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signal definition
Signal = Something that conveys information. Information conveyed in patterns of
variation.

Signal = Mathematical function with domain (independent variables) and range
(dependent variables).

f(t) monaural sound wave, radio signal

[ St (2) ]

stereo sound wave

fright(t)
f(x,y) grayscale picture of a scene
| fred(x, y) |
fereen(z,y)| RGB color picture of a scene
| folwe(T, ) |

f(x,y,t) silent film (grayscale)



signal examples

synthetic aperture

hyperspectral image _
radar image MRI image

speech signal

normal heart rhythm

electrocardiogram
Fa® Fat 4




signal attributes

independent f . dependent
variable(s) (signal) f variable(s)

(dimension) (channels/sensors)

Dimension = number of independent variables of a signal

Channels = number of dependent variables of a signal, number of sensors

f(t) — 1 dim. 1 chan.

[fle:(gg)] —> 1 dim. 2 chan.
right

f(z,y) — 2 dim. 1 chan.
) fred(x,y) |
fgreen(xpy) — 2 dim. 3 chan.
_fblue(xyy)_

f(x,y,t) S 3 dim. 1 chan.



variables

Independent variable(s):
e Continuous, f(t),t € R (real numbers, the physical world, time, space, etc.)

e Discrete, f|n|,n € Z (integers, discrete or sampled data, cyberspace)

Note: Sampling (A/D) and reconstruction (D/A) provides interface between
continuous and discrete realms

Dependent variable(s):

e Continuous (analog)

— physical world
— ex: voltage in a circuit

e Discrete (digital)

— physical world, ex: number of eggs laid by a chicken each day

— sampled data world, ex: 8-bit per pixel grayscale digital image

— ex: sampled audio signal with 8-bit quantization (256 levels)

— ex: sampled audio signal with 24-bit quantization (16 million levels)



domain and range
domain:

e continuous-time, ¢t € R [seconds] (uncountable)
e continuous-space, x,y, 2z € R [meters]
e continuous-wavelength, A € R [meters]

e discrete-time, n € Z [unitless] (countable)
range:

e f(t) € R, ex: voltage in a circuit, pressure in air
o f(t) € C, ex: complex baseband radio signal

e f(t) € A (finite alphabet), ex: symbols, words, etc.



range of discrete-time signals

1.5¢
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sample index

e CT signal is a waveform

e DT signal is a sequence of numbers (concept of time encoded in sample rate)



range of digital signals

DT and digital signals: concept of time
is lost

DT and digital signals are undefined
between samples (not zero)

need sample rate to interpret DT and
digital signals

DT signals have “amplitude”

digitals signals are binary codes

raln] =127 + 0272+ + b2 5,

z|n] = R xq4[n],

where R is a reference voltage

z gl 0]
zgl 1]
zql 2]
zql 3]
zql 4]
z gl 5]
q[ 6]
zgl 7]
z gl 8]
z gl 9]
ai‘d[lo]
xd[ll]
x 4[12]
acd[l?)]
azd[14]
:L’d[].5]
CCd[17]
Cl?d[18]
J]d[lg]
z q[21]
xd[22]
x 4[23]
xd[24]

0011001000
0100001111
0101000000
0101001100
0100110011
0100000011
0011010010
0010110110
0010111101
0011101000
0100100111
0101100101
0110001011
0110001011
0101100101
0100100111
0011101000
0010111101
0010110110
0011010010
0100000011
0100110011
0101001100
0101000000
0100001111

:L’d[25]
:L'd[27]
xd[28]
xd[29]
x q[31]
:cd[32]
 4[33]
:L‘d[34]
CCd[35]
xd[36]
x 4[37]
 q(38]
 q[39]
:L’d[40]
xd[41]
:L'd[42]
:cd[43]
:L‘d[44]
xd[45]
:L'd[46]
:cd[47]
x 7[48]
:L‘d[49]

0011001000
0010000001
0001010000
0001000100
0001011101
0010001101
0010111110
0011011010
0011010011
0010101000
0001101001
0000101011
0000000101
0000000101
0000101011
0001101001
0010101000
0011010011
0011011010
0010111110
0010001101
0001011101
0001000100
0001010000
0010000001



signal definition summary

term definition

signal something that conveys information in
patterns of variation

dimension number of independent variables

channels number of dependent variables

continuous “time”’  continuous independent variables

discrete “time” discrete independent variables

analog continuous dependent variables

digital discrete dependent variables







signal examples

sound wave

o

\)_\ radio wave
A\

WL g

.;."?f'_'

\

field (E)

Directian in which wave is moving

VARV

Fig. 1. An electromagnetic monochromatic wave. Electromagnetic waves
consist of electrical and magnetic forces that move in consistent wave-like

patterns at right angles to each other for far-field propagation, but at varying
angles in the near-field.

