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Ders Konusu:

Sinyaller ve Sistemler, veri isleme, iletisim, gorintl isleme, savunma elektronigi, tlketici
elektronigi dahil olmak Uzere birgok farkh alanda mihendislik sistemlerinin ayrilmaz bir
parcasini olusturan, analog ve dijital sinyal islemede temel niteligindedir. Sirekli ve kesikli
zaman sinyalleri ve sistemleri igin temel kavramlar sunulacak ve birlestirilecektir. Sinyal ve
sistemler hem zaman hem de frekans alanlari i¢in gelistirilmistir. Bu temsiller, Fourier
doénisimi ve ayrintili olarak incelenen genellemeleri ile iliskilidir. Hem analog hem de dijital
sistemler igin filtreleme ve filtre tasarimi, modiilasyonu ve 6rneklemenin yani sira hem
analog hem de dijital sistemler igin geri bildirim sistemlerinin temel kavramlarinin
gosterilmesi ve gosterilmesi tartisilir ve gosterilir.

Ders Programlari:

Matematiksel Kavramlar: Kompleks Sayilar, Homojen Diferansiyel Denklemler.
Surekli Zamanli isaretler ve LTI Sistemleri
Sinyallerin Siniflandiriimasi, Faydali Sinyaller
Zaman Vektorleri ve Sinlizoidler

Sinyaller ve Giriltl, Kanal Kapasitesi
Ornekleme ve Aliasing

Sistemlerin siniflandiriimasi, Frekans yanitlari
Fourier donistimi

Laplace donlisimu

Z-Donlsum

Ayrik Zamanli Sistem Modelleri, Sistem analiz
Filtreleme, Modiilasyon

Matlab uygulamalari

isbirligi yapilacak disiplinler:
e Olasilik, istatistiksel veri analizi: Kesirim yaparak karar verme
e Uygulamali matematik: Matlab, Tirev, Integral, Limit, Laplace dénisim, Z-dénisim,
Sayisal matematik, Niimerik analiz, trigeometri, Algoritma ve matematiksel modelleme
e Kaos: Dnamik ve dinamik olmayan, lineer olmayan; Risk ve sapma analizi,
Manipulasyon, sireclerde sapma analizi

Systems, signals, mathematical models will be explained in the details: General properties of
signals, Continuous-time and discrete-time signals. Energy and power for continuous &
discrete-time signals. Signal transformations. Specific signal types. Representing signals in
Matlab and Simulink



Var oldugumuz kainat, sinyaller denizidir. Yasayan kiiclik bir organizma, bir hiicre ya da en
karmasik ve en akilli canli organizma (insan), ¢evresinden sirekli sinyalleri alir ve isler.
Herhangi bir canli organizmanin hayatta kalmasi, sinyallerin uygun sekilde islemesine ve

tepki vermesine baglidir. Beyinimiz gevresi ile algilama, hissetme ve koklama dahil pek ¢ok
sinyal ile mesaj gonderip almaktadir.

Sinyal bilgi tasiyan bir isarettir. Bu ders notunda, sinyallerin matematiksel temisilleri
anlatilacak. Cevemizdeki sinyallere érnekler mi ariyorsunuz? insan sesi, kuslarin civiltilari,
duman sinyalleri, jestler (isaret dili), cicek kokularidir. Viicut islevlerimizin ¢ogu kimyasal
sinyallerle diizenlenir, kor insanlar dokunma hissini kullanir. Arilar dans modelleriyle
birbirleriyle iletisim kurarlar. Ses uzayda yayilir mi? Uzay neden karanlik?

Teknolojik sinyallerinin bazi 6rnekleri, bir telefon teli icindeki akim ve gerilim, bir verici
antenden c¢ikan elektromanyetik dalga, bir fiber kablonun kilindaki isik yogunlugunun
degismesidir. Boylece neredeyse sonsuz bir cesitlilikte sinyaller oldugunu ve sinyalleri bir
yerden baska bir yere tasiyan yol ve tasiyicilar oldugunu goriiyoruz.

Sinyal: Bir veya daha fazla degiskenlerin gercek veya karmasik fonksiyonudur. Fonksiyon tek
bir degiskene baglh oldugunda, sinyal bir boyutludur. Bir konusma sinyali, glinliik maksimum
sicaklik, bir yerdeki yillik yagis, tek boyutlu bir sinyal 6rnegidir. Fonksiyon iki veya daha fazla
degiskene bagh oldugunda, sinyalin ¢ok boyutlu oldugu séylenir. Bir goriintl, iki boyutlu
sinyali, iki boyutu temsil eden dikey ve yatay koordinatlari temsil etmektedir. Fiziksel
diinyamiz Gic mekansal ve bir zamansal dért boyutludur.

Ornegin Morétesi ya da ultraviyole (kisaca UV) 1sinim, dalga boyu 100 ile 400 nm arasindaki
Isina denir. Gozlimiz, 400 ile 700 nm dalga boylari arasina duyarhdir ve bunun disindaki
Isinimi algilayamaz. Gecenin bir vakti kalkip, ¢ole veya ¢ol iklimli bir yere gidin ve ultraviyole
algilayiciyi agin. Algilama ekranda canli bir mavi-yesil renkle parlayan akrepleri géreceksiniz.
UV 1sini altinda viicutlarinda algilayici olarak gorev yapan kimyasallarin bir kismi bozunur ve
s6zl edilen renklerin etrafa sacilmasina neden olurlar.

Kizilotesi 1sinim ise cisimlerin sicakhgini uzaktan belirlemeye yarar. Termal goriintiileme
genelde askeri ve sanayi amaclarla kizilotesi kameralar olarak tiketici pazarina da girmis
bulunmaktadir. Genis ve belirgin sicakliktaki soguk ortamlarda (deniz, orman, ¢ol, karli dag,
bozkir) havadan arama kurtarma galismalarinda insan goziinden kolay kagan sicak insan
vicudunun, ve konaklama ates yerinin termografi ile daha kolay farkina varilir. Kizilotesi



Isinimin dalga boyu 750 nanometre ile 1 mikrometre arasindadir. Normal sicakligindaki insan
vicudu 10 mikrometre civarinda i1sima yapar.



1 g Sinyaller

Sinyal; genellikle zaman iginde deterministik (belli bir kurala gére) olarak ya da rasgele (belli
bir kurala ya da analitik denkleme gére tanimlanamayan) degerler dizisidir. Ornek vermek
gerekirse bir sicaklik sensoriiniin oda iginde belirli zaman aralaliklarinda 6l¢tigi sicakhk
degerleri bir sinyaldir. Ornekte verilen sinyali analiz etmek istersek bu sicaklik degerlerini
oda icinde Olcilen en yiksek sicaklik degeri ile normalize edersek (en yiksek sicaklik
degerine bolersek) sifirin Gizerindeki sicakhk degerleri icin 0 ila 1 arasinda degisen bir sinyal
elde etmis oluruz. Bu sinyal icin bagimsiz degisken zamani, sinyal ise bu zamanlarda oda
icinde o6lgllen en yliksek sicaklik degerine normalize edilmis oran degerlerini verir. Eger
sicaklik 6lciimlerini stirekli olarak aliyorsak sinyalimiz zamanin siirekli bir fonksiyonu, glinde
bir kere aliyor isek sinyalimiz zamanin kesikli bir fonksiyonu (her giin igin bir deger ve diger
Olgiim zamani gelene kadar herhangi bir deger yok) olarak tanimlanacaktir.

Bir sinyali x(t) notasyonu ile ifade edilirse x bir sinyali, t bagimsiz degisken olan zamani,
yumusak parantezler ise zaman sinyalinin sirekli oldugunu goésterecektir. Peki, bagimsiz
zaman degiskeni t slirekli olmakla birlikte, sinyalin aldig1 deger x(t) streklidir.

Bagimsiz degiskeni t yerine n ile gbstermek silirekli zaman sinyalini kesikli hale getirir. Sinyali
kesikli zaman sinyali yapan notasyon x[n], n=---,-2,-1,0,1,2,...,n€Z gosterimidir. Sinyal x ile
gosterilmekte, n bagimsiz degiskenin kesikli zaman degiskeni oldugunu gostermekte, kdseli
parantezler ise sinyalin kesikli zaman sinyali oldugunu ifade etmektedir. Bagimsiz zaman
degiskeni n kesikli olmakla birlikte, sinyalin aldigi deger x[n] degeri de kesiklidir.

Sinyal zamanda kesikli olmasina ragmen genlik degeri sirekli (irrasyonel dahil) hatta
karmasik (complex) bir sayi1 degeri alabilir. Bu nedenle x[n] sinyallerini zamanda kesikli ancak
genlik degerinde sirekli olmak Gzere kisaca kesikli zaman sinyalleri (discrete time signals)
olarak adlandirmaktayiz. Bu sinyaller literatirde sayisal (digital) sinyaller olarak
adlandiriimaktadir. Kesikli zaman (discrete time) sinyallerden sayisal (digital) sinyallere gecis
(genlik ekseninin strekli degerlerden kesikli degerlere cevrilmesi) nicemleme (quantization)
isleminin konusudur. Bir f(t) sinyali zamanin bir fonksiyonudur. Gerilim v(t) veya akim i(t)
olabilir.



Continuous

o

x(t) System y(t)
Discrete .
x[n] System y[n]

FIGURE 5-1

Terminology for signals and systems. A system is any process that generates an output signal in
response to an input signal. Continuous signals are usually represented with parentheses, while
discrete signals vse brackets. All signals use lower case letters, reserving the upper case for the
frequency domain (presented in later chapters). Unless there is a better name available, the input
signal is called: x(7) or x[»], while the output is called: ¥(r) or y[n].

Sinyal drnekleri:

Elektriksel sinyaller; devredeki voltajlar ve akimlar

Akustik sinyaller, Zamanla akustik basing (ses), Mekanik sinyaller

Video sinyalleri;Zaman icinde bir pikselin (kamera, video) yogunlugu

Sicaklik, hiz gibi genliklerin zamanla degisimi
Koku

Kuantum pargacik yayinimi, Radyoaktif maddeler veya izotoplar

Elektromanyetik yayinim
Kimyasal yayinim —hormon
Cekim Kuvvetleri

Enerji kaynaklari; 1sik

Sistemler istenilen cikis sinyallerini Giretmek icin giris sinyallerini isler. Bir sistem bir sinyali

girdi olarak alir ve baska bir sinyale don(stirir.



Signals:
A signal 1s defined as a function of one or more variables which
conveys information.

A'signal is a physical quantity that varies with time in general, or any
other independent variable.
It can be dependent on one or more independent variables.

Ex. x,(t)=20t One-dimensional signal
X,(t) =206

o(x.y) = x+3xy+2y? Two-dimensional signal

x(t) = i A;(D)sin[2rt (Ot + 6,(t)]; Multi-dimensional
“A,(t) = time varying i amplitude
f(t) = time varying i'" frequency
B.(t) = time varying i'" phase

*Dimensions- Based on the number of independent variables.

Ornek:

clear all
close all

mag = 2; % magnitude (arbitrary units)

f = 1000; % frequency in Hz

Ps=50; % number of sampling on a periot
samp = f*Ps; % sampling rate in Hz

M=2; % Displaying number of period
del=1/samp;

t = 0:del:M*Ps*del; % time

N = length (t)

X = mag*cos (2*pi*f*t); % the signal equation
figure

plot(t,x,"'.=-");



xlabel ('Time (sec)');
ylabel ('Amplitute');
title('mag*cos (2*pi*f*t) ")

mag*cos (2*pi*f*t)
2 9 L L T C

0.5 -

Amplitute
o
I

1.5 1

_2 r r r r
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Time (sec)

Waveform Generation: Time Vectors and Sinusoids

Consider generating data with a 1000 Hz sample frequency, for example. An appropriate
time vector is

t=(0:0.001:1)%
where (:) creates a 1001-element row vector that represents time running from 0 to 1
seconds in steps of 1 ms. The transpose operator (') changes the row vector into a column;

the semicolon (;) tells MATLAB to compute, but not display, the result.

Given t, you can create a sample signal y consisting of two sinusoids, one at 50 Hz and one
at 120 Hz with twice the amplitude.



y = sin(2*pi*50*t) + 2*sin(2*pi*120*t);

The new variable y, formed from vector t, is also 1001 elements long. You can add normally
distributed white noise to the signal and plot the first 50 points:

yn =y + 0.5*randn(size(t));

plot(t(1:50),yn(1:50))

Cift (Even) ve Tek (Odd) Sinyaller

Tek (Odd) ve cift (Even) sinyaller; Cift sinyaller, dikey eksene gore simetrik olan sinyallerdir
ve matematilsel olarak f(t)=f(-t) seklinde ifade edilirler. Tek sinyaller ise f(t)=-f(-t)
bicimindedir.

feft)

fo(t)




Zaman Oteleme: Bir x(t) isaretini verilen sabit bir t, zamani kadar ételeme, veya geciktirme,
x(t-tp) seklinde bir isaret Uretir.

[ .T[l"_}

A

L (i

f”}

[\

B

-

|r||

Isaretin telenmesi

Cift sinyalin fonksiyonu, x(t) = x(-t) olarak tanimlanir. Tek sinyalin fonksiyonu, x(t) = -x(t)
olarak tanimlanir. Bir ¢ift sinyal ve tek sinyalin carpimi ne olur? Bir cift sinyal ve tek sinyalin

toplami ne olur?

Explanation The product of an even and odd signal is an odd signal. But product or sum of
two even signals is even signal.

1.1. Periyodik Sinyaller

Some important classifications of signals

= Analog vs. Digital signals: as stated in the previous lecture, a signal with a magnitude

that may take any real value in a specific range is called an analog signal while a

signal with amplitude that takes only a finite number of values is called a digital

signal.

