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Lecture 2. Deterministic Signal
Analysis

e Time-Domain Analysis

* Frequency-Domain Analysis
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Time-Domain Analysis

e Signal Representation in Time Domain
 Signal Energy and Signal Power

e Signal Transmission Through an LTI System
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Signals in Time Domain

« Asignal is a set of data or information, which can be
represented as a function of time t: s(t)

+ Deterministic Signal vs. Random Signal

v' Deterministic signal is a signal whose physical description is
known completely, either in a mathematical form or a graphical
form: Expression of s(t) is known. Lecture 2

v Random signal is a signal that cannot be predicted precisely, but
known in terms of probabilistic description: s(t) is a random process.

Lecture 5

e Other Classification of Signals:

v' Periodic signal vs. Aperiodic signal

v' Continuous-time vs. Discrete-time signal

v'Analog signal vs. Digital signal
Lin Dai (City University of Hong Kong) EE3008 Principles of Communications  Lecture 2
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Examples of Deterministic Signals

Constant signal: s(t) = A

A

Tsa)

0

-~V

Rectangular pulse:

A —t/2<t<7/2
s(t) = .

0 otherwise

()

[

-7/2 0 72 t
. - J
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 Sinusoidal signal: s(t) = cos(2r f,t)

s(t)

« Unitimpulse: s(t) =5(t)

o t=0 9
(t) {O o & L&(t)dt 1

A1)
N 1/7 —o0
s(t) area =1
& \
5 : —lb
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Signal Energy and Signal Power
+ Signal Energy: E.=[ |s®Fdt  E may be infinite

v' Energy-type Signal: A signal is an energy-type signal if and

only if its energy is positive and finite:

s(t) is an energy-type signal if and only if O0<E = .[:l s(t) [° dt < o,
. . _ T 1 ¢702 )
Signal Power: P, =lim = j_m| s(t) [? dt

v' Power-type Signal: A signal is a power-type signal if and only if
Its power is positive and finite:

s(t) is a power-type signal if and only if 0< P, :Tlim %ITT/;l s(t) |* dt < o.

Lin Dai (City University of Hong Kong) EE3008 Principles of Communications  Lecture 2
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Linear Time Invariant (LTI) System

System: A system is an entity that processes a set of signals
(inputs) to yield another set of signals (outputs).

Input signal System Output signal
s(t) y(t)

Linear and Time Invariant:
v' Linear: Ifs,(t) = y,(t), and s,(t) = y,(t), then
a,S,(t)+ a,s,(t) = a,y,(t)+a,y,(t) for coefficients a, and a.,.
v Time Invariant : Ifs(t) =2 y(t), then s(t-T) = y (t-T) for delay T.
Impulse response h(t): If the input signal is a unit impulse &),

then the output signal is called the impulse response of the

system: &(t) > h(t)
Lin Dai (City University of Hong Kong) EE3008 Principles of Communications  Lecture 2
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Linear Time Invariant (LTI) System

For an LTI system: the output signal y(t) is the convolution of
the input signal s(t) and the impulse response of the system h(t).

Input signal s(t) System Output signal y(t)
A1) > h(t)
ot-nA7) > h(t-nA7)
S(NA7) Xt-nA7) At > s(nA7Dh(t-nA7) At
s(t)=lim, 5o S(NAZ)(t-NnA?) At > lim, 5, S(NA7)h(t-nA7) A=Y(t)

=% s@h(t — 1)dzr = s(t) * h(¢)

s(t)

Lin Dai (City University of Hong Kong)

Impulse Response

h(t)

. y(t) = s(t) *h(t) = j:s(r)h(t ~7)dr

EE3008 Principles of Communications  Lecture 2
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Frequency-Domain Analysis

e Fourier Transform
* Energy Spectrum, Power Spectrum and Signal Bandwidth

e Signal Transmission Through an LTI System
Lin Dai (City University of Hong Kong) EE3008 Principles of Communications  Lecture 2
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Signals in Frequency Domain

Time domain Frequency domain

o CcoS(2f,t)

t f, f

Ty e R
,Z:;,COS( mnfot) ;cos@nnfot+0n) 0t 2 5 a5t

e ay+ z a, cos(2nnf,yt) + z b, sin(2nnfyt)

Z S ejZ;znfOt

n=—co cos(2nnfyt) = 2(ef2™ot 4 g=J2mfot)

So=8g, Sp=(an- J bn)/2, s, =(a, + ] by)/2. sin(2nnfyt) = %(ejanot — e—janot)