WHO 32103

sound wave
image /scene



signal example: sonar

e How do patterns convey information?

e What are the signal attributes?

Warships using sonar to find submarines. It's thought the war ships sonar disrupts dolphins ultrasound system.



signal example: echolocation

e How do patterns B Sonar Returning sound waves
convey information?

e \What are the
signal attributes?




signal example: sp

e How do patterns
convey information?

e \What are the
signal attributes?

Vocal folds

Air causes vocal folds 1o vibrate between
op=n and closed posibons wihen we lalk

Trachea

Laryrm (vaioe bex)

Esophagus (food channel)
Trachiea (windpipe)
|l-. |
! ll.f./'}l \_\\“- :
» &ir from lungs
ocal folds are open when we breathe quietly,
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signal example: speech
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signal example: speech

10k
9k
8k
7k
6k
5k
4k
3k
2k
1k




signal example: dolphin

(a)
(i)

(ii)

(iii)

frequency (kHz) frequency (kHz) frequency (kHz)

s 10 AT g 13 i
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(b)
(i)

(ii)

(iii)

frequency (kHz) frequency (kHz) frequency (kHz)

0 15 20
time (s)

()
(i)

frequency (kHz)

02 04 06 08 1.0 1.2

(ii)

!«54\_,)»_)}

02 04 06 08 1.0 1.2 02 04 06 08 1.0 12

frequency (kHz)

(iii)

frequency (kHz)

02 04 06 0.8 02 04 06 08 1.0 12 02 04 06 0.8
time (s} time (s) time (s}



dolphin

| example

signa
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ignal example: humpback whale & low-frequency sonar
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Frequency (kHz)

S

Amplitude

-0.7

0.3

signal example: music (fireflies)
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signal example: bat

e How do patterns convey information?

e What are the signal attributes?

Mm. : Cb iCc:i Sbi SIL:Pg:lLeiMaMn iNL :Na
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signal example: radio waves
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Figure 2-14.  Sky wave transmission paths.



signal example: radar

e How do patterns I(t) — Ip(1) Digital signal processor
. : ~\ (FPGA)
convey information?

Sampling
I, = Ip(ndt)
Q@n = Qr(ndt)

e What are the
signal attributes? RE

Complex signal
zn = I, +iQy

Fourier transform

7 = Z Zn€ —iwndt
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signal example: radio signals
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signal example: ECG

e How do patterns |
convey information? NN/ @ st seporicaion, msats

e \What are the
signal attributes?

repolarization occurs.

25mm / sec  10mm/ my




signal example: seismic exploration

e How do patterns convey information?

e What are the signal attributes?
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signal example: image

e How do patterns convey information?

e What are the signal attributes?

100 |
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signal example: image

e How do patterns convey information?

e What are the signal attributes?




signal example: image

e How do patterns convey information?

e What are the signal attributes?

100

110

120

130

60 80 100 120



signal example: hyperspectral image

What is the dimension and number of channels in a hyperspectral image?

-
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hyperspectral image

What is the dimension and number of channels in a hyperspectral image?

Spaceborne
hyperspectral sensor

Swath width of

imaging sensor
Earth 4 © Soil
surface e o
[
©
2
- . Wavelength
a Water
| =
o
©
x
, - A\
(14
=
® S \ Wavelength
L3
o é Each pixel contains
= a sampled spectrum S Vegetation
that is used to identify ﬁ
the materials presentin g
the pixel by their S
reflectance x
Wavelength

Spectral images
taken simultaneously




hyperspectral image

What is the dimension and number of channels in a hyperspectral image?