= Continuous-time vs. discrete-time signals: continuous-time signals may be analog or

digital signals such that their magnitudes are defined for all values of t, while

discrete-time signal are analog or digital signals with magnitudes that are defined at

specific instants of time only and are undefined for other time instants.
= Periodic vs. aperiodic signals: periodic signals are those that are constructed from a
specific shape that repeats regularly after a specific amount of time Ty, [i.e., a



periodic signal f(t) with period Ty satisfies f(t) = f(t+nTy) for all integer values of n],
while aperiodic signals do not repeat regularly.

= Deterministic vs. probabilistic signals: deterministic signals are those that can be
computed beforehand at any instant of time while a probabilistic signal is one that is
random and cannot be determined beforehand.

= Energy vs. Power signals: as described below.

Periodic sampling of an analog signal

x(n)= Xq(nT) Mﬁm

s

Nyquist teoremi: Bir analog sinyalin 6rnek alinip orjinalitesini bozulmamasi icin fs>=2*Bw
olmalidir.

Periodic Signals

Zaman iginde kendini tekrar eden sinyallerdir.

X(t)=A Sin(wt + @)
A: Genlik; w: agisal frekans;  f: frekans (Hz=1/sec); T:peryod (sec)

w=2nf,  f=1/T, T=21/w

e Bir isaretin peryodik olabilmesi icin, - , m tamsayi olmalidir.

e Birden fazla sinyalin toplaminin peryodic olup olmadigini belirlemek icin,



mT1 = kTZ =T

k_Tl_k i
moT, esirli sayt

Kesirli yazilmayan sayilar irasyonel sayilardir ve peryodik olamazlar.

T1/T2 oraninda, m=payda, k=pay olarak alinir.

X [n] =2 cos (2n) is periodic or not?

Explanation: The given signal x [n] is non periodic as it doesn’t satisfy the equation
w=2ntm/N; where, N is fundamental period and m is an integer.

Fundamental frequency x[n] is given by w= 2*pi /N. Fundamental frequency is the smallest
value of N which satisfies the equation. Where N is a positive integer.

Peiyodik Fonksiyonlar :

f:A—B bir fonksiyon olsun. ¥x €A igin f(x+T) =f(x) esitligini saglayan bir T gercek sayisi
varsa, f fonksiyonuna periyodik fonksiyon, T gercek sayisina da f’ nin bir periyodu denir. T
gercek sayisinin en kiictigline ise esas periyodu denir. Buradan hareketle;

k € Z olmak lzere Vae IR igin;

cos(a + k.2m) = cosa. ve sin(a+ k.2w) =sinat oldugundan sinis ve kosinis fonksiyonlarinin
periyodu k.27 ve esas periyodu 2x dir.

Ayni sekilde;

k € Z olmak lzere a#n/2 +krmtve a € IR igin tan(a + k.7t) = tana

k € Z olmak lizere azkmve a € IRigin cot(a + k.7) = cotar  oldugundan tanjant ve kotanjant
fonksiyonlarinin periyodu k.w ve esas periyodu 7t dir.

S(x)=sinm(ax+b) . f(x) =cos™(ax+Db)
2r Vs
:H T=2

T
m ¢ift ise 2

m tek ise



An analog signal x(t) is periodic if
m it is defined for all possible values of £, —oo < t < oo, and
m there is a positive real value Ty, the period of x(t), such that

it + kTy) = x(1)

for any integer k.
The period of x(t) is the smallest possible value of Ty = 0 that makes the periodicity possible. Thus, although
NT for an integer N = 1 i5 also a period of x(t) it should not be considered the period.

x(1) = AcosQufot +6) ve x(r) = A/ ™+ jsaretleri gercel ve karmagik pe-
- (0

1
riyodik isaretlere Grnek olarak verilebilir Her iki isaretin periyodu 7, = 7
0 1

dir. Sekilde  gosterilen

1 =0 [
=1, 12, (2.15)
birim basamak fonksivonu ise periyodik olmayan isaretlere bir 6rmek olarak Sekil  Birim basamak isareti.
verilebilir.
Example

Let x(t) = &' and y(t) = ™', and consider their sum z(t) = x(t) + y(t), and their product w(t) =
x(t)pit). Determine if z{t) and w(t) are periodic, and if so, find their periods. Is p(t) = (1 +x(0)){1 +
y(1)) periodic?

Solution

According to Euler's identity,

x(t) = cos(2t) + jsin(2t)

y(t) = cos(mt) + jsin(mwt)
indicating x(t) is periodic of period Tp = 7 (the frequency of x(t) is p = 2 = 27 /Tp) and p(t) is
periodic of period Ty = 2 (the frequency of y(t) is &1 =7 = 2x/T1).

For zit) to be periodic requires that Ty /Ty be a rational number, which is not the case as T1/Th =
2/m. So zit) is not periodic.

The product is w(t) = x(t)yit) = 22N — cos(Qat) + 7sin($22t) where Q2 =2 4+ 7 = 2n/T7 so
that T, = 27 /(2 + ), so w(t) is periodic of period Ts.

The terms 1 + x(t) and 1 + y(t) are periodic of period Ty = 7 and T; = 2, and from the case of the
product above, one would hope this product be periodic. But since p(t) = 1 4 x(t) 4 y(t) + 2(t)pir)
and x(t) + p(t) is not periodic, then p(t) is not periodic.

Ornek:



x(t) = 2cos(2mt)

for 0 <t < 10 sec. If we sample it every T;; = 0.1 sec, the analog signal becomes the following
sequence;

x1[n] = x(t) |t=0.1n= 2 cos(2mn/10) 0 =n =< 100

providing a very good approximation to the original signal. If, on the other hand, we let T;; = 1 sec,
then the discrete-time signal becomes

x2|n] =x(t) |tep=2cos(2mrn) =2 0=n=10

2f 3
1 | i {1t | | il lJI 1 IJI j. i I|_| I I|_| J
| s Il i e Al dlt dn db R b g
Sampling an analog sinusoid o 0 (]I ]L Jr ]L Jr ; * ; i’ ; $ l l l $ 4 i * 1 J
x(1) = 2cos{271), 0 =t = 10, with two Y , 0l
. o ) N 1 . ) 1
dlﬁferent sampling penoc?_:, N s i § i /
(@) Ts1 = 0.1sec and (b) Tsz = 1 sec, giving 0 2 1 5 8 10
x1(0.1n) and x2(n). The sinusoid is shown (@)
by dashed lines. Motice the similarity
between the discrete-time signal and the 2 TR TR R R R
analog signal when Ts; = 0.1 sec, while l .'I I'. i : \ I-' T L \ .'I I'. LI L
they are very different when Ts; = 1 sec, T il VT
indicating loss of information. = RN AN NI i '.I |
Iy ot ! ek : I L i
, \-.\ : 1 ; I'u'l ¥ \ g I|~IIl L | I-' \ | II'. r'l
0 2 4 6 8 10
t(sec)
(b)

Ayrik Sintzoidaller

Analog sintzoidaller « Fakat ayrik sintizoidallerin

herzaman periyodiktir. zarflar pferyod|k olmakla
beraber isaretler herzaman
degildir.

x(t):ACOS(QOf+9) x(f1):Ac.os((go;¢+¢)

, isareti ancak
T, =27/Q, sn — periyot

Q, radian | sn — frekans x(n+N) ZACOS(a)O(nJrN)Jrgf'): x(n)

A4 — genlik

6 radian — faz esitligini saglayan V, pozitif
tamsay!i ise periyodiktir.

2z
"N =

(o)




Bu sinyalin bir peryodunda Ps=20 érnek alinmak istenmektedir. Ornekleme peryodu,
Ts=T/Ps, ise, 6rnekleme frekansi, fs=1/Ts den fs degerini bulunur.

Ayrik Sinlizoidaller
Ornekler
1. N’nin 6rnekleme periyodu ile iliskisi

x(f) = Acos(Qy1) x(Iyn) = Acos(Q,I,n) = Acos(wyn)

T
o, =Q.T =27~
Qozzﬂj;,:?_’r oo

0 Ayrik isaretin periyodik olmasi igin

Jo Hz— isaretin frekansi

27 T,
T sn—> isaretin pervodi N="="0
¢ ; per @, I

T, sn—s ornekleme pervodu ) )
ifadesi tamsayi olmalidir.

Ayrik Sintizoidaller
Ornekler

2xn w
2. x(n)—Zcos(Tn+Z] isareti periyodik midir ?
Evet, peryot N=8 pozitif tam sayidir.

Saglama:

27(n+8
x(n+8)_2c0{(Z)+Z}_2cos(2gﬂ+2ﬁ+i)_x(n)



Ayrik Sinuzoidaller
Ornekler

Frekansi 1 rad/sn olan analog sinlizoitten
periyodik olmayan ayrik sintizoit tGretelim.

3.

t ot x(n) = COS(O,Sn)

7 _L Ayrik isareti
T Nyquist kriterine gére . T, 2rx
1 1 T, "i belirleyelim. N= T *F
Oy o> 2 o =21, :
T, < 1/2fo =7 ifadesi tamsayi
sartin1 saglayan olmadigi icin
~ periyodik degildir.
T.=0,5
olsun
Ayrik Sinuzoidaller
Ornekler
4.

Onceki 6rnekteki ayrik isareti periyodik
yapmak icin:

x(r)=cos(t)

Sartini saglayacak bir N tamsayisi
tercih etmeliyiz veya

Ly 27 _

T T

N > 2

esitsizligini saglayacak sekilde ( érnegin
N=8) secilirse ayrik isaret periyodik olur




Periyodik Ayrik Sinyaller

Eger x(n) isareti sonsuz uzunlukta ve k herhangi bir

tamsayi ise
x(n) = x(n +}'c;7\ir)

isareti N peryoduyla periyodiktir.

Bir peryodik ayrik sinyalin Fourier serisi agilimi:

- N-1
ZX(Z

Fourier serisi katsaylla ri

JL(??

.

Nl —jink
X(ff):z:r(n)e N
n=0

Periyodik Ayrik Sinyaller

2T N-1

1
N

x(n)=

X(k ) ej?"k

Z (

* N peryoduyla periyodik bir ayrik sinyal, [-rt, ) veya esdeger [0, 2m)
araliginda N farkli harmonige sahiptir. X(k) peryot N ile periyodiktir bu
ylzden X(k) sadece, m herhangi bir tam sayi olmak lizere k=m,...,N-1+m
araliginda hesaplanmasi yeterlidir.

. X(k) Fourier seri katsayilari komplextir dolayisiyla genlik ve fazlariyla
tasvir edilmelidirler.

. Bir peryodik ayrik sinyalin Fourier serisi, o sinyalin bir peryodunun
DTFT donuslimu ve z-dontsumdi ile ilgilidir.

X(k):X(efw) :X(z)b

w=21k/N



Determining the periodicity of the sum of periodic signals

Let x(t) = x1(t) + xa(t) + ... xn(t) where x;(t) is a periodic signal with fundamental period T;
seconds, j=1,2...N.

To determine whether x(t) is periodic, form the ratios T:1/Tj, j=2,...N. If every one of the
ratios is a rational number, then x(t) is periodic. Otherwise, it is not periodic.

If x(t) is periodic, we determine its fundamental period as below:

1. Convert the ratios T1/ T, j = 2,...N to a ratio of integers, with common factors
between numerator and denominator canceled out. Now the ratios will be of the
form N;/ D;, for j=2,...N.

Find the least common multiple (LCM) of the D;‘s. Let this number be K.
The fundamental period of x(t), T, is then given by

n

2T
if e(f)=coy —7¥
if g(f) {T

(. 2@
+ 0.5 CDSLZ -?i' ] . the time domain plot and the spectrum are show n as

-1

\ B>

[ o]

follows.
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x )= cos (3TH) + Qs ()

T= = 2 T, = 2T o
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q) X(E)= cos(44) +2 sin (31)

7 ¥
;B = "\TA = ;2; =2 fl%rDC{,JC L\.HTE-
T A ' od
P_e_)u\’e. FTI,"‘%: -S-?C__
L) XU = 3 eos () + sin(r)
T, =2 To=AdE =4
q T
T2 ZF g oo

Ornek:

The period of the signal x(t) = 83'111(0.8?1’?5 + %) is

Period of ()

5

2w 27 9 E wnm
T =08~ = 2.h sec




Soru-9: Asagidaki sinyallerin periyodik olup olmadigini belirleyin. Sinyal periyodik ise, temel
peryodunu belirleyin.
) I | 2
(a) x(t) = sin(Ft) cos(5t)
. _ (1IN -
(b) z[n] = (3) sin(fn)
Peryodik olup olmadigini belirlemek igin
Sin(wt)=sin(2nf,t); 2nfi=m/5 ise f;=1/10 Hz oldugundan temel peryod T1=1/f;=10 bulunur
Cos(w,t)=cos(2mtf,t); 2nf,=2n/7 ise f,=1/7 Hz oldugundan temel peryod T,=1/f,=7 bulunur.
X(t)'nin temel peryodu=T1*T2=70 bulunur.

X )= COS'(TT'?‘)B

paniodic L& Ly 2 =:1'nr% For Seme \r:r"-rs)fm g S
Ta -1his Col, Se=r so ‘bﬁ L&=a wueh

SO, Ths s paz»\.c;clfc.

n Vo v a3
Jeostm) 14 =4 4 4

g ¢ |
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X(1)7 cos(§3) +2 sin (51)
T2 hear
i &
:I-; = Wﬁ,—é‘ = & = PQ;rU:Q:C. Lu:':l'E-
E ' | nd TSI
P-M f o -S"?C.,

X = 3 s () Fsinlrr)

—

!4 .';s.}_l‘:— F‘l:l_;n:.:—-l

j”}; = -Z_ :l{; 7 % So NST poajede
.

x t)= cos {3TH) + Qecos ()
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Soru:

™
(a) x(t)= cos[! + " ]

T T
(a) x(r)=cos{r + Z]=cos(w“f+ :1—) — w, =1

x(1) is periodic with fundamental period T, = 27 /w, = 2.

