣
∣

1

0

= 0.5

c.

Px =
ˆ 1

0

sin2 (πt ) d t =
ˆ 1

0

(
1

2
−

1

2
cos (2πt )

)

d t =
1

2

1.24.

The two terms with the same frequency need to be combined. Consider that

A cos
(

2π f1t +θ
)

= A cos (θ) cos
(

2π f1t
)

− A sin (θ) sin
(

2π f1t
)

Let A cos (θ) = 2 and −A sin(θ) = 3. Solving the two equations we get

A = 3.6056 and θ=−0.9828 radians

The signal is

x (t )= 3.6056cos
(

2π f1t −0.9858
)

+6cos
(

2π f2t
)

and its RMS value is

xRMS =

√

3.60562

2
+

62

2
= 4.9497

1.25.

a. Even

b. Odd

c. Neither even nor odd

d. Even

e. Odd

f. Neither even nor odd



21

1.26.

a.
ˆ λ

−λ
x (t ) d t =

ˆ 0

−λ
x (t ) d t

ˆ λ

0

x (t ) d t

For the first integral, apply the variable change t =−α to obtain

ˆ λ

−λ
x (t ) d t =

ˆ 0

λ

x (−α) (−dα)+
ˆ λ

0

x (t ) d t

=−
ˆ 0

λ

x (−α) dα+
ˆ λ

0

x (t ) d t

=
ˆ λ

0

x (−α) dα+
ˆ λ

0

x (t ) d t

Since x (t ) is even, x (−α) = x (α) and

ˆ λ

−λ
x (t ) d t =

ˆ λ

0

x (α) dα+
ˆ λ

0

x (t ) d t

= 2

ˆ λ

0

x (t ) d t

b. From part (a) we have

ˆ λ

−λ
x (t ) d t =

ˆ λ

0

x (−α) dα+
ˆ λ

0

x (t ) d t

Since x (t ) is odd, x (−α) =−x (α) and

ˆ λ

−λ
x (t ) d t =−

ˆ λ

0

x (α) dα+
ˆ λ

0

x (t ) d t

= 0

1.27.

a. x (−t )= x1 (−t ) x2 (−t ) = x1 (t ) x2 (t )= x (t )

b. x (−t ) = x1 (−t ) x2 (−t )= [−x1 (t )] [−x2 (t )] = x1 (t ) x2 (t )= x (t )

c. x (−t )= x1 (−t ) x2 (−t )= x1 (t ) [−x2 (t )] =−x1 (t ) x2 (t )=−x (t )

1.28.

xE (t )=
1

2
e(−2+ j 10π)t +

1

2
e(−2− j 10π)(−t )

=
1

2

(

e−2t +e2t
)

e j 10πt



22 CHAPTER 1. SIGNAL REPRESENTATION AND MODELING

M
a
g
n
it
u
d
e

t (sec)

|xE (t)|

−0.6 −0.4 −0.2 0 0.2 0.4 0.6
0

0.5

1

1.5

2

2.5

(a)

P
h
a
se

(r
a
d
)

t (sec)

6 xE (t)

−0.6 −0.4 −0.2 0 0.2 0.4 0.6
−π

−
π

2

0

π

2

π

(b)

xO (t )=
1

2
e(−2+ j 10π)t −

1

2
e(−2− j 10π)(−t )

=
1

2

(

e−2t −e2t
)

e j 10πt

M
a
g
n
it
u
d
e

t (sec)

|xO (t)|

−0.6 −0.4 −0.2 0 0.2 0.4 0.6
0

0.5

1

1.5

2

2.5

(c)

P
h
a
se

(r
a
d
)

t (sec)

6 xO (t)

−0.6 −0.4 −0.2 0 0.2 0.4 0.6
−π

−
π

2

0

π

2

π

(d)

1.29.

a.

xe (t )=
1

2
e−5t sin(t ) u (t )+

1

2
e5t sin(−t ) u (−t )

=
1

2
sin(t )

[

e−5t u (t )−e5t u (−t )
]

xo (t )=
1

2
e−5t sin (t ) u (t )−

1

2
e5t sin(−t ) u (−t )

=
1

2
sin(t )

[

e−5t u (t )+e5t u (−t )
]
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b.

xe (t )=
1

2
e−3|t | cos (t )+

1

2
e−3|−t | cos (−t )

= e−3|t | cos (t )

xo (t ) =
1

2
e−3|t | cos (t )−

1

2
e−3|−t | cos (−t )

= 0

c.

xe (t )=
1

2
e−3|t | sin (t )+

1

2
e−3|−t | sin(−t )

= 0

xo (t )=
1

2
e−3|t | sin (t )−

1

2
e−3|−t | sin(−t )

= e−3|t | sin (t )

d.

xe (t )=
1

2

(

t e−3t +2
)

u (t )+
1

2

(

−t e3t +2
)

u (−t )

=
1

2
t e−3t u (t )−

1

2
t e3t u (−t )+1

xo (t ) =
1

2

(

t e−3t +2
)

u (t )−
1

2

(

−t e3t +2
)

u (−t )

e.
xe (t )=

1

2
e−2|t−1|+

1

2
e−2|−t−1|

xo (t )=
1

2
e−2|t−1|−

1

2
e−2|−t−1|

1.30.

x (t )=







−t −1 , −1 < t < 0

2.5 t −1 , 0 < t < 1

−0.5 t +2 , 1 < t < 2

−t +3 , 2 < t < 3

0 , otherwise

A
m
p
li
tu
d
e

t (sec)

The signal x(t)

−5 0 5
−2

−1

0

1

2
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x (−t )=







t +3 , −3 < t <−2

0.5 t +2 , −2 < t <−1

−2.5 t −1 , −1 < t < 0

t −1 , 0 < t < 1

0 , otherwise

A
m
p
li
tu
d
e

t (sec)

The signal x(−t)

−5 0 5
−2

−1

0

1

2

xe (t )=
x (t )+x (−t )

2 A
m
p
li
tu
d
e

t (sec)

The signal xe(t)

−5 0 5
−2

−1

0

1

2

xo (t )=
x (t )−x (−t )

2 A
m
p
li
tu
d
e

t (sec)

The signal xo(t)

−5 0 5
−2

−1

0

1

2

1.31.

a. X = 3e j 0◦
, ω0 = 200π rad/s

b. x (t )= 7 cos (100πt −π/2) ⇒ X = 7e− j π/2 , ω0 = 100π rad/s

c.
x (t )= 2 cos (10πt −π/2)+5 cos (10πt +π)

X =2e− j π/2 +5e j π

=5.3852e− j 2.7611 , ω0 = 10π rad/s