Hyperspectral linear
pushbroom array

Dispersing Digital frame
camera array

element

Detector

Detector
array atray
Beyer
filter
B
Collimator = < A
Incoming light
energy

Bands Objective

Co-registered multi-band
image stack

A
N

@ @ This work is licensed under a Creative Commons Attribution 3.0 Unported License.
Author: http://commons.wikimedia.org/wiki/User: Arbeck




hyperspectral image

What are the attributes of a hyperspectral image? (dimension, channels, continuous

vs. discrete, analog vs. digital)
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daily closing stock price

What are the attributes of a stock price? (dimension, channels, continuous vs.
discrete, analog vs. digital)

NVIDIA Corporation
NASDAQ: NVDA - Nov 22, 7:19 PM EST

214.93 uvso ¥0.97 (0.45%)

After-hours: 214.90 ¥0.01%

1 day 5 day 1 month 3 month 1 year 5 year max
Open 217.00 Mkt cap 128.96B
High 217.00 P/E ratio 53.77

Low 213.61 Div yield 0.28%



musical score

s this a signal? If so, what are its attributes? (dimension, channels, continuous vs.
discrete, analog vs. digital)
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text

s this a signal? If so, what are its attributes? (dimension, channels, continuous vs.
discrete, analog vs. digital)

It was the best of times,it was the worst of times, it was the age of wisdom, it was the age of foolishness, it
was the epoch of belief, it was the epoch of incredulity, it was the season of light, it was the season of
darkness, it was the spring of hope, it was the winter of despair, we had everything before us, we had
nothing before us, we were all going direct to Heaven, we were all going direct the other way— in short, the
period was so far like the present period, that some of its noisiest authorities insisted on its being received,
for good or for evil, in the superlative degree of comparison only.

There were a king with a large jaw and a queen with a plain face, on the throne of England; there were a
king with a large jaw and a queen with a fair face, on the throne of France. In both countries it was clearer
than crystal to the lords of the State preserves of loaves and fishes, that things in general were settled for
ever.

It was the year of Our Lord one thousand seven hundred and seventy-five. Spiritual revelations were
conceded to England at that favoured period, as at this. Mrs. Southcott had recently attained her five-and-
twentieth blessed birthday, of whom a prophetic private in the Life Guards had heralded the sublime
appearance by announcing that arrangements were made for the swallowing up of London and
Westminster. Even the Cock-lane ghost had been laid only a round dozen of years, after rapping out its
messages, as the spirits of this very year last past (supernaturally deficient in originality) rapped out theirs.
Mere messages in the earthly order of events had lately come to the English Crown and People, from a
congress of British subjects in America: which, strange to relate, have proved more important to the human
race than any communications yet received through any of the chickens of the Cock-lane brood.



recorded music

s this a signal? If so, what are its attributes? (dimension, channels, continuous vs.
discrete, analog vs. digital)







shifting and reversal
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shifting and reversal

Shifting and reversal are used in convolution:

yln] = z[n] « hln] = ) w[k]h[n — ]

Shifting and reversal are used to extract even and odd parts:

revenln] = 5 (aln] + 2]}, Teenl 1) = el
Fosaln] = 5 (aln] — a[-n)),  Tosal -] = ~Tousln]
ZE‘[TL] — Leven [n] + xodd[n]

cos(t) + sin(t)
cos(t)

sin(t)

z(¢)

+ O ———————— -






uses of impulse function

applications:

1. sifting or sampling:  x[n] - d[n — k] = z|k]d[n — k]  (multiplication)
2. delay/shift:  x[n]*d[n — k] =x[n — k] (convolution)

3. representation:  z[n] = z[n] *d[n] = >_, z|k]d|n — k]

4. periodic construction:  g[n| x>, 6[n —kN| =), gln — kN]|



impulse functions and properties

Dirac delta function

4 O(2)

Kronecker delta function

1o0|[n]

—0—0 O—O0— TN
-2 -1 0 1 2

=a o

> Gk =1

k=—o0

> x[k]é[n — k] = z[n]

k=—o0



sifting property of Kronecker delta

VR
x[nlon — k| = x|k|é[n — k]

L

—10—8 —6 —4 -2 10 12 14 16 18 20 22 24 26 28 30

[ d[n — 20]

—10-8-6-4-20 2 4 6 &8 10 12 14 16 18 20 22 24 26 28 30

n

x|nld[n — 20] = x|20]d[n — 20]

n
—10-8-6-4-20 2 4 6 &8 10 12 14 16 18 20 22 24 26 28 30



convolution property of Kronecker delta

7~ X
x[n] *dln — k] = x[n — k]

z[n] * 6[n — k] = x[i]6[(n — i) — k]