27
(b) x(¢)=sin T:

2m 2

(b) x(¢)=sin TI-—-»&;U-_.; T

x(r) is periodic with fundamental period 7T, = 27 /w, = 3.

T T
(¢) x(1)=cos ‘3—1' + sin 2! =x,(t) +x,(¢t)

where x(t) = cos(7/3)t = cos w,;t is periodic with T,=27w/w, =6 and x,(t)=
sin(7r/4)t = sin w,t is periodic with T, =27/w,=8. Since T,/T,= 2= 2 is a rational
number, x(¢) is periodic with fundamental period T, = 4T, = 3T, = 24.

(d) x(t)=cost+siny2t=x,t)+x,(¢)

where x,(1)=cost=cosw,t is periodic with T, =2m/w, =27 and x,(t)=siny21=
sin w,! is periodic with T, = 27 /w, = V2. Since T,/T,= V2 is an irrational number,

x(1) is nonperiodic.



1.2. Energy and Power Signals

There are in principle many different energy fields available from which to harvest energy:
e Radiation (light, solar, cosmic rays, electromagnetic radiation)

e Thermal

e Mechanical (potential, kinetic, elastic, fluid)

* Gravitational

e Chemical (battery, fuel cell, fossil fuels)

* Nuclear

e Magnetic (Magnetisation, currents etc)

e Electric

Gii¢ ve Enerji nedir
Gug, is yapma potansiyelidir. Gig, enerji Gretme oranidir. Bir bagka ifadeyle, birim zamanda
yapilan istir. Birimleri kgm/s, W veya HP’dir. Guig, Watt (W) cinsinden olgular.

- 75kgm/s =1 HPdir,

- 100 kgm/s=1 KW'tir.

Eneriji, “is yapabilme yetenegidir”. is yapildiginda, enerji bir formdan digerine donisiir.
Enerji birimi joule (J)’dir. Eneriji, farkl formlarda ve amaglarla kullanilir. Eneriji, gligtir;
enerji, paradir, enerji istir. Birimi kgm’dir.

Elektrikte, Watt (W) glic 6lcim birimidir. Amper x Volt = Watt.
Elektrikte enerji 6lciim birimi Watt-hour (Wh) dir. Saatlik tretilen ya da tiiketilen elektrik
enerjisi miktaridir. 1 Kilowatt-hour (kWh) = 1000 Wh

- 1 kWh= 860 Kcal'dir veya 3415 Btu’dur.

1 Kilowatt-Hour = 1000 watts x 3600 seconds = 3.6 x 10° watt-second = 3.6 x 10° Joules

How much heat is produced by a human body?

Explanation: A man doing no or very little physical work needs about 2,000 kcal (or less) of
energy in his daily food. The body converts this energy almost entirely into heat.
1day=24x60x60s=86,400s1cal=4.2)

Hence, 2000 kcal/day = 2000 x 4.2 kj/day = (8.4 Mj)/86600s= 100 j/s = 100 W

We see that a human body doing no work is equivalent to a heat source of about 100 W —
the equivalent of a good bulb.



Glic: Anlik ve Normalize

Bir devrede Anlik Gug: p(t) = v(t)i(t)
2
Ohm kanunundan, p(t) = vat) = i2(t)R

Anlik Normalize Giig R=1 ohm alinarak bulunur. p(t) = v2(t) = i2(t)
f (t) bir gerilim veya bir akim fonksiyonu olur ise p(t) = f2(t) olarak yazilr.

The total energy contained in and average power provided by a signal f(t) (which is a
function of time) are defined as

o0

E, :j|f ) dt

—00
7’

and
1 T/2

—lim — 2
P, =lim Tj/2|f(t)| dt

7

respectively.

For periodic signals, the power P can be computed using a simpler form based on the

periodicity of the signal as
T+t

1 2
I:)Periodic (i J'l f(t)l dt
T t
0
where T here is the period of the signal and t; is an arbitrary time instant that is chosen to
simply the computation of the integration (to reduce the functions you have to integrate
over one period).



Classification of Signals into Power and Energy Signals

Most signals can be classified into Energy signals or Power signals. A signal is classified into
an energy or a power signal according to the following criteria

a) Energy Signals: an energy signal is a signal with finite energy and zero
average power (0<E<wo, P=0),

b) Power Signals: a power signal is a signal with infinite energy but finite
average power (0<P<oo, E—> ).

Comments:

1. The square root of the average power \/Bof a power signal is what is usually
defined as the RMS value of that signal.

2. Your book says that if a signal approaches zero as t approaches o then the signal is
an energy signal. This is in most cases true but not always as you can verify in part (d)
in the following example.

3. All periodic signals are power signals (but not all non—periodic signals are energy
signals).

4. Any signal fthat has limited amplitude (| f /| <) and is time limited
(f =0 for |t]>ty forsome ty>0)isan energy signal asin part (g) in the
following example.

Exercise 2-1: determine if the following signals are Energy signals, Power signals, or neither,
and evaluate E and P for each signal

a) a(t) =3sin(2at), —o<t <o

This is a periodic signal, so it must be a power signal. Let us prove it.

E, = [la@)P dt = [|3sin(2zt)[* dt

= 9T %[1—003(47zt)]dt

o0 1 o0
=9 L Sdt=9 jw cos(4zt )dt
= 00 J
Notice that the evaluation of the last line in the above equation is infinite because of the

first term. The second term has a value between —2 to 2 so it has no effect in the overall
value of the energy.



Since a(t) is periodic with period T = 27/27= 1 second, we get

1
|a(t) [ dt = [|3sin(2zt) P dt
0

1

g:lj

10

01

=9|=|1- 47t)|dt
!2[ cos(4xt)]
01 1

=9|=dt -9 47t)dt
!2 !cos( at)

1

= ——[%sin@ﬂt)}

0

So, the energy of that signal is infinite and its average power is finite (9/2). This means that
it is a power signal as expected. Notice that the average power of this signal is as expected

(square of the amplitude divided by 2)

7

Let us first find the total energy of the signal.

Eb:Tmanzmzfﬂ&ZWZm
= 25} e’dt + ZSTe‘“dt
—00 0

B ] 2]
_25,25_50

+ J
4 4 4



The average power of the signal is

17¢ 172
Py =T|ILQT—TI/2|b(t)| dt = nm_U5e 1 g
9 1T
—25T||L[]0 _[ e*dt +25I|m fE““dt
-T/2
:§T|Loo'|'l|:e4t:|i/z %Tlm_rl [e_q;/z
= dim = [1-e 7 ]+ Jim Z[e T 1]
=0+0=0

So, the signal b(t) is definitely an energy signal.

So, the energy of that signal is infinite and its average power is finite (9/2). This means that
it is a power signal as expected. Notice that the average power of this signal is as expected

(the square of the amplitude divided by 2)

d)

+3t <
L It <5
0, |[tp5

|

d) =1t

0, t<1

7

Let us first find the total energy of the signal.

E, :j|o|(t)|2 dt == dt

~nft]

8
L

So, this signal is NOT an energy signal. However, it is also NOT a power
signal since its average power as shown below is zero.



The average power of the signal is

oq T2 , 1T
Py = Jim — j 1d ()] dt=TI|Lro10T—!t—dt

-T/2

=T|m(Tl|n[t]I’2j=T|m(T1|nB}—Ti|n[1]j

Using Le’hopital’s rule, we see that the power of the signal is zero. That is

In[-rz} 2
P, =lim| —=2d |=1im| T |=0

T »o T Tow| 1

So, not all signals that approach zero as time approaches positive and negative infinite is an
energy signal. They may not be power signals either.

) e(t)=-1t% —o0<t <00

f f (t)=2cos*(2at), —co<t<oo

12cos®(2xt), —-8<t <31
g(t):{ (@)

0, elsewhere
g)



1.7 Enerji ve Giic¢ Sinyalleri

Sonsuz deger alan sinyallerin enerjilen de sonsuz olacafindan bu sinyallerin giiciinden
bahsedilir ve bu sinyallere giic sinyali denir. Eger sonsuz deger almiyor ve enerjisi bir reel
say1ya esit oluyorsa bu tiir sinyallere de enerji sinyali denir.

E= ) P
N=—0
P=li ! Y z
= Jm 7 D, KO0l

n=—0on

e [ < E < oo, Enerji sinyali, boylece P = 0.
o [ < P < oo, Giig sinyali, béylece E = 0.
¢ Bu ki kosula uymayan sinyaller ne enerj1 sinyalidir ne de giic.

The signal energy in the signal x(r) is
E:j\x(r)\zdr. (1)

The signal power in the signal x(¢) is

T
1 5
P=1im— ||x(z) dz. 2
hm o7 _J] ) (2
If 0<E <. then the signal x(¢) is called an energy signal. However. there are

signals where this condition 1s not satisfied. For such signals we consider the
power. If 0 < P <= _ then the signal 1s called a power signal. Note that the power

for an energy signal is zero (P =0) and that the energy for a power signal is

infinite (E =0). Some signals are neither energy nor power signals.



Example : Compute the energy of the signal z[n] given by

z[n] = { (%}n ifn =0
0

otherwise

() T

[
e8|
¥
[
l:lME
o=
—
[
=

Ornek

3 <3
A(l‘}—[ﬂ

seklinde tanimlanmus olan isaretin enerjisini bulun

Cozim

+o0 3
g, = f Ix(1)|%dr = f 9dt = 54.
— -3

jn 4}

olarak bulunur. Dolayisi ile bu isaret enerji isaretidir.



Ornek

A cos(2m fot + #) isaretinin enerjisi;

1/2
€, = Tlim f A% cos*(2m fot +0) dt = oo.

-0 J_T/2

olarak bulunur. Dolayisi ile bu isaret bir enerji isareti degildir. Ancak, isaretin giicii

T/2

P, = lim — Azcosz(2;rrf0r+(l)dt
I'—oo T ~T/2
1 T2 A2
= lim — — [1 4+ cos(4n 2%
T Jors D [1 + cos(dx fot + 20)] dt

AZ
= — < 00
2

oldugundan x(f) bir gii¢ isaretidir ve giicii

2 2 T/2
AT A2
1 in(47 fot + 20
T'me[ ar t [831]’07' S 4ax ok + )] ]

—Trf2

V5 o
2

T, periyoduna sahip herhangi bir periyodik isaretin enerjisi;

Ornek
T2
€ = limf lx ()| 2dr
T=o —T/2
nil;
+
= lim | _ |x(ndr
=0 [ aly

2

v
lim r:f, |lx(2)[*dt
H— 00 _{51

Dolayisi ile periyodik isaretler
enerji isareti degildir.

= .
P, — tim ml (r)°d
= hm — X ™
x = Nm o n 1 de
lin, — +i‘{u| (1)) dt
= lm — A “
w0 n Ty _"1?'2 .
+3
. n
= lim — [ |x()dr
n—>20 B 11
A I
= —f |x(ed]"adr.
To _%1

Periyodik isaretin glic icerigi
yandaki gibi verilir. Bu sonucun
anlami herhangi bir periyodik
isaretin glg¢ iceridinin, bir periyot
icindeki ortalama glce esit
oldugudur.




Example

Compute the signal energy and signal power for the discrete-time signal

We apply relationship (12.5)

E =

o0 1 n
()

5l

The expression on the right hand side 1s a geometric series; hence, we have

o0
n=0

w0
n=—c0

1 16

BEENE
16

Since 0< F <=, signal x(n) is an energy signal. consequently, P =0.

Example

Let us consider a complex signal

x(r)= 4e’ ™"

: : C o : 27 : .
Signal x(¢) is periodic with period T, = ~ : hence. it cannot be an energy signal.

@,

To compute the signal power we use (12.3)
L

P= ‘Ae”"’r

dt=— [ 4%dt =
t 0!"04 A2

2

L
I,

Id|h‘]'-—_.ld|oh‘]



Example

Let us consider a signal

x(t)=eult).
The energy of this signal 1s

= o

E= T‘e_’u(r)‘zdr :je_zrdr = _%e—::

0

1
S

0

The signal x(7) is an energy signal. Since E is finite the signal power P =0.

Determine the total energy and average power of the following signals.

2, —-3<t<3
(a) x=(t) =45 —t, 3<t<5h
0, otherwise

(b) x(t) = cos(t) sin(t)

(¢) z[n] = a™ul—n], |a| >1



7 |(t)|2dt

t=—oc
3
/ |(t) |2dt + f\ t)|2dt
t=—3
3 5
= [ (2)%dt + /(f’ — t)2dt
t=—3 t=3
3 5
= / 4dt+/ (25 + 2 — 10t)dt
t=—3 t=3
3 1 5
= (4t 25t + —t* — 5t
( )t:—3+(J+3 J)15:3
= (4(3) = 4(=3)) + (25(5 = 3) + %(53 —3%) —5(5% = 3?))

- 24+(J0+%—50)
8
3

=24 + -
80
3



Soru:

a(t)=3sin(2xt), —o<t <o

E, = [la@) P dt = [|3sin(2zt) P dt
=QT l[1—cos(47rt)]dt
42

o0 1 0
=9 L Sdt-9 jw cos(4xt )dt
= 00 J

1

j|a(t)| dt_j|3sm(27zt)| dt

=

o

Il
O

[1—cos(4xt)]dt

9

Ot O O e
I\.)ll—‘ N |-~

1
-9 j cos(4nt)dt
0
1
= 9 —{isin(mﬂ )}
2 |4Ar 0

2w
2



bt)=5% ", —o<t <o

E, = le(t)lz dt = T\se-zl"\z dt
= 25j'e‘“dt +25?e““dt
- 0

BT 2]

%5 25 _50
4 4 4
T/2
P, _I|m— [ b®)r dt—llm— j \5e-2't'\ dt
T/2 T/2
T/2
_251im+ J e*dt +25 lim = J' e "dt
T—>oo Lo T—>oo
25 . 1p 40 25 . 1p 2
=S lim={et [+ lim=le™ |
5. 1r ya 25. 1r
_TT“L?OT_[l_e }FTT“L?OT_[e —1]



Soru:

t+1, —-1<t<0
x(t)=14 1 0<t<1
0 elsewhere

a) Sinyalin enerjisini bulunuz.