Lin Dai (City University of Hong Kong) EE3008 Principles of Communications  Lecture 2
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Fourier Series
o s(t) = X% _ s el2mht et T=1/,.
S(t 4+ TO) — ZTQLo:_OOSnejZnnfO(HTo):Z%o:_oo Snej27mf0t+j27m — S(t)
s(t) is a periodic signal with period T, |

® 1 To/2

e Fourier Series: s(t) = z s, el?™f ot S":T_O /S(t)e—jZnnfotdt
—To/2
n=—oo

v' Any periodic signal with period T, can be expressed as a sum
of sinusoidal signals, each with the frequency an integer
number of 1/T,.

v To obtain Sy fj%jz S(t)e—jZRmfotdt =% s, f_ﬂ%ﬁz el2r(m-m)fot 1+
— To/2
=SmTy j o/ ej2mmfot g¢ — Ty m=0
TO/2 —TO/Z O m + O

s(t)e J2mfotdt

> Sp=r—
" Ty —To/2
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From Fourier Series to Fourier Transform

For an aperiodic signal s(t), construct a periodic signal s(t) by
repeating the signal s(t) every T, seconds: s(t) = TliLnOOS’(t).

1 T0/2

co
v' Fourier Series: s'(t) = E shel2mfot gl = — s'(t)e~j2mfot gy

n
~To/2 0

To/2 /
v Let s(n=[" s@©eI*ar. Then s =0

©  S'(n : * -
s'(t) = z (TfO) eJ2mnfot — z S'(nfy) foe! 2™ ot
n=—oo 0 n=-—oo

v With Ty, - oo, f; - 0.
s(0) = Jlims'(6) = Jim > §'(nfo)foel™ht = | s(eitar

To/2 Fourier
S(f) = lim S'(f) = lim j

(f) = lim S'(f) = lim o Transform
Lin Dai (City University of Hong Kong) EE3008 Principles of Communications  Lecture 2
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Fourier Transform

Given a time-domain signal s(t), its Fourier transform is defined as follows.

Fourier transform: S(f)= [ s(t)e > "dt

—0o0

The time-domain signal s(t) can be expressed by S(f) using an inverse transform.

o.0]

Inverse Fourier transform: s(t) = I S(f)e!* "df

—00

* (Fourier) spectrum of s(t): S(f)
s(t) < S(f)
* Magnitude spectrum of s(t): ‘S( f )‘

Lin Dai (City University of Hong Kong) EE3008 Principles of Communications  Lecture 2
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Example 1. Spectrum of Unit Impulse &t)

s(t)
o t=0 I
1* s(t) = Xt): 5(’():{ 0 t0 and _[5(t)dt=1
R B
2 S(f oo
1# () S(f)= J'5(t)e—j27rftdt -1
0 f

Lin Dai (City University of Hong Kong) EE3008 Principles of Communications  Lecture 2
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Example 2: Spectrum of Constant Signal

2 S(1)
A
s(t)=A
0 t
S(f)= Aj e 127 gt
S(f) ) - 3
0 i

S(f)=A[e #"dt=0 for f=0

S(f)=A5(f)

Lin Dai (City University of Hong Kong) EE3008 Principles of Communications  Lecture 2
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Example 3: Spectrum of Sinusoidal Signal

s(t),

IMAARARRARAND
LA

s(t) =cos(2x f,t)

S(f)= jcosznft e 1% gt

—00

o0
—00
1
2

j27fyt +e j2rx ft e j27rftdt

S(f)
f, 0 f, i

Lin Dai (City University of Hong Kong)

;
2
J‘e jer(f- f)tdt+1 J‘e jer(f+ f)tdt

=5 (0(f = f)+o(f + 1))

EE3008 Principles of Communications  Lecture 2
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Example 4: Spectrum of s(t)cos(2zf,t)

X(t) = s(t) cos(2x f,t)

X(f)= J‘ s(t)cos(2x f t)-e7 /% "dt = J S(t)- L (/2" 4 eIzt g2ty

=1 [ st)-e 2t 44 [ s(t)-e 2 Widt = L[S(f - f,)+ S(F + f,)]

—00

S(f), X(),

0 1 f, 0 f,

—y

Lin Dai (City University of Hong Kong) EE3008 Principles of Communications  Lecture 2
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Example 5: Spectrum of Single Rectangular Pulse

AS(t)

A A —/2<t<7/2
s(t) = .
, 0 otherwise
-7/2 0 2 t
—

y S(f) 7/2 _ —jzfr _ +infr

AT? S(f):AJ- e—jZ;rftdt :Ae e

N —j2r f

= Ar -: Azsinc(f7)

sin(zx) * sinc function is an even, oscillating function with a decreasing magnitude.