ZE:ﬂWMn—H—ﬂ
:E:ﬂn—mﬂm—k%%](ﬁﬂ

=zx[n — k] - Z dln — k —1i] (factor out constant)

~~

=1

= x[n — k]



convolution property of Kronecker delta

x[n] *dln — k] = x[n — k]

[aﬂn]

—10-8-6-4-20 2 4 6 &8 10 12 14 16 18 2

0 22 24 26 28 30

[5@1——20]

—-10-8—-6-4-20 2 4 6 &8 10 12 14 16 18 2
x[n] * d[n — 20] = z[n — 20|

0 22 24 26 28 30

——0—0—0—0—0— 00— 00— 00— 00— 00— 00— 00— 00— 00— 00— 00— 00— 00— 00— 00— 00— 00— 00— 00— 00— 00— 00— 00— 00—

—-10-8-6—-4-20 2 4 6 & 1012 14 16 18 2

e,

0 22 24 26 28 30



representation using Kronecker delta

Note that:

1= 6[n—k

k

Now multiply signal z[n| by 1 and then sift:

z[n] = z[n] - 1 = z[n) (Z S[n — k]) =Y z[n)dln— k] = x[k]s[n — k]

We have:




representation using Kronecker delta

x[n]d[n + 2] = x[—2]d[n + 2]

-10 -9 -8 -7 -6 -5 —4 -3 2 —1 O 1 2 3 4 5 6 7 8 9 10

z[n]é[n + 1] = z[—1]d[n + 1]

n
-0 -9 -8 -7 -6 -5 -4 -3 -2 -1 O 1 2 3 4 5) 6 7 8 9 10

-0 -9 -8 -7 -6 -5 -4 -3 -2 -1 O 1 2 3 4 5) 6 7 8 9 10

xz[n]d[n — 2] = z[2]6[n — 2]

-0 -9 -8 -7 -6 -5 -4 -3 -2 -1 O 1 2 3 4 5 6 7 8 9 10




impulse train and pulse train construction

Periodic impulse train (period N):

pln] = 6[n — kN]

k

Periodic pulse train (period N):

z[n] = g[n] *pln] = > gln] * 6[n — kN] = g[n — kN]

k k



impulse train and pulse train construction

(pulse)
o O

-0 -9 -8 -7 -6 -5 -4 -3 -2 -1 O 1 2 3 4 5 6 7 8

(impulse train)

-0 -9 -8 -7 -6 -5 -4 -3 -2 -1 O 1 2 3 4 ) 6 7 8

(pulse train)

o O o O
7 7 7
-0 -9 -8 -7 -6 -5 -4 -3 -2 -1 O 1 2 3 4 5 6 7 8

gln + 10] gln + 5] g[n] gln — 1]




Dirac and Kronecker delta

sifting property:

convolution property:

periodic impulse trains:

p(t) =Y 6(t—kT)  (periodic with period T)
k

pln] =) dn—kN]  (periodic with period N)
k



periodic pulse trains:
x(t) = g(t) xp(t) =) g(t—kT)  (periodic with period T)
k

x[n] = g[n] * p[n| = Zg[n — kN]| (periodic with period N)



step functions and properties

step function

a(t) 1
0 > T
w={y 15,
u(t) = /_ too 5(r)dr
5(t) = Lt

step function




sincC

in(28
S sin( 7TTL)’ n 0 |
(aperiodic sinc) ™ B=—
2B, n=0 10
I (zero crossings at multiples of 1/2B)

¢ ¢....—¢_‘“5¢.,?,¢5¢l$¢T | T¢$ll‘¢,?,.¢5“r¢4...¢ e N
-30 —-25 —-20 —15 —10 =5 O 5 10 15 20 25 30

sin(mfN) £ 40 41,42
(periodic sinc) sin(mf) T N=09
N, F=0,41,42 -
\ (periodic with period = 1) A (zero crossings at multiples of 1/N) /
— <~ T ~/—+—f

0 1 2



causal exponential z|n| = a"u|n|

N

imag(z)

la| =1 la| > 1

real(z)\

N

(three regions in the complex plane)



envelope of exponential z|n] = a™u|n]

(blue = real(a™), red = imag(a™))

real(z)\

~

envelope (dashed gray lines) of a™ depends on radius |a]