0

0

J (t+1) dt+[[1]2dt
—1

1

N

-
du—l—]




Soru:
x(t) sinyalinin enerjisi,

E= ].|.r{:}|:dr.

formll ile hesaplanir.
x(t) sinyalinin glici,

1 2
P:Ilmfﬂr{!” dr.

==

formla ile hesaplanir.

x(t)=e"

Sinyalin enerjisi hesaplanirken,

E= j”e I!.'[Jf)‘:ld.f=];v: *dt
o 0

bagintisi kullanilmaktadir. O halde sinyalin enerjisini hesaplayiniz.

The energy of this signal 1s

o0

E= ﬂe_r”(f)‘ldf:_[e‘”dr:_%e—lf

0

0

The signal x(7) is an energy signal. Since E is finite the signal power P =0.



Soru: Asagidaki sinyallerin toplam enerjisini ve ortalama gliclini hesaplayin.
(a) z[n] =10 (u[n — 1] — u[n — 10])
{1)) ;}_T{fjl — 9ei5t

(a) Energy = [ |=(t)|%dt

IE}
= [10%dt + 0

1
=000
Since energy 1s fimte, power 1s zero.
(b) The signal is a complex exponential with fundamental period Ty = 4. Moreover
|z(t)| = 2. Hence, energy is infinite.

Power is compute d as follows.

1
Power = 11111 — f 2|2 dt

1
~Jim o7 |

8T
llm —

Soru: Sekil fig b de verilen sinyalin toplam enerijisi nedir?

E=[ x?(t).dt.
o= -1 0 1 2
a) 8A?
b) 4A
c) 2A
d) 4A?
Answer: a



https://www.sanfoundry.com/wp-content/uploads/2018/07/signals-systems-questions-answers-classification-signals-q13a.png

1.3. Gurilti

Sinyal zayiflamasinin en yaygin tipi, vericide sinyal ylkseltme islemi sirasinda goériilen ve
sinyalle birlikte ylkseltme islemine tabi tutularak ylkseltilen glriltu ¢esidi olup, ¢cogunlukla
termal giiriiltii olarak bilinir.

Telsiz haberlesmesinde ise, termal glirtiltiiye ilave olarak insan eliyle meydana gelen girilti
ve kanalda varolan atmosferik glirtilti de alici antene ulasir. Telli veya telsiz haberlesmede,
kanaldaki diger kullanicilardan kaynaklanan girultllerin etkisi, sinyal zayiflamasina etki eden
diger bir glrilti cesididir. Yuksek frekanslarda yapilan telsiz haberlesmesinde, sinyal
seviyesinin dismesine sebep olan tipik bir etki de ¢ok yollu yayilim olup, zaman bagimli
olarak sinyal genliginin degisimidir. Gonderilen sinyaldeki bitin bu rasgele degisim ve
bozulmalar istatistik terimlerle ifade edilebilir.

Giuriiltii: Gonderilen orijinal sinyali bozan ve sisteme istem disi dahil olan herhangi bir enerji
(isaret ya da sinyal). Guriltinidn varligi analog veya sayisal sistemlerinin performansini
distrir. Glrultindn iletisim sisteminin performansini ne kadar etkiledigi sinyal giictniin
glrilty gliciine orani (analog iletisim) ya da hata olasihgi (sayisal iletisim) ile dlgulir.

Girisim-Parazit (Interference): istenmeyen isaretlerin sistemimize girerek sinyalimiz iizerinde
yaptigi bozucu etkidir. C6ziim istenmeyen isaret kaynaklarinin sistemden uzaklastiriimasidir.

Harmonik Bozulma: Sinyaller harmonik frekanslarin toplamindan olusur. Tek frekansl bir
siniis dalgasi; dogrusal olmayan bir cihazda ylikseltildiginde, bu tek frekansli siniis dalgasinin
istenmeyen katlarinin olusmasina denir. Harmonik bozulmanin ¢esitli dereceleri vardir. ikinci
derece harmonik bozulma v.b.

Modiilasyonlar Arasi Bozulma: iki veya daha cok frekans; dodrusal olmayan bir cihazda
ylikseltildiginde, istenmeyen vektérel c¢arpimlarin (toplam veya fark frekanslarinin)
olusmasidir. Harmonik bozulmada oldugu gibi, bu bozulmanin da dereceleri vardir. Genel
olarak 2. derece modiilasyonlar arasi bozulma ytizdesi kullanilir.

Capraz Konusma (Crosstalk): Ayni kilif icerisinde yanyana bulunan kablolardaki sinyallerin
birbirlerini etkilemeleridir. C6ziim, biikiimli kablo kullanimi)

Isil Giiriilti: Devreyi olusturan; direng, transistor ,vb. elemanlarda bulunan serbest
elektronlar ortam sicakligi nedeniyle giirtilti olusturabilirler.Glrultl tarafindan olusturulan
glic Johnson formiill ile ifade edilir.

Pn = 4kTB

Bu formiilde;

Pn; glrdlta tarafindan olusturulan gicg,



k; Boltzman sabiti 1.38*10-23 J/K

T; sicaklik (Kelvin)

B; bant genisligi (Hertz)

Direng tarafindan olusturulan isil glirGltiinin efektif voltaj degeri;
en= Karekok(4kTBR)

Schottky Giiriiltiisii: Diyot, BJT, FET veya tiip gibi etkin bir aygitin ¢ikis 6gesine tasiyicilarin
(elektronlar ve bosluk/delikler).Rasgele degisen bir gurultl tiridar. Var olan her isaretin
Uzerine binmis olarak bulunur. Bir diyot icerisindeki schottky glirtltis;

In = Karekok(2 * ge * Idc * B)

Bu formiilde;

ge; Elektron yiki 1.6*10-19,

Idc ; Diyot dogru akimi (A)

B; Esdeger bant genisligi (Hertz)

1.4. Kanal Kapasitesi

Analog sinyaller sayisal sinyallere donusturuliirken Nyquist ve Shannon teoremleri kullanilir.
Nyquist teoremi glirtiltisiz iletisim ortamindan gonderilebilecek toplam sayisal veri
miktarini ve drnekleme araligini belirler. Bu teoreme gére analog sinyali sayisal isarete
donisip bozulmadan yeniden analog isarete doniisebilmesi icin 6rnekleme frekansinin
analog sinyalinin band genisliginin iki katina esit ya da biyiik olmasi gerekir. Ornekleme
arahgi; ornekleme frekansinin tersidir. Nyquist teoremi glriltisiz iletisim kanallarini
tanimlar oysa iletisim ortamlari glrilta ile birlikte varligini stirdirtrler bu nedenle isaretin
glrultiye oranina bagh olarak kanal kapasitesini tanimlamak i¢in Shannon’in teoremi
kullanihr.

Haberlesme kanali sinyalin vericiden aliciya génderilmesine yarayan fiziki bir ortamdir.
Elektrik sinyallerinin gectigi, frekans ya da zaman ile ayristirilmis bant ya da yola kanal denir.
Telsiz haberlesmesinde kullanilan kanal genellikle atmosfer (serbest uzay) olup telefon veya
diger telli haberlesme cesitlerinde ise tel, koaksiyel kablo veya optik kablo gibi cesitli fiziki
ortamlardir. Kullanilan kanal, telli ortam da olsa gonderilen sinyal bazi rasgele zayiflama
mekanizmalarina tabi olur.
Bir haberlesme sistemi tasarlanirken sinyal bozulmalarinin biitiin etkileri gz 6niine
alinmahdir.

e Spektrum; Bir isareti olusturan frekans araligi; fmin, fmax

e Band Genisligi; Spektrum genisligi=fmax-fmin

e Kapasite; iletilebilecek data orani bps

e Gurdltd, SNR
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* The maximum rate at which data can be transmitted over a given communication path
* Relationship of

— Data rate: bits per second

— Bandwidth: constrained by the transmitter, nature of transmission medium

— Noise: depends on properties of channel

— Error rate: the rate at which errors occur

* How do we make the most efficient use possible of a given bandwidth?
— Highest data rate, with a limit on error rate for a given bandwidth

A very important consideration in data communications is how fast we can send data, in bits
per second, over a channel. Data rate depends on three factors:

1. The bandwidth available

2. The level of the signals we use

3. The quality of the channel (the level of noise)

¢ Nyquist teoremi giiriiltiisiiz kanal icin gegerlidir
e Shannon’s teoremi giiriiltiilii kanalin kapasitesini tanimlar.

Nyquist Teoremi

Harry Nyquist (1889-1976), isvec¢'te dogdu, 1907 vyilinda Amerika’da AT&T Bell
Laboratuarinda calisti. Dr. Nyquist ve Dr. Claude Shannon modern telekomiinikasyondaki
tim teorik gelismelerin alt yapi teoremini gelistirmislerdir.

Nyquist teoremi giiriiltiisiiz haberlesme kanalindan bir saniyede transfer edilecek bit
miktarini tanimlar.

C=2xBxn

C=64.000bps, B=4.000Hz ise n="?

n=64.000/(2*4.000)=8 bit.

Orneklenecek aralik sayisi=2”n=256 dir.



Analogdan sayisala iletildikten sonra sayisaldan analoga donislp orijinal isareti yeniden elde
etmede kriterler;

e Ornek alma aralig

e Ornek alinan isaretin degerin ifade edildigi sayisal bit sayisi

e Ortamin kapasitesini sinirlayan etkiler; girilti, direnme, zayiflama

Ornek alma frekansi, f; >=2*BW ise (BW: band genisligi), BW=10.000Hz ise érnek alma
frekansini bulunuz. Ornek alma zaman araligini saniye olarak bulunuz.
Fs=2*10.000=20.000Hz

Ts=1/20000=50mikrosaniyedir.

Soru: Analog isaret sayisal isarete donuslp iletildikten sonra yeniden analoga gevrildiginde
ayni isaret nasil elde edilecektir?

Ornekleme aralig;

300 Hz - 3400 Hz frekans araliginda isaretlerin toplamindan olusan telefon haberlesmesinde
ornekleme frekansi analog isaretinin bant genisliginin iki kati alinirsa bant genisligi bozulmaz.
125 mikro saniye araliklarla 6rnek alip, analog isaret sayisal isarete dondsturilirse orjinalite
bozulmaz.

Eger bir f(t) analog isareti, bant genisliginin 2 katina esit ya da biyk bir frekansla esit
araliklarla 6rneklenirse sayisal isaretten orijinal analog isaret yeniden elde edilir. Analog
isareti sayisala cevirdikten sonra: Transfer edilir, bilgisayarda islenir, tekrar duyabilmek igin
analoga cevrilir. Nyquist’e gore: Analog frekansim, bant genisliginin 2 katindan biyik ya da
esit olmalidir.

fs >= 2*Bw, telefon iletisim teknolojisinde 0 — 4 kHz arasindadir.

Ts = fs > 2*4KHz > 8KHz

1
fs

1 1
Ts=—=———=125.10"°sec=125usec
fs 8000
Analog isaretten 125 mikro saniyede bir drnek alinip transfer edilip, tekrar analoga cevirilirse
isaretin orjinalitesi bozulmaz.
e Miizikte bant genisligi (Bw) 10 ile 12 kHz arasindadir.

o Cok yuksek kalite muziklerde Bw, 20kHz olmalidir.

MaxDataRate = 2B log,, V [bits/ sec]

C =2*B*log;, (2™n)
C= Kanaldan gonderilebilecek 1 saniyedeki bit sayisi (bps)



B = Kanal Band genisligi (Hz)
V=27n= Ornek alinacak analog isaretin béliinecegi seviye sayisi

Shannon Teoremi (Claude Shannon 1916-2001 )

MaxDataRate = B log, (1+ %) [bits/sec]

S
C=Wlog,|1+—
92( Nj
S=EC
N = NW

S:I092 1+5£
W N, W

As W — o or VSV_)O’ we get:

E 1 0693~-16 [dB]
No IogZe

Shannon limit:

B There exists a limiting value of below which there can be no error-free communication
at any information rate.

B By increasing the bandwidth alone, the capacity can not be increased to any desired
value.

Isaretin Giiriiltiiye Orani
SNR =10 Log (S/N)

S: isaret Seviyesi (Watt)
N: Guriltd Seviyesi (Watt)

Shannon Kapasite Formiilii:

Veri hizini iletim giriltisa ile iliskilendirir.

isaretin gliciiniin yiiksek olmasi hatayi azaltacaktir.

C = BLog,(1+ SNR)

Band genisligini artirmak kapasiteyi artirir, ancak SNR oranini azaltir.

SNR = % olarak verilir. Burada Ey, bit enrjisi, Ng ise Hertz basina giriltia glicudar.
0



Soru:

Zamanla genligi, frekansi ve fazi degisen sinlisoidal isaretlerin birlesimden analog isaret elde
edilmektedir. Analog isareti sayisal isarete donistirirken Nyquist teoremi kullanilir. Bu
teoreme gore ornekleme frekansi maksimum frekansin iki kati segilir. Nyquist orani,
ortismeyi (aliasing) 6nlemek icin minimum 6érnekleme sikligidir.

Asagida frekanslaru verilen Ug¢ adet sinusoidal sinyalden olusan analog sinyalin Nyquist
oranina gore ornekleme frekansini bulunuz.

F, =1000 Hz, F, =3000 Hz and F, = 6000 Hz.

Kanal kapasitesi maksimum veri akis hizidir. Veri hizi, band genisligi, girilti, hata oarni ile
iliskilidir. Veri hizi saniyedeki veri isleme ya da iletilen bit sayisidir.