—hYV

21t 1/t 0 1t 2/t

sinc(x) &

X+ It has unit peak at x=0, and zero crossing points at x= non-zero integers.
Lin Dai (City University of Hong Kong) EE3008 Principles of Communications  Lecture 2
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Properties of Fourier Transform

as,(t)+ 5s, (1) N aS,(f)+ BS,(f) Linearity
5(0)s, (1) < Si(1)*5,(1) Convolution
s1(t) * s2(8) < 50)-S200)
S(t) — s(—f) Duality
s(t—7) < S(f)eler* Time shift
s(t)e ¥t = S(f+f,) Frequency shift
s(t)cos(2x f,t) <  F[S(f—1,)+S(f+f,)] Modulation
s(at) <~ 1 S (i) Time scale

(for any real a=0) |a| a

Lin Dai (City University of Hong Kong) EE3008 Principles of Communications  Lecture 2
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Review Examples 2 & 4

s(t)=o(t) < S(f)=1 Duality: S(t) <>s(-f)

s(t)=1 <& S(f)=6(fF)

X(t) = s(t) cos(2x f,t)

Modulation:
PN s, (t)cos(2x f,t)
&
X (f)=S(f)=*[1(5(f - f))+5(f +1y))]

%[S(f B fo)_|_3(f + fo)]
:%[S(f — fo) +S(f + )]

Convolution:

s, (t)s,(t) <= S,(f)=*S,(f)

Lin Dai (City University of Hong Kong) EE3008 Principles of Communications
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Example 6: Spectrum of Impulse Train

()=, o-nT) = 2 s, -
= 0

R

S(f)=>"s,6(f—nfy)

—=—00 n

1 % —i2zn _ 1o —j2znf, _
S :T_jo s(t)e 12t = fojo S(t)e ¥ Mdt = f,
0

S(f)=1£,>" _&(f-nf,)

EEREEAREREREE

2f, —f, 0 f, 2f f

Lin Dai (City University of Hong Kong) EE3008 Principles of Communications  Lecture 2
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Example 7: Spectrum of Periodic Signal

* For periodic signal s(t) with period T, define s, (t) as

s(t) -T,/2<t<T,/2
t) =
S, (1 {O otherwise

e s(t)=D. s (t-nT) =s (t)x>  5(t-nT)

. S(f)=ST0(f)-fOZ:°_OO5(f—nf0)=fOZ:_(f—nfo)

Lin Dai (City University of Hong Kong) EE3008 Principles of Communications  Lecture 2
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Example 8: Spectrum of Sampled Signal

X(t)=s(t)->,  5(t—nTy)

X(f)=S(F)*£,>" s(f-nf))=1>" S(f-nf,)

s(t) X(t)
ANy Tile.t,
S(f), X(),

Lin Dai (City University of Hong Kong) EE3008 Principles of Communications  Lecture 2
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Energy Spectrum, Power Spectrum
and Signal Bandwidth

Lin Dai (City University of Hong Kong) EE3008 Principles of Communications  Lecture 2



ﬁ:_r‘ TEMMAS
City University of Hong Kong 24

Energy-type Signal and Power-type Signal

Energy-type Signal: A signal is an energy-type signal if and

only if its energy is positive and finite.

v' s(t) is an energy-type signal if and only if 0<E, = f:o| s(t) [° dt < o,

Power-type Signal: A signal is a power-type signal if and only if

Its power is positive and finite.

v s(t) is a power-type signal if and only if 0< P, = !im Tij.m |s(t) |° dt < oo.

T/2

How to determine if a signal is an energy-type signal or
a power-type signal from the frequency domain?
Lin Dai (City University of Hong Kong) EE3008 Principles of Communications  Lecture 2
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Energy and Energy Spectrum

Energy of energy-type signal s(t):

E, = [ Is)F dt =] s®)s(t)dt = jis(t)[jis*(f)ejzﬂﬂdf}dt

- s (0| [ swe o = [ sT(0)s(har = [ s (1)f of

= [ U, (f)df

Parseval's Theorem:  E, = [s(t)[" dt= [S(f)[ df

Energy spectrum: U_(f)=|S(f)[

Lin Dai (City University of Hong Kong) EE3008 Principles of Communications  Lecture 2
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Example 9: Energy Spectrum of Single Rectangular

Pulse
A S(t)
A A —/2<t<7/2
s(t) = .
> 0 otherwise
-7/2 0 2 t
—
S(f)
Fourier spectrum: AT‘
S(f):ATSinC(fT) 2t 1Ur 0 U 2/t 1:
Energy spectrum: Uil
gy p ) A2 R
U.(f)=S(f)[F= A’r’sinc’(fr X
(D=5(H)] () 2l 1t 0 1r 2t f
Lin Dai (City University of Hong Kong) EE3008 Principles of Communications  Lecture 2
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Power and Power Spectrum

Power of power-type signal s(1): ,[s)  -T/2<t<T/2
ST(t)zl 0 .
otherwise

T ek > 4w g L1t -
PS_TII—rIJo?j_lels(t)| dt_!m?j_T/zlsT(t)l at

s !