S

—

rei2mf

_ 1 2
_Oaﬁal_())'

h Igh 0.5
freq. os

frequency of exponential z|n| = a"u|n|

1 1
0.5 0.5

9 0 0

T 10 0.5 —0.5

0.5
0
—0.5
-1
0O 2 4 6 6 8 10

0.5 0.5

0 0

—0.5 —0.5
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low
freq.



frequency of exponential z|n| = a"u|n|

a = rel2m™f = peiw

high

Aimag(z)

real(z)\

high

-
Mo| | mo\ V
\-/ )




polynomials and rational functions

polynomial: (order M, M + 1 coefficients)

M M
H(Z) — Z hnz_n = h() -+ ]’le_l + h2z_2 4 ...+ hMZ_M — hO H(l o ZkZ_l)
n=0 P 1

2y, are the zeros of H(z)

rational function:

m _ M _
H(Z) _ Zkzo ka g _ bO szl(]‘ — Rk* 1)
Yrmoakz® @[Tl (1 —prz?)

2y, are the zeros of H(z)
py are the poles of H(z2)






Chirp Amplitude

Speech Amplitude

deterministic vs. stochastic (random)

deterministic signal = determined by mathematical formulas, tables, or other
rules acting on the independent variable(s)

Time [seconds]

stochastic signal = governed random processes that are not completely
predictable
1 T T T
05 , _
exp (]2%10 5n2)
0 —1000 < n <1000
. (deterministic)
-1 | | | A i )
-1000 -800 -600 -400 -200 0 200 400 600 800 1000
Time
0.5 T T T | |
speech
(random)
0 —
-05 | | | | |
1.75 1.76 1.77 1.78 1.79 1.8 1.81



deterministic vs. stochastic (random)

AEHH o L1 R T : ‘Tj#i {0 MR ar | R ] !
O T e e T

‘.ll'l m

(stochastic)

(deterministic)



deterministic vs. stochastic (random)

Can calculate by hand (transforms, convolution) with some deterministic signals.
Use computers to calculate with random signals.

We will do both hand calculations and algorithm implementation in software.



periodic vs. aperiodic

e periodic: z(t+ kT)=x(t) forall teR keZ

e aperiodic: no repeating patterns

L O |

0.5

-0.5 1

0 20 40 60 80 100



periodic vs. aperiodic

Periodic signals can be constructed from aperiodic signals

Suppose p(t) is aperiodic and [ p*(t)dt < oo, then

z(t) = > p(t—kT),

k=—o0

is periodic with periodi T'.

Suppose p[n| is aperiodic, then
x[n] = p/n mod N]

is periodic with period N, where

nmodN:n—NLn/Nj:m, n:lN—|—m, m=20,1,2,---



finite vs. infinite

The “duration” or “width” of a signal is the size of the support set of the independent
variable(s).

doubly infinite signal f(¢) for —oo <t < oo

semi-infinte (one-sided) signal f(t) for 0 <t < ¢
semi-infinite (one-sided) signal f[n] for —oo < n < ng

finite signal fim,n]for0<m <M —-1and0<n<N -1
finite 2D signal = an image

finite 1D signal = your favorite song

semi-infinite 1D signal = your favorite song stuck on repeat



causal vs. non-causal

Causality describes the support set of a signal.

Causality usually describes signals where the independent variable is related to

time.

Causal: f(t)=0fort <0
Anti-causal: f(t) =0 fort >0

right-sided

(causal)

(anti-causal)

(causal)

(anti-causal)

0

(non-causal)

0

(non-causal)

0

0

left-sided




bounded vs. unbounded

If there exists M < oo such that |z(t)] < M for all ¢, then x(t) is bounded.
Otherwise it is unbounded.

e bounded: z(t) = sin(27440t), M =1
e bounded: z(t) = e tu(t), M =1
e unbounded: z(¢) = ¢~ * (blows up as t — —o0)

e unbounded: z[n] = x[n — 1] + z[n — 2],n > 0,2]0] = 1,x[1] = 1 (Fibonacci
sequence)

bounded sinusoid 8 bounded causal exponential 8 unbounded exponential

1 _——p— — J— J—

11—V — —

0 0.005 0.01 -2 -1 0 1 2
time [seconds] time [seconds] time [seconds]



symmetry

symmetry name  mathematical definition example
even z(—t) = x(t) sin(n Bt)
odd x(—t) = —x(t) sin(27 Fyt)
real r*(t) = x(t) u(t)
imaginary 25 (t) = —x(t) 2(t) = it
6j27r7%T —1