Nyquist Bant Genisligi:
e Kanal band genisligi veri hizina baghdir.
e B band genislikli bir kanaldan 2B bit hiziyla haberlesilir.
e Cok seviyeli sinyaller varsa Band kapasitesi, C = 2BLog,M olacaktir.

Rayleigh Dagilimi:

Hareketli haberlesme kanallarinda Rayleigh dagilimi diiz sonliimlemeye ugramis isaretin
ahcidaki zarfinin istatiksel olarak zamanla degisimini gosterir. Gurilti isaretinin dik
bilesenleri Gauss dagilimi seklinde ifade edilip zarfi Rayleigh dagilimini
vermektedir.Rayleigh dagiliminin olasilik yogunluk fonksiyonu asagidaki gibi ifade edilir.



Gezgin iletisimde alici ve verici arasinda direkt goris yolu (line-of-sight, LOS)

yoksa Rayleigh dagilimiyla modellenir. Rayleigh dagilimi, diiz sonimlemeye ugramis ve
aliciya dogrudan ulasmayan isaretin alicidaki zarfinin istatistiksel olarak zamanla degisimini
tanimlamaktadir. Rayleigh dagilimi asagidaki olasilik yogunluk islevine sahiptir:

r ( ro)
3 cCXp| — r-}_?". 0 <r < o
PRu_vfeigFr ("’ } - 4 o \ 20 J
10 r< 0.

L.

Rayleigh dagiliminin ortalama degerti,

oo I';
r. =Elr|=|rplr)dr=0,/==12533c
7] i I \

olarak bulunur. Rayleigh dagiliminin varyansi ise

2 2 2 I o
o’ :E[r }—E [;']:J;' plr)dr —
S 2
=g 2-Z ‘ = 0.42920°
. 2
seklinde bulunur,
Rician dagilimi asagidaki gibidir:
—(r +47) P
roo—= [ FA N
PR."rr'mz“}: Z{J - I[}! 2 * A;O\’e ‘,;O

a O



Gecikme

Gecikme ¢esitleri:
e isleme

e Protokol Kod Calistirmasina Zamani

e Kuyruk

o [slenmek Uzere Kuyrukta Bekleme Siiresi

e Transmisyon

e "Bjt Ortamdan Génderme Siiresi"

e Yayiima

Yayilim ve iletim gecikmesi

Propagation speed - speed at which a bit travels though the medium from source to

destination.

Transmission speed - the speed at which all the bits in a message arrive at the destination.

(difference in arrival time of first and last bit)
Propagation Delay = Distance/Propagation speed
Transmission Delay = Message size/bandwidth bps

Latency = Propagation delay + Transmission delay + Queueing time + Processing time

1.5. Ornekleme

Sampling continuous-time sinusoid and aliasing

If two sequences X (N)=AcoS(@N+¢q,)and X,(n)=Acos(@,n+a,)have frequencies and

phases related by,

o, =0 +2Kr, a,=a

o, =—o+ 2Kz, a,=-ao,

with k an integer, then the two sinusoidal sequences have the same samples, i.e. X (N)=X,(n). This

is illustrated in Figure below.

—an + AW
L] ey / G.Il+'2'ﬂ'

t —

L7

Here,,, 0, +27, —@,and —@+21
represents the same signal in the time
domain. If we limit the digital frequency @
within the interval =7 10 7 then there is one
to one correspondence between the signals
and their frequency representation. For each
frequency in the interval —7 10 T the
corresponding aliases are all outside the
interval —7 10 7 itself.

Now, the range of unique digital frequencies,

NLOST = —7<QT<rx



o, —-xlT<Q<xlTor, -7k <Q<7xF

Bl
2 2

This implies that the highest frequency of an analog signal must be less than half the sampling

Or,

frequency to avoid aliasing.

Example:

Consider the analog signal X, (t) =3c0s20007t +5sin 60007t +10c0s120007t. What is the
Nyquist rate for this signal? If the sampling rate is 5000 samples/sec what is the discrete-time signal
obtained after sampling? What is the analog signal Y, (t) we can reconstruct from the samples if we

use ideal interpolation?

Nyquist rate is the minimum sampling frequency to avoid aliasing. This is double the maximum
frequency of input signal.

Here, F, =1000 Hz, F, =3000 Hz and F; = 6000 Hz.
Thus, Nyquist rate, F, =12000 Hz .

x(n) = x,(nT,) =3cos 20007 n+5sin 60007 n+10cos 120007 n
5000 5000 5000
:3c032—”n+53in6—7[n+1000512—7[n
5 5 5
or, x(n) :BCOS%n+5sin(2ﬁ—4€)n +1Ocos(27z+2?ﬂn)
:3c052—ﬂn—53in4—”n+10c032—”n
5 5 5
21 . Ar 1 2
x(n) =13cos—n-5sin—n. nf==f==
or, X(n) 5 5 175 "5
1
For perfect reconstruction, F=f F= 5'5000 Hz=1000 Hz, and

“F=1,F =§-5ooo Hz=2000 Hz

Thus, Y, (t) =13c0s 20007t —5sin 40007t .

Note that, Fl is less than 2500 Hz. So no aliasing will occur. F2 is greater than 2500 Hz by 500 Hz. So

this frequency will appear as a lower frequency of (2500 - 500)=2000 Hz. Alternately, (3000-5000)= -
2000 Hz. The third frequency will change to (6000 - 5000) = 1000 Hz.



Quantization and Encoding
Quantization is a process that converts data from infinite or high precision to finite or lower

precision. The error introduced in representating the continuous-valued signal by a finite set of
discrete value levels is called quantization error and is denoted by e(n) .

{f((n) = Q[x(n)]

e(n) = X(n) —x(n)

The distance A between two successive quantization levels is called quantization step size or

resolution.

The quantizer has (L+1) decision levels X, X,,-*, X ,; that divide the amplitude range for x(n) into L

intervals.
!-{':[-rkr-ri‘—kl] k=1,2,...,L
l— decision level
z z z z z z z z ‘
I : } * g ¢ ! A amplitude

i - + & > + +—t——1 — — >

] = —oo Tz T3 t Ty Is T 7 s Ta = oo
quantizer cutput

For an input X(n) that falls in the interval |, , the quantizer assigns a value within the interval (k)
to X(n) . This process is shown in Figure above.
A=X =%

2B+l

The number of levels in a quantizer is generally of the form, L = for a B+1 bit binary code word.

A 3-bit uniform quantizer in which the quantizer output is rounded to the nearest quantization level

is shown in Figure below.

{ Z(n) = Q[z(n)]
1a + 4’7
FTE
1 N 2(n)

— . — -
—44 —34 —1A -A A 24 3A
+ A
+ -4

I— T =3a
1 —da

l"‘— mel.u 4"‘!

Fig, 3-4. A 3-bit uniform quantizer,




With L quantization levels, the range of the quantizer is, R =2%". A If the guantizer input is
bounded, X(n)|£ ) S

Darbe kod modilasyonu (PCM), PCM’de, darbeler sabit uzunlukta ve sabit genliktedir.
PCM ikili bir sistemdir; énceden belirlenmis bir zaman bdlmesi iginde bir darbenin
bulunmasi ya da bulunmamasi, 1 ya da 0 mantik durumunu gosterir. PWM, PPM ve
PAM’da, tek bir ikili sayiyi (bit) gbstermez.

Alma ucunda, sayisal / analog donustirici (DAC), seri ikili veri akisini ¢ok duzeyli bir
PAM sinyale dénistiriir. Ornekleme ve tutma devresi ile alcak geciren filtre, PAM
sinyali tekrar baslangictaki analog bicimine dénustlrir. PCM kodlamayl ve kod
cozmeyi gerceklestiren entegre devreye kodek (kodlayici / kod ¢ozlicii) denir.

Darbe modilasyonunda, analog enformasyonun ayrik zamanda iletisimi soz
konusudur. PAM, PWM ve PPM modilasyonlariyla darbenin sirasiyla genliginin,
genisliginin ve bir periyot icindeki pozisyonunun siirekli olarak tiim isaret degerleri igin
degisimine izin verilmektedir.

Zamanda ayrik duruma getirilmis (6rneklenmis) isaretin genliginin de belirli sayida
ayrik seviyelere ayrilarak kuantalanmasidir (kuantalama; belirli  6rnekleme
zamanlarinda elde edilen genlik numuneleri). Orneklenmis siirekli genlikli isareti, belirli
seviyelere kuantalamakla kalmayip bir 6rnek aninda her seviye igin bir kod
kullanilacaktir. Bu tiirden modiilasyon darbe kod modilasyonu (pulse code modulation
— PCM) olarak adlandirilir. PCM’de enformasyon tasiyan x(t), isareti 6dnce uygun bir
ornekleme frekansi ile 6rneklenir. Daha sonra bu 6rnek degerler, belirli kuantalama
seviyelerine kuantalanir. Buna kuantalama islemi adi verilir. Son olarak, her kuanta
seviyesi bir ikili kod kelimesi ile, yani sonlu sayida (0,1) dizisi ile gdsterilir. ikili kod
kelimeler dizisine donustilirtilen bu isarete PCM dalgasi adi verilir. PCM sistemi verici
bolimunin blok diyagrami gorilmektedir.

X(t) X.(1) X,

Analog Omekleme Kuantalama Kodlama Savisal
. . » » . .
15aret 1saret

Y
A

PCM’de verici boliimiin blok diyagrami



Ornekleme Devresi

Nyquist 6rnekleme teoremi, bir PCM sistem igin kullanilabilecek minimum 6rnekleme hizini
(fs) belirler. Bir 6rneklemenin alicida dogru olarak tekrar olusturulabilmesi igin, analog giris
sinyalinin (fa) her ¢evrimi en az iki kez 6érneklenmelidir. Dolayisiyla, minimum 6rnekleme
hizi, en yiksek ses giris frekansinin iki katina esittir. fs, fa’nin iki katindan daha kiiglkse,
bozulma meydana gelir. Bu bozulmaya katlama bozulmasi denir. Minimum Nyquist
ornekleme hizi, matematiksel olarak, fs > 2fa ifade edilir. Burada; fs = Minimum Nyquist
drnekleme hizi, fa = Orneklenebilecek en yiiksek frekans

Kuantalama islemi

Darbe genlik modilasyonunda, o¢rneklenmis degerler belirli kuantalama seviyelerine
yuvarlatilmadan iletilmektedir. Ancak, bu islem isaretin giriltiye olan bagisikhg! agisindan
bir yarar saglamayacaktir. Bunun yerine, isaret genligini belirli kuanta seviyelerine
yuvarlatmak ve her kuanta seviyesi icin, uygun bir kod kelimesi kullanmak daha uygun
olmaktadir. x(t) isaretinin maksimum ve minimum genlikleri A ile - Amax arasinda
degisiyorsa ve bu aralikta degisen genlik degerleri Q = 2n adet esit kuanta seviyesine
bollinmek isteniyorsa kuantalama araligi veya adimi;

a = 2Amax / 2"
olarak tanimlanmaktadir. Kuantalama isleminde 6rnek degerlerin bulundugu dilim belirlenir.

Cesitli isaret genliklerine karsilik gelen kuanta seviyeleri ve kod kelimeleri

Kuantalama

x [t}
8 7 » fsemyelen
m, ;'\31 —————— 7~ B T T SR et
m. (;n ; |> i ../i’: 20 3 c: - ’ _
e 4
me () -7 L =
= 27— \
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My (-1} bFeemme e meem AL i
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. =B $
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Kuanta seviyeleri



Kuantalama dilim sayisi Q arttik¢a, kuantalama guriltist de azalacaktir. Buna karsilik bir
ornegi belirlemek igin kullaniimasi gerekli bit sayisi da artacaktir.

PCM sistemindeki kuantalama hatasi, kuvvetli isaretlerde ihmal edilebilecek kadar kiiglk
olmasina ragmen, zayif isaretlerde kuantalama seviyesi ne olursa olsun énemlidir. Bu hatayi
onlemek amaci ile verici tarafta; sikistirma ve alici tarafta; genisletme islemleri
yapilmaktadir. Sikistirma islemi ile biiyik genlikler zayiflatilarak kiigiik genliklerin seviyesine
dugaralur. Bu teknik PCM ve delta modiilasyon tekniklerinin temelini olusturur.

Lineer Kuantalama

01 3 e e e e e e e
010) 102 @ e e e = - -
(001) ml- = -~ -5a2
000) m0-=- Fa2

Diizgiin kuantalama egrisi

Lineer Olmayan Kuantalama

Ses isaretlerinin istatistikleri incelendiginde, kiglk genliklere daha sik rastlanildigi
gorilmektedir. Oysa, yukarida kiglk isaretlerde kuantalama glirtltlslinin rahatsiz edici
boyutlarda olacagi gosterilmis bulunulmaktadir.

Bu glridltiyl azaltmak icin basvurulacak ilk yontem, adim biydkliginiin azaltilmasi veya
dilim sayisinin artirilmasidir. Ancak, bu durumda her bir 6rnegi géstermek icin kullaniimasi
gereken bit sayisi artacagindan, bu yontem her zaman uygun ve ekonomik degildir. Diger
taraftan, cok seyrek olarak ortaya cikan yliksek genlikli isaretler icin gereksiz yere bir miktar
dilim ayrilmis olacaktir. Eger en bilyik genlik kiicik tutulursa, bu defa da kirpilmalar
meydana gelecektir.



Ornegin, dinamigi 36 dB olan bir ses isareti ele alinirsa, en kiiciik isaretle 36 dB isaret giiriilti
orani elde etmek igin, n = 12 bitlik kelime uzunlugunda bir PCM kullanmak gerekecektir.
Boyle bir kuantalayici da, en kiiclk isaret icin 36 dB isaret glrilti orani saglanirken, en
blyik isaret icin gereksiz yere 72 dB’lik bir isaret girilti orani elde edilecektir. Bununla
beraber, blylk isaretler icin blyldk adim, kiguk isaretler icin de kiglik adim kullanilarak,
isaret glrlltd oraninin ayni olmasi saglanabilir. Bunu gergeklestirebilmek icin, haberlesme
sistemlerinde bir sikistirma (compressing) yapiimaktadir.