- 2 o o0
Nim =[S, (F)F df = [ G,(f)df

Power spectrum:

G.(F)2lim=|s. (f)f
S _T—>ooT T

G.(f) e lim=[" “(t)d
( )@Tm?j_ms(Hr)s (t)dt

Lin Dai (City University of Hong Kong) EE3008 Principles of Communications  Lecture 2
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Example 10: Power Spectrum of Periodic Signal

For periodic signal s(t) with period T: s(t)=) "~ se’*™" fo =1/T,
Fourier spectrum: S(f)
- s, 01s
S(f)zznz_wsrﬁ(f —nf,) s, 1t “ S,
) T T i

[V fwos T f

Power spectrum:

. 1 (72 * _ 1 %2 * . j27nfyT
Gs(f)@m?j_ms(tﬂ)s (t)dt —T—OITO/ZS(t+T)S tydt =>~ |s.[e

, G,(f)
G.(f) =2, Is[ 61 ~nf) 1]
0
s, P | IsP
...|s_2|2 4 4 |Sz| ..
MR bttt
f 0 1, f

Lin Dai (City University of Hong Kong) EE3008 Principles of Communications  Lecture 2
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Signal Bandwidth

e Bandwidth of signal s(t): the amount of positive frequency

spectrum that signal S(t) occupies. /’S(f)

0 B

—hyv

S

o Effective Bandwidth: x% of the signal’'s power (energy) are
included.

0 Bs_go% Bs_95%

’ 90% power :

1 >
| — gl

. 95% power ,
Lin Dai (City University of Hong Kong) EE3008 Principles of Communications  Lecture 2
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Signal Transmission through an LTI
System

Lin Dai (City University of Hong Kong) EE3008 Principles of Communications  Lecture 2
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Signal Transmission over an LTI System

e Time Domain:;

s(t) | Impulse Response - y(t) =s(t) xh(t) = j " s(n)h(t-r)dz
h(t) -

* Frequency Domain:

S(f) Transfer Function
> H( Y(f)=S(f)-H(f)
s(t) < S(f)
h(t) < H(f)
y(t) < Y(f)

Lin Dai (City University of Hong Kong) EE3008 Principles of Communications  Lecture 2
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ldeal Lowpass System

* Transfer Function H(f) of an ideal lowpass system:
H(f)-

»

1

B, O B, T

h
Bgndwid:h
By

» For a baseband input signal with bandwidth B:

>() H(T): if B,>B, 'O

AR AN

»

-BS 0 B f 'Bh 0 Bh ?r -BS 0 B f

S

Lin Dai (City University of Hong Kong) EE3008 Principles of Communications  Lecture 2
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ldeal Bandpass System

» Transfer Function H(f) of an ideal bandpass system:

H(f) 4
1 L
0 fc_%Bh fC 1:c—i_%Bh ?r
_ Bandwidth
| Bh |

» For a baseband input signal with bandwidth B:
If: 1) the center

frequency of S(f) Y(f)

S(f ’
(7 >'(1) H() 4 s shifted to f.
1F 2) Bh > ZBS
X —
-BS 0 Bs'f fc'Bs f. fC+B:f 0 fc _%Bh fC fc +%Bh ? 1:C_BS fC 1:C'I_Bs;f

Lin Dai (City University of Hong Kong) EE3008 Principles of Communications  Lecture 2



£ TEMMAS
City University of Hong Kong 34

Baseband Channel and Bandpass Channel

-+ Baseband channel - r* Bandpass channel —
— A baseband channel — A bandpass channel efficiently
efficiently passes frequency passes frequency components
components from dc (zero) within a certain band, say,
to the cutoff frequency B, Hz. between f,-iB, and f +1B, Hz.
— Examples: coaxial cable — Examples: EM wave, fibre

In this course, a baseband channel and a bandpass channel are modeled as an
ideal low-pass LTI system and an ideal bandpass LTI system, respectively.

H(H)4 H() 4
1 r

> | >

B, 0 B, f 0 f-3B, f f+3B f

Lin Dai (City University of Hong Kong) EE3008 Principles of Communications  Lecture 2
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