Hermitian x*(—t) = x(t) X(F) = T

(

144, F>0

anti-Hermitian r*(—t) = —x(t) X(F)=10 F—

1+, <0




summability

absolute sum of x|n| A, = Z |z [n]| If A, < oo, then z|n]
B is absolutely summable
_ S 2
energy of x[n] E, = Z |z[n]| If £, < oo, then z|n]

is an energy signal

N )
_ x|n
power of z[n] P, = lim D n—_n |z[n]

is a power signal



signal classification summary

attribute class

predictability deterministic, random

repeating structure periodic, aperiodic

support set finite, semi-infinite, infinite

amplitude limits bounded, unbounded

causality causal, anticausal, non-causal, left-sided, right-sided
symmetry even, odd, Hermitian, anti-Hermitian

summability absolutely summable, energy signal, power signal







even & odd

7o(t) = % (1) + 2(—t)
= (1) + x,(%), .
To(t) = 5 x(t) — z(—t)
x ze(t)
(t)t /\ tt
x(—t) Zo(t)
t I//I >




real & imaginary



Hermitian & anti-Hermitian



four-way decomposition

relt) = 3 [a(t) + 2(~) + (1) + 2*(~1)
rrolt) = 5 [a(t) — (1) + 2*(t) — 2 (1)
ielt) = = o(0) + 2(—0) =" (t) — 2" (=)
iolt) = 7= [o(0) = a(—t) = 2"(t) + 2" (~)






1. What are the dimensions and number of channels of the following signals:
(a) Color video
Ured(aja Y, t) |

Ugreen (377 Y, t)
i /Ublue(xa Y, t)

(b) ITU 5.1 surround sound

wcenter@)
ajleft(t)
xright(t)
Lleft surround( )
ZCright surround (t)
xsubwoofer(t)




2. The plot below shows the number of sunspots observed per year.

400

350 - -

w
o
=)
I
|

N
[$a]
o
I
|

Sunspot Number
= )
a o
o o
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0
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year

Describe the independent (domain) and dependent (range) variables of this signal
using the terms “continuous” and “discrete”.



3. The plot below shows the total electron concentration in the lonosphere at some
point in time.

Ionosphere Map
(1/1/2018 6:30:00 PM UTC)

TEC

I I-120.0
|
f

100.0

Latitude

Describe the independent (domain) and dependent (range) variables of this signal
using the terms “continuous” and “discrete”.



4. Given x|n] = 0.9"u|n], sketch the following signals:

(a) z[n —10]
(b) x[n + 10]
(c) z|[-n]

(d) z[—n + 10]
(e) z[—n — 10]

5. Use the sifting property to simplify: cos(270.3n)dk + 20] =7

6. Use the sifting property to simplify the convolution sum: z[n| x §[n]
> . xlklon — k| =7

7. Use the sifting property to simplify the convolution sum: z[n| *x d[n — m]
> xlkldln —m — k| =7

8. Let gjn] = (n+ 1) (uln] —uln —4]) and

pln] = )  6&[n— 6k

k=—oc0

Sketch a picture of g[n] * p[n] for —20 < n < 20.



9. Let a = 0.9¢7270-1,

(a) Plot the point a on the complex plane. Include the unit circle.
(b) Sketch x[n] = a™uln| for —10 < n < 10.

10. Let a = 0.8899 + 70.6466.

(a) Plot the point a on the complex plane. Include the unit circle.
(b) Sketch x[n] = a™uln| for —10 < n < 10.

11. Prove that x[n] = a™u[n] is absolutely summable when |a| < 1.

n

12. Let a = 0.9¢/?™-1. Compute the energy in z[n] = a"u[n].

13. z[n| = sin(wfn)/(mn) is not absolutely summable. Prove that it is an energy
signal.
14. Compute the power in z[n] = cos(2m5-n).

15. Compute the energy and power of u[n].

16. Use Matlab’s roots function to calculate the zeros of the polynomial H(z) =
1 — 271 — 272 (Hint: Enter help roots at the Matlab command prompt.)



17. Let x[n] = €/2™/™. Use the definitions on the signal decomposition slides to
compute the following:

in| (even part)

n| (odd part)

in] (real part)

(n] (imaginary part)
xp[n] (Hermitian part)
zq|n| (anti-Hermitian part)

Le
xO
aj’l“
€Lj