In the following image is represented the A law (a-law) graphically

ENCODER QUTPUT
==

11z

o5

a0

=Xt

2 & 16 =] G ==
4 INPUT SIGNAL
LEWEL

SEGMENT MUMBER

Kodlama islemi

Orneklenmis analog isareti kuantaladiktan sonra, sayisal (dijital) isarete dénistiirmek icin
kodlanmasi gerekmektedir. Genellikle bir analog isareti sayisal (dijital) isarete donlstlirmek
icin, analog / sayisal donusturtculer (ADC) kullanilir. Bu doéniistirme islemi sonucunda
kodlanmis isaret elde edilmektedir. Ancak bu kodlama, diizgiin (uniform) bir kuantalama
sonucu elde edilen genliklerin kodlanmasi olup, diizgiin olmayan kuantalama sonucu
bulunan orneklerin kodlanmasi icin ikinci bir kodlama islemine ihtiyag olacaktir. Uygulamada
kullanilan analog / sayisal donustirici (ADC) tiplerini tGg gruba ayirmak mimkindr.

» Basamakli donistiriict
» Ardisil yaklasimli dontsturicu
» Paralel donustlriict



Degisik tekniklerde c¢alisan bu analog /sayisal donustiricileri, tim devreler bigciminde
piyasada bulmak mimkiindir. Bu tip tim devrelerde genellikle, 6rnekleme, kuantalama ve
kodlama birlikte gergeklestirilir.



1.6. Ayrik Zamanlh Sinyaller

The discrete-time signals are used as basis functions or building blocks lo describe more
complex signals. A discrete-time signal x ( n ) is a function of an independent variable that is
an integer. It is graphically represented as in Fig. 2.1. It is important to note that a discrete-
time signal is not defined at instants between two successive samples.

Figure :Graphical representation of a discrete-time signal.

In the sequel we will assume that a discrete-time signal is defined for every integer value n
for -co< n < a0, By tradition. we refer to x ( n ) as the "nth sample" of the signal even if the
signal x ( n ) is inherently discrete time (i.e., not obtained by sampling an analog signal). If,
indeed. x ( n ) was obtained from sampling an analog signal x,(t), then x ( n ) = x,(nT), where
T is the sampling period (i.e., the time between successive samples).

Besides the graphical representation of a discrete-time signal or sequence as illustrated in
Fig. 2.1. there are some alternative representations that are often more convenient to use.
These are:

1. Functional representation, such as

1, forn=1,3
sx(in)=14, forn=2
0, elsewhere



2. Tabular representation, such as

n |- =<2 =1 0 1 2
xinmy{--- 0 0 0 1 4

3 4 5
T 0 0
3. Sequence representation

An infinite-duration signal or sequence with the time origin (n = 0) indicated
by the symbol f is represented as

x(ny=1...0.0.1.4,1,0.0... ]
.f

A sequence x (n ), which is zero for n < 0. can be represented as

x(n)=1{0,1,4.1.0.0....)
.T.

A finite-duration sequence can be represented as

ximy=13.-1.-2.5.0.4.- 1)

Some Elementary Discrete-Time Signals

In our study of discrete-time signals and systems there are a number of basic signals that
appear often and play an important role. These signals are defined below.

1. The unit sample sequence: is denoted as & n ) and is defined as

Sy = l. forn=20
E00. forn 20
l&fni
|

Note: Unit Impulse in analog signals




2. The unit step signal is denoted as u(n) and is defined as

win)

[e l
—,——————y—y .
012343567

3. The unit ramp signal is denoted as u,(in) and is defined as

T forn >0
10, form< 0

ugln}

]

4. The exponential signal is a sequence of the form

x(n)=a" for all n
If the parameter a is real, then x ( n ) is a real signal. As shown beloow
for various values of the parameter a. When the parameter a is complex valued. it can be
expressed as

a=re’
where r and @are now the parameters. Hence we can express x(n ) as
x{n) = rheitn
= r*(cosfn T jsin On)



0<a<|

Since X( n ) is now complex valued. it can be represented graphically by plotting the real
part

1r(ny=r"cosén

as a function of n. and separately plotting the imaginary part

xpinj=r"sinbn

as a function of n.



Ayrik zamanl sinyallerin siniflandiriimasi

The mathematical methods employed in the analysis of discrete-time signals and systems
depend on the characteristics of the signals. We classify
discrete-time signals according to a number of different characteristics.

Energy signals and power signals. The energy E of a signal x ( n ) is defined as
e 8

Z 1x(n)]?

A=—0C

E

The energy of a signal can be finite or infinite. If E is finite (i.e., 0 < E < «), then x( n ) is called
an energy. Many signals that possess infinite energy,have a finite average power. The
average power of a discrete-time signal x ( n) is defined as

:n*r

> ix(mf?

n==N

F= I}l_I:ll 2N+ 1

If we define the signal energy of x( n ) over the finite interval -N<n<N as

h:l’

Z lxin)|?

n=—N

Il

Ey

then we can express the signal energy E as

EEJ&T}IEN

and the average power of the signal x( n ) as

P= iim En

Clearly, if E is finite. P = 0. On the other hand. if E is infinite, the average power P may be
either finite or infinite. If P is finite (and nonzero), the signal is called a power signal. The
following example illustrates such a signal.

Example .

Determine the power and energy of the unit step sequence. The average power of the unit
step signal is



hl

P = lim —— E u=(n)

= 5 1

ox 2N + —
, N +1 1+ 1/N 1

= lim —— = lm ——— = =
Ao 2N +1  N-x 2+ 1/N 2
Consequently. the unit step sequence is a power signal. Its energy is infinite.
Similarly, it can be shown that the complex exponential sequence x(n ) =
A€ has average power Al soitisa power signal. On the other hand, the unit ramp
sequence is neither a power signal nor an energy signal.

Periodic signals and aperiodic signals. A signal x( n ) is periodic with period N ( N > 0) if and
only if

xint Ny=x(n) for all n

The smallest value of N is called the (fundamental) period. If there is no value of N that
satisfies equation above, the signal is called nonperiodic or aperiodic.
We have already observed that the sinusoidal signal of the form

x{ny = Asin2m fon

is periodic when ,fy, is a rational number, that is, if f, can be expressed as

P k

Y

where k and N are integers.

The energy of a periodic signal x ( n ) over a single period, say. over the interval 0 sn<N -1,
is finite if x ( n ) takes on finite values over the period. However, the energy of the periodic
signal for -ao< n < w is infinite. On the other hand, the average power of the periodic signal
is finite and it is equal to the average power over a single period. Thus if x{ n ) is a periodic
signal with fundamental period N and takes on finite values, its power is given by

Consequently, periodic signals are power signals.



Symmetric (even) and antisymmetric (odd) signals. A real-valued signal
X( n)is called symmetric (even) if

X(—n) = x(n)

On the other hand, a signal x(n) is called antisymmetric (odd) if

r{—=n)=—xim

We note that if x( n ) is odd, then x(O) = 0. Examples of signals with even and odd symmetry
are illustrated in Fig below.

We wish to illustrate that any arbitrary signal can be expressed as the sum of two signal
components. one of which is even and the other odd. The even signal component is formed
by adding x( n ) to x(-n) and dividing by 2. that is.

Xenh = 3fxm) + x(—n)]

xin!
»
1
| *
I L]
. - .
—r—o—o| 1 (!!I‘:H¢$
-3 =3=-2-10 1 2 3 4 n
xinj
»
P . DTI{ X
| '|1T1:3u5 n
.

L 2




Similarly, we form an odd signal component x,(n) according to the relation
1
Xo(n) = 3[x(n) — x(—n)]

Now, if we add the two signal components, we obtain x (n ), that is,

Solved Problems

x{n) = x.(n) + x,{n)

1-Find the even and odd parts of the following signals:
(@) x(n) = u(n)
(b) x(n)=a"uln)

The even part of a signal x(n) is given by

X,(n)= %[x{n} + x(—n)]

Any arbitrary signal can be expressed as in equation above.
With x(n) = u(n), we have

|
=

x(n) = i[u(n) + u(—n)] =

=

which may be written concisely as

x.(n) = 3 + 38(n)

Therefore, the even part of the unit step is a sequence that has a constant value of 1/2 for
all n except at n =0, where it has a value of 1.
The odd part of a signal x(n) is given by the difference

x,(n) = 3[x(n) — x(—n)]

With x(n) = u(n), this becomes

% n=0
Xn) =30 n=10
-'l <0
or Xo(n) = 3sgnin)

where sgn(n) is the signum function.



With x(n) = a"u(n), the even part is

%o!" n=1{
x.n) = %[a“u{n} +o "ul—n)] = ¢ 1 n=10
la—" n<0
or x.n) = {u il 4 é—&[n}

The odd part, on the other hand, is

X.n) = %[u"'uin} —a "ul—n)] = —;u"“' sgnin)

Simple Manipulations of Discrete-Time Signals

We consider some simple modifications or manipulations involving

the independent variable and the signal amplitude (dependent variable).

Transformation of the independent variable (time). A signal x ( n ) may

be shifted in time by replacing the independent variable n by n - k. where k is an integer. If k
is a positive integer, the time shift results in a delay of the signal by k units of time. If k is a
negative integer, the time shift results in an advance of the signal by [k/ units in time.

Example A signal x ( n ) is graphically illustrated in Fig.a. Show a graphical representation
of the signals x(n - 3) and x(n + 2).

Solution: The signal x(n -3) is obtained by delaying x ( n ) by three units in time. The result
is illustrated in b. On the other hand, the signal x(n + 2) is obtained by advancing x(n) by
two units in time. The result is illustrated in Fig c. that delay corresponds. Note shifting a
signal to the right, whereas advance implies shifting the signal to the left on the time axis.

xin)
4
- - p—if——ip——ip
l 4320101 234 "
lal
xtn=3}
) '["'
—I—.—H_:Itll -
-t 01 234 567 H



x(n+2

ol

—6 =4 =31-2=1 0 1 2 "

ich

If the signal x(n) is stored on magnetic tape or on a disk or, perhaps, in the memory
of a computer, it is a relatively simple operation to modify the base by introducing a delay or
an advance. On the other hand, if the signal is not stored but is being generated by some
physical phenomenon in real time, it is not possible to advance the signal in time, since such
an operation involves signal samples that have not yet been generated. Whereas it is always
possible to insert a delay into signal samples that have already been generated, it is
physically impossible to view the future signal samples. Consequently, in real-time signal
processing applications, the operation of advancing the time base of the signal is physically
unrealizable.

Another useful modification of the time base is to replace the independent
variable n by -n. The result of this operation is a Folding or a Reflection Or Flipping or
Reversal of the signal about the time origin n = 0.

A third modification of the independent variable is Time Scaling. This transformation is
defined by f (n) = Mn or f (n) =n/ N where M and N are positive integers. In the case of f (n)
= Mn, the sequence x(Mn) is formed by taking every Mth sample of x(n) (this operation is
known as down-sampling). With f (n) = n/N the sequence y(n) =x( f (n)) is defined as follows:

) .l(—”_-) n=10 N, 2N, -
wim) N
0

otherwise

(this operation is known as up-sampling).
Examples of shifting, reversing, and time scaling a signal are illustrated in Fig. below.



vin)

-2 -1 2y 4 5 6 7 8

() A discrete-time signal.

xin—1)

A

=2 -1

3
2
I

II "
5 6 7 8 =8 =7 =6 =5 -4 -3 -

=2 () Time reversal.

1]

(h) A delay b

23 4 5 6 7T B 9 101

| 1 2 3 4 5 6 T R -2 -1 I
(d} Down-sampling by a factor of 2. (e} Up-sampling by a factor of 2,

Illustration of the operations of shifting, reversal, and scaling of the independent variable n.
Shifting, reversal, and time-scaling operations are order-dependent. Therefore, one needs
to be careful in evaluating compositions of these operations. For example, Fig. below shows
two systems, one that consists of a delay followed by a reversal and one that is a reversal
followed by a delay. As indicated. the outputs of these two systems are not the same.

x(m) xi{H — ng) x(=h — Hg)
EEE am— Tﬂn - T_r [

(a) A delay T, followed by a time-reversal I,

xin) xi—=n) Xl=n =+ npl

- T’ - T"-'u =

(5} A ume-reversal T, followed by a delay Ty,

Example illustrating that the operations of delay and reversal do

not commute.



Addition, Multiplication, and Scaling

The most common types of amplitude transformations are addition, multiplication, and
scaling. Performing these operations is straightforward and involves only pointwise
operations on the signal.

Addition: The sum of two signals

vin) = xyin) + xz(n) 00 = <00
is formed by the pointwise addition of the signal values.
Multiplication The multiplication of two signals

yin) = x(nixain) — 00 < R < 00

is formed by the pointwise product of the signal values.
Scaling Amplitude scaling of a signal x(n) by a constant c is accomplished by multiplying
every signal value by c:

yin) = cxin) — D00 <R < 20

This operation may also be considered to be the product of two signals, x(n) and f (n) = c.



1.7. Temel Sinyaller

1-D:
X
g(x)=e 2
2-D:
x2 +y2

G(JC, y) =€ 207

Slight abuse of notations:
We ignore the normalization
constant such that

fg(x)dx =1

U.g
D6
D4
021




Diirtii veya Delta isareti
Matematiksel anlamda, dirti isareti bir fonksiyon (veya isaret) degildir.

f B(D)5(E)dt = B(0)

£(%)
& (1) 4
—
1A
%, —_—
— € | 0 t
Dirti isareti

Dirac Delta Fonksiyonu

§(—z) = 8(x)
zro(x) = 0,
8(ax) = a~8(x) (a = 0),
§(22—a?) = la-Ys(z—a)+d(x+ta)} (a > 0),
j S(a—z) da 8z —b) = 8(a—b),
f(x)8(x—a) = fla)d(z—a).

dx,y) = 0 x#0&y#£0
I[[ﬁ(x.,}‘}dtd}-‘ — 1

3(x.y) = 8(x) 8(y)

N 8(x—a,y—b) f(x,y)dxdy = f(a,b)



Delta Dirac (Diirtii) isaretinin temel 6zellikleri

1. Tumt # 0 degerleriicin 6(t) = 0 ve §(0) = o

2.

x(t) * 6(t) = x(t)
x(t) * 6(t — ty) = x(t — ty)

f m@(t)&(t —to)dt = O(ty)

Unit impulse function
6(1)=0 =0

[o()de=1

o(t) 1/

£e—0

-£/2 /2

+ Continuous and discrete time unit step functions

u(t) ulk]
A

| I 1111




« Ramp function (continuous time)

ODift <0

rt)=9¢ £if0<t<to
llff'}"fn

sin(x)




Continuous time complex exponential

f(t)=4"

Euler'srelations  gei“t — Acos (wt) + j (Asin (wt))

(,_)u'f e P—(ju't)
cos (wt) = >

-

(,ju,'t . (,—(_jwt)

sin (wt) = 5

7"t = cos (wt) + jsin (wt)

Discrete time complex exponential

- ketiT fln] = BewT
o Bcju;nT
Exponential function est
— Generalization of the function el
S=0+ jw
Therefore _
¥t = (0Nt — (7t IWt — o7t (cog wi + j sin wi)

If s* = ¢ — jw (the conjugate of s), then

el*t = p? i — eote—jm - e”(cos wt — jsin wt}

and 1 .
et cos wt = E(e“ +e*t)



Soru:

Verilen dikdortgen sinyalinin matemamtiksel gosterimi hangisidir?

X (1)

-tf2 0 t/2

Explanation: The given rectangular pulse is of amplitude 2A for the time interval —t/2 to t/2

and zero otherwise.

8.Y(t)=x(2t)is

a) Compressed signal

b) Expanded signal

c) Shifted signal

d) Amplitude scaled signal by a factor of 2

Explanation: By comparing the given equation with y (t) = x (at) we get a=2. If a>1 then it is

compressed version of x (t). Answer: a

9.Y(t)=x(t/5)is

a) Compressed signal

b) Expanded signal

c) Time shifted signal

d) Amplitude scaled signal by factor 1/5

Explanation: y (t) = x (at), comparing this with the given expression we get a = 1/5. If O<a<1 then it is

expanded (stretched) version of x (t). Answer: b

1. The general form of real exponential signal is
a) X (t) = be™

b) X (t) = (b+1)e™

c) X (t) =b (at)

d) X (t) = be @

Explanation: X (t) = be™ is the most general way of representing the exponential signals where both

b and a are real parameters. Answer: a

2. In the equation x (t) = be® if a < 0, then it is called
a) Growing exponential

b) Decaying exponential

c) Complex exponential

d) Both Growing and Decaying exponential

View Answer



1.8. Temel Sinyallerin Matematiksel Modellenmesi

The elementary functions (of x) include:
e Constant functions: 2,e,m
e Powers of x, X%, x>
e Rootsof x,vVx
e Exponential functions: e*
e Logarithms: log(x)
e Trigonometric functions: sin(x), cos(x), tan(x)
e Inverse trigonometric functions: arcsin(x), arccos(x), arctan(x)
e Hyperbolic functions: sinh(x), cosh(x), tanh(x)
e Inverse hyperbolic functions: arcsinh(x), arccosh(x),arc tanh(x)

All functions obtained by adding, subtracting, multiplying or dividing any of the previous
functions. All functions obtained by composing previously listed functions. Some elementary
functions, such as roots, logarithms, or inverse trigonometric functions, are not entire
functions and may be multivalued.

Kiyaslama yapilirken asagidaki islemler gbz online alinir:
e Aritmetik islemler: +, -, *, /
e integral, Tirev, Limit
e DOnlslim: Konvolisyon, Fourier, Laplace, Z



Soru:

The given pair x (t) and y (t) is related by
¥ (t)

A X()

]
b
v
v

a) Y (t) = d/dt (x (t))

b)Y (t)=x(t)+1

c) Y (t)=[x(t).dt

d) Not related

View Answer

Answer: c

Explanation: The given pair x (t) and y (t) is related by Y (t) = [x (t) .dt. The integral of x (t) gives the Y
(t).Y(t)=0fort>1.


https://www.sanfoundry.com/wp-content/uploads/2018/07/signals-systems-interview-questions-answers-freshers-q10.png

Soru:
Asagida verilen x (t) ve y (t) sinyallerinin birbirleri ile ilskisi nedir?
(F1(t)=at+b ve F2(t)=c ifadelerini gbz 6niine aliniz)
a) Her iki sinyalin matematiksel ifadesini bulunuz.
b) ki sinyalin birbiri ile iligkisi ne olabilir. (Tirev, integral, toplama, carpma, bélme,

ctkarma...)
:-:‘Et]- y (1)
2 1
3 2 .10 1 2 3 1

Y (t) = d/dt (x (t))
Explanation: The given pair x (t) and y (t) is related by y (t) = d/dt (x (t)). From -2
to 2 we have Y (t) is zero because differentiation of constant is zero.




Figure 1.15. Equations for the linear segments of Figure 1.14
Following the same procedure as in the previous examples, we get
V(1) = (2t + Dug(t) —ug(t — 1)1+ 3[up(t — 1) —uy(t—2)]
+ (=t +3D)[uylt—2)—uy(t-3)]
Multiplying the values in parentheses by the values in the brackets, we get
v(t) = (2t+ Dug(e) — (2t + Dug(r— 1)+ 3ug(t—1)
—Jug(t=2)+ (=t 4+ 3upg(t=2)— (=t + 3uglr—-3)

v(t) = (2t+ Dug(e) + [— (2t + 1) + 3uy(t - 1)
F =3+ (—t+3up(t—-2)—(—t+3uy(t-3)
and combining terms nside the brackets, we get

v(f) = (2t + Dug(t)—2(t — Duglt — I—tug(t— 2) + (1= 3uglr - 3)

_1/72 0 172

Figure 1.13. Equations for the linear segments of Figure 1.12
For line segment @,

v(t) = @_I+ 1) [uﬂ [H g) - uﬂ{r):l

and for line segment @),

V(1) = [_%H 1) [ua(f) — 1y (:f— gﬂ

Combinng (1.13) and (1.16), we get
V(1)

vi(r) +v,(1)

G,H jj[nﬂ [r + g} - uﬂ(r)J + (—% t+ }J [ng( 1) -y [r - gﬂ



]:{” (V)

—_———_—

Figure 1.21. Waveform for Example 1.9

Solution:

a. We first derive the equations for the linear segments of the given waveform. These are shown in

Figure 1.22.

Next, we express v(f) in terms of the unit step function uy(7), and we get

vif) = 2t[ug(t+ 1) —ug(t— ]+ 2[uy(t— 1) —up(r—2)]
+ (=t 45 uglt=2)—up(t—4)] + [ug(t —4) —uy(t - 5)] (1.52)
+(—t+0)[uplt—5)—uplt-7)]

Soru:
Sekil'de gosterilen sinyalleri birim adim fonksiyonlari agisindan ifade edin.
x(1)

x(t)y=u(+1)+2u(t)—u(t—-1)—u(t —-2)—u(t —3)



2 . Sistemler

Bir sistemin Ozellikleri o sistemin davranislari agisindan bize dnemli bilgiler verir. Bdylece
sistemleri daha iyi anlayabilir ve analiz edebiliriz. Bu 6zellikler,
1) Deterministik sistemler
2)  Statik ve Dinamik Sistemler
3)  Stokastik sistemler
4)  Surekli-zaman ve ayrik-zaman sistemler
5)  Analog ve dijital sistemler
6) Invertible/terslenebilir sistemler
7) Lineer ve Lineer olmayan sistemler
8) Bellekli (dinamik) ve belleksiz (anlik, instantaneous) sistemler
9) Causal (nedensel) ve causal olmayan (noncausal) sistemler
10) Zamandan bagimsiz ve bagimli sistemler
11) Kontrol Sistemleri: kontrol edilebilir — Gozlenebilir Sistemler
12) Stable and Unstable Systems

2.1. Bellekli ve Belleksiz Sistemler

Bir sistemin cikisl, girisin sadece o andaki degerine bagl ise bu sisteme belleksiz sistem
denir. Bir sistemin gikisl, girisin 6nceki ve/veya sonraki degerlerine bagli ise bu sisteme
bellekli sistem denir. Gecikme, 6teleme sinyalin girisi ile ilgili olmadigl durumlar igin sistem
belleksizdir. Clinkli zamanda gecikme ya da 6teleme sinyalin girisi degildir.

Ornek: y(t) = ax?(t) + bx(t)

Yukarda verilen Sistem cikis saglamak icin girisin sadece o andaki degerine ihtiya¢ duyar, o
degerin karesini alir, gerekli islemleri yaparak bize sonucu sunar. Sistemin cikisi, girisin
sadece o andaki degerlerine bagli oldugundan sistem belleksizdir.

Ornek:

uln] = Zn: &[m]

m=—oo
Bu sistemde cikisin “n” adimdaki degerini bulabilmek icin girisin o ana kadarki bitin
degerlerine ihtiyac vardir. Bu durumda sistemin bir bellek ihtiyaci duydugu aciktir.



Ornek:

y(@®) =x*(t+1)
Bu sistemin ¢ikis sinyali y(t), giris sinyali x(t)'nin sonraki degerlerine bagli olarak degistigi
icin, bu sistem bellekli sistemdir.

Ornek: y(t+ 1) = x%(t+ 1)
Bu sistemin ¢ikis sinyali y(t), giris sinyali x(t)'nin sadece o anki degerine bagli olarak
degismektedir. Dolayisiyla sistem belleksiz bir sistemdir.

Ornek: y(t) = x(t) + cos(t + 1)

Sistemin gikisi, sistemin girisinin sadece o anki degerine bagli olarak degistigi icin, s6z konusu
sistem belleksiz sistemdir. Burada kosinils terimindeki T kadar gecikme, giris sinyali ile ilgili
olmadigi icin sistemin bellek kontroliinde dikkate alinmamaktadir. Zamanda geciken giris
sinyali degildir.

Bir sistemin gikisi, girisin sadece o andaki degerine bagli ise bu sisteme belleksiz sistem
denir. Bir sistemin cikisi, girisin 6nceki ve/veya sonraki degerlerine bagli ise bu sisteme
bellekli sistem denir. Zamanin fonksiyonu olmayan degiskenler ve sabitler giris sinyali
degildir.

a) y(t) = ax?(t) + bx(t), Belleksiz

b) uln] =Xr__,48[n], Belleksiz

c) y(t) = x%(t+ 1), bellekli

d) y(t+ 1) =x2(t+ 1), belleksiz

e) y(t) =x(t) + cos(t + 0), belleksiz, ¢linkii gecikme, giris sinyali ile ilgili olmadigi

icin sistem belleksizdir.

Belleksiz sistemlere 6rnekler:
“t” nin herhangi bir aninda cikis degeri, “ t” nin ayni andaki giris degerine bagli ise
sistem belleksizdir. Bir belleksiz sistem her zaman nedenseldir, tersi, elbette,
herzaman dogru degildir.

,
y(0) =sin(x(1)), y()= | x(v)dr, y(t—2)=3x(t-2)

—L



Sistem bellegi ile ilgili olarak, sistemler anlik veya dinamik olarak siniflandirilir. Bir sistem, bir
anlik aninda ¢ikisi sadece o andaki girisin bir fonksiyonuysa, anliktir(hafiza yok).

Fark denklemi ile karakterize edilen sistem y (n) = 2x (n), hafizasiz bir sistemdir. Bir 6rnek,
yalnizca direnglerden olusan bir elektrik devresidir.

indiiktérler ve kapasitorler gibi depolama elemanlarina sahip herhangi bir sistem dinamik bir
sistemdir, ¢linkli boyle bir sistemin bir anlik ¢ikisi, girisin gegmis degerlerinin bir
fonksiyonudur.

Bu tir sistemlerin ayrik modelinde, x (n - 1) veya x (n - 2) gibi, uygulanacak bellek birimlerini
gerektiren terimler olacaktir. Cikis, yalnizca sinirli sayida gegmis giris 6rnegine bagliysa, buna
sonlu bellek sistemi denir.

Ornegin, y (n) = x (n - 1) + x (n - 2) bir sistemin iki bellek birimine sahip olan fark denklemidir.
Kapasitif veya endiktif elementli sistemler sonsuz bellek sistemleridir, ¢linki ciktilar girisin
tiim ge¢misinin bir islevidir. Anlik sistemler, sifir bellege sahip 6zel bir dinamik sistem
durumudur.

2.2. Nedensellik (Causality)

Sistemin herhangi bir zamandaki ¢iktisi,
e Mevcut zamandaki girdi degerlerine veya
e Gecmiste girdi degerlerine veya
e Mevcut zamanla birlikte gecmisteki girdi degerlerine baglysa, bu sistem nedenseldir.

Diger bir anlatimla eger bir sistemin cikisi, su anki girisi dahil olmak lizere onceki
degerlerine bagl ise sisteme nedensel (causal) sistem denir. Tim gergek zamanli fiziksel
sistemler nedenseldir; ¢clinkli zaman sadece ileriye akar.

v(t)=x(t—1) Nedensel sistem (ve bellekli sistem)
v(t) =x(t) Nedensel sistem
y(t) = x(t +1) Nedensel olmayan sistem



causal anti-causal

z(t)=0; t<0 z(t)=0; t>0
0 t 0 t

znj=0; n<0 zn|=0; n>0
0 n 0 n

Nedensel sinyallere 6rnek olarak sunlari verebiliriz:

Sistemin herhangi bir zamandaki ¢iktisi, sadece mevcut zamanda veya ge¢cmiste girdi
degerlerine bagliysa, bu sistem nedenseldir. Diger bir anlatimla eger bir sistemin ¢ikisi, su
anki girisi dahil olmak Gzere onceki degerlerine bagl ise sisteme nedensel (causal) sistem
denir. Tium gergek zamanli fiziksel sistemler nedenseldir; ¢linkli zaman sadece ileriye akar.
TUm belleksiz sistemler nedenseldir. Kayitli veriler lizerinde islem yapmamiz durumunda,
nedensellik de gerekli olmayabilir.

a) y(t)=x(t-3)-x(t)/3, nedensel

b) y(n) = nx(n), nedensel

c) y(t) = e*®, nedensel

d) y(t)=x(t +1), nedensel degil

Ornek:
y(t)=x(t-3)-x(t)/3
y(t), x(t)’'nin su anki ve “t-3” anindaki degerine bagh oldugu icin nedenseldir.

Ornek:

y(n) =nx(n)
y(n), suankin ve x(n) degerine baglidir. Nedensel.

Ornek:
y(t) = e*® | nedensel sistemdir.

Ornek:
y(t) = x(t +1) Nedensel olmayan sistemdir.



Ornek:
y(n) = x(n) + nx(n + 1), su anki ve gelecekteki degerlerine baglhdir; nedensel degil.

Ornek:
h(t) = e tu(t), su anki degerlere bagl nedenseldir.

Ornek:

x(t) = {gcos(anOt + Q) : i 8

Vi

Nedensel bir isaret 6rnegi

Ornek: y(n) — 1/4y(n-1)-3/8y(n-2) = -x(n) + 2x(n-1), sistem nedenseldir.

Ornek: y(t) = x(t-2)+x(2-t), sistem nedenseldir.

Ornek: y(t) = dx(t)/dt, Sistem nedenseldir.

Ornek: y(t) = x(t/3), sistem nedensel degildir. Clinki, t=-3 alindiginda, y(-3)=x(-1); -1
degeri -3 degerine gore gelecektir.

Ornek: y(t)=cos(x(t)), nedenseldir.

Nedensel sistemlere 6rnekler:
I

YO =3x(1-2), y0)= [ x(0)dr, y(O)=x(1)

—o0

Nedensel olmayan sistemlere 6rnekler:



r+1
v =x(2), y()=3x(+2), y)= [ x(r)dr

—0

2.3. Kararlhilik ( Stability)

Sinirhi girise Sinirli Cikis (BIBO) 6zelligine sahip olabilmesi icin |x(t) | <Bx<ee girisi
uygulandiginda ¢ikis, | y(t)<Bx<ee olmalidir.

Stabilite icin birkag¢ tanim var. Burada sinirli giris baglantili ¢ikis (Bounded input bonded
output - BIBO) kararhihgini dikkate alacagiz. Her sinirlanmis giris sinirli bir cikis Gretiyorsa, bir
sistem BIBO kararli olarak soylenir.

o, . n

Eger tim “n” degerleriigin  |x[n]| < M < oo kosulu saglaniyorsa x(n) sinirhdir.

Ornek:
Asagidaki esitlik ile taniml ortalama alan bir sistem kararhdir, Clinki sinirh sayidaki
degerlerin toplami sinirhdir.

N
1
ylnl = 33— 1kZNx[n]

Ornek:



The accumu lator system defined by

n

y[n] = Z z[k]

k=—o00

is unstable. If we take {z[n]} = {u[n]}, the unit step then y[0] = 1, y[1] =
2, y[2] =3, arey[n] =n+ 1, n > 0 so y[n] grows without bound.

Ornek:

hi(t) =exp|—(1—2j)tlu(t)

a) Sistem nedenseldir.
b) Sistem kararhdir, ¢linkii t - o0 — hy(t) = 0

2.4. Tersine Cevrilebilir

Bir sistem birkac giris icin ayni ¢ikislara sahipse, dogru girisi bulmak imkansizdir. Bu nedenle,
bir sistem farkl girdilere farkli ¢iktilar verirse tersine gevrilebilir. Birgok giris icin ayni gikis
verirse ters cevrilemez. Hangisi ters ¢evrilemez bir sistemdir? y[n] =0

2.5. Dogrusallik — Lineer Sistemler

Dogrusal, Zamanda Degismez Sistemler - Linear, Time Invariant (LTI) Systems

Dogrusal (linear) bir sistem cok basit iki 6zellige sahiptir: Toplanirhk (additivity) ve
Homojenite (homogeneity).

If difference equation has with constant coefficients; therefore, it is linear and time-

invariant.

a) Toplanirhk:



Sisteme x4(t) sinyali girildiginde y1(t) sinyali ve x;(t) sinyali girildiginde y,(t) sinyali elde
ediliyorken; ax;(t)+bx,(t) sinyali girildiginde ay,(t)+by,(t) sinyali elde ediyor ise sistem
dogrusalligin ilk basamagini gegmistir.

b) Homojenite:
Sisteme x4(t) sinyali girildiginde y,(t) sinyalini elde ediliyorken, ax(t) sinyali girildiginde
ay:(t) sinyalini elde ediliyor ise (a herhangi bir sabit olmak lzere) sistem artik dogrusaldir
diyebiliriz.

Bu durumda; a ve b siklari birlestirilerek, siiperpozisyon (superposition) 6zelligini saglayan
sistemler dogrusal sistemlerdir. Diger bir deyisle; axy(t) + bx,(t) sinyali girildiginde ay,(t) +
by,(t), (a ve b herhangi iki sabit olmak lizere) ¢ikis sinyalinin elde edildigi sistemlere
dogrusal sistemler denir.

Soru:Bir sistemin lineer 6zelligini yaziniz. F(x)=3x’+2 sistemi lineer mi?
Dogrusal (linear) bir sistem ¢ok basit iki 6zellige sahiptir: Toplanirlik (additivity) ve
Homojenite (homogeneity).
Sisteme x1(t) sinyali girildiginde y1(t) sinyali ve x2(t) sinyali girildiginde y2(t) sinyali elde
ediliyorken; ax1(t)+bx2(t) sinyali girildiginde ay1(t)+by2(t) sinyali elde ediyor ise sistem
dogrusaldir.
F1(ax)=3a* x’*+2
F2(bx)=3b* x*+2
F(ax+bx)=3(ax+bx)*+2
F1(ax)+ F2(bx)= 3a’ x*+3b* x* + 4
F(ax+bx) ifadesi F1(ax)+ F2(bx) ifadesine esit olmadigindan lineer degildir.

Ornek: y(t) = x(t) + cos(t + 1)
Bu sisteme x(t)=ax1(t)+bx2(t) girisi uyguladigimizda, Cikis,
y(t)=x(t)+cos(t+t)=(axi(t)+bx,(t))+cos (t+1)
olarak elde edilir. Bu durumda sistemin dogrusal oldugunu séylenemez.



Next we consider linearityv. Roughly speaking, a system is linear if its behavior is scale-
independent; a result of this is the superposition principle. More precisely, suppose that
in(t) = Flu(t)] and yo(t) = Flue(t)]. Then linearity means that for any two constants o
and ag,

y(t) = gy (t) + aays(t) = Flagug (£) + azus(t)].
A simple special case is seen by setting o, = (:

y(t) = onan(t) = Floqu(t)],

making clear the scale-invariance. If the input is scaled by o, then so is the output. Here
are some examples of linear and nonlinear systems:

{7

y(t) = e (linear and time-invariant)
t

ylt) = f u(ty)dfy (linear but not time-invariant)
0

y(t) = 2u’(t) (nonlinear but time-invariant)

y(t) = 6u(t) (linear and time-invariant).

Input output relationship

y(t) = f];'(T) dr, t>0

Causality :

y(t) depends on z(5¢),t > 0 system is non-causal.
For example ¢t = 2

y(2) depends on x(10) (future value of input)
Linearity :

Output is integration of input which is a linear function, so system is linear.

Soru: Asagidaki sistemlerin her biri i¢cin, bunun olup olmadigini belirleyin:
(i) kararli

(ii) zaman degismez

(iii) dogrusal

(iv) tersine gevrilebilir

y(t) = x(2t + 1) + 1, for input z(t) and output y(t).



1. Stable. If |z(t)| < M ¥V t, then |y(t)| < M + 1V ¢.

1. Not time-invariant. Let z'(t) = z(t — tp). Then 3'(t) = #'(2t + 1) + 1 =
(2t +1 —tg) + 1. However y(t —ty) = (2t — 245 + 1) + 1.

. Not linear. Let yi(t) = z1(2t + 1) + 1, and ya(t) = z2(2t + 1) + 1.
Let z(t) = az(t) + bzo(t).
Then y(t) = x(2t + 1)+ 1 = az (2t + 1) + bxo(2t + 1) + L.
However ay(t) + bya(t) = ax( (2t + 1) + bxa(2t + 1) +a + b

iv. Invertible. Observe that x(t) = y(%) — 1.

Soru:
Asagidaki sistem: i) dogrusal, ii) zamanla degismeyen, iii) BIBO kararli, iv) tersine cevrilebilir,
v) hafiza kaybi, vi) nedensel mi? Her biri igin kisa bir gerekge lretin.

y(t) = =*(t)

Linear: no, since it doesn’t satisfy scaling. o () input produces a®z(t) output.

Time-invariant: yes, since y(t — tg) = z(f — 1‘9)2

BIBO stable: yes, since if |«(t)| < By < ~ then |y(t)| < B} < ~.

Invertible: no, since any negative input value is lost, and we can not recover the original sign of the input.
Memoryless: yes, since y(t) depends on no other value of () other than at time ¢.

Causal: yes, since all memoryless systems are causal.

Soru:
Asagidaki sistem: i) dogrusal, ii) zamanla degismeyen, iii) BIBO kararl, iv) tersine cevrilebilir,
v) hafiza kaybi, vi) nedensel mi? Her biri icin kisa bir gerekce Uretin.

y(t) = t2x(t)

Linear: yes, since with input a1 () + agx(t) produces output t2 (ayxq (1) + agza(t)) = a1ty1 (1) + agt?zo(t)) =
a1y1(t) + a2y2(t) using the usual definitions of 1 (t) and y2(1).

Time-invariant: no, since the system depends on values of x:(#) at specific values of time via the #? factor. Le.,
shifting the input produces output +%:(* — t,) but shifting the output produces (* — to)%z(t — ).

BIBO stable: no, since the output is unbounded for many bounded mputs (e.g., consider = (t) = u(t), then y(t) =
t?u(1) grows in ¢ without bound).

Invertible: No, since the value at ¢ = 0 is lost. Le., ¥(0) = 0 regardless of (0), so we can’t get back x(0).
Memoryless: yes, since y(1) depends values of (1) only at time 1.

Causal: yes, all memoryless systems are causal.

Soru:
Asagidaki sistem: i) dogrusal, ii) zamanla degismeyen, iii) BIBO kararl, iv) tersine cevrilebilir,
v) hafiza kaybi, vi) nedensel mi? Her biri igin kisa bir gerekge Uretin.

y(t) = 7“0tz (t) — jx(t — to)



Burada tO we wO sabitlerdir.

Linear: yes, since S[oqaxq (t) + cgra(t)] = a1y (t) + agya(t). The reason this is true is that

S[(Pl;ffl(f) + tvoxo (f)] e (()z]_.‘!f]_ (f) + (}Q.L’Q(f’-)) — j((rl;ffl(t — 1‘0) + ("lg:’l‘g(f — fo)) (04)
= o (0 (1) = ja(t = t0) ) + a2 (P ra(t) = jra(t — t0)) (0.5)
= a1y1(t) + aaya(t) (0.6)

Time-invariant: No, since when we shift the output y(t — ¢p) we’ll shift the e7“°! factor in the first term. but this
won’t happen when we shift the imput.

BIBO stable: ves, since nothing is going to make the output infinite as long as x() is finite.

Memoryless: No, since y(#) depends on values of the input at times other than time .

Causal: yes, since y(¢) depends on values of =(¢) only up to time .

Soru:
Sekilde gosterilen sistemin (a) hafizaya sahip mi, (b) nedensel mi, (c) dogrusal mi, (d)
zamanla degismeyen mi veya (e) kararl olup olmadigini belirleyin.

Multiplier

x(t)

(1) = x(1) cos w1
o

cos @, f

I I I e—

_1'(?) = T{T(?)} = .‘.’(T) Cos @, {f) : Since the value of the output y ( f ) depends on only

the present values of the input x( ¢ ), the system 1s memoryless.

Eg =5, 1(5) = \(5) Cosa, (5) . Smee the output y (¢ ) does not depend on the future values of the mnput

x(t), the system 1s causal.



(© Let x(7) = ayx(#) + arx(1). Then
v(t) = [ayx1(t) + a, x2(t)|cos
= ayxq(t)cos wct + a,x,(t)cos @, t

=gy (1) + a5 (1)

Thus. the system 1s linsar.

(d) Let )y (:“ ) be the output produced by the shifted input Xy (f ) = .T(-r —1 0 ) Then
() =T{x(t —19)} = x(t —tg) cos e, ()

But .'I'(f — f.{)) = ."('(f — fg) COS @, (? — ."0) bl (?‘) . Hence, the system 1s not fume-invariant.

Cos mc.f| < 1. we have

Since

()] = x(r) cos 1| < |x(7)|
Thus, if the mnput x(7) 1s bounded. then the output yi1) is also bounded and the system 15 BIB0 stable.

Soru.
a) dl + 6y(t) = 4x(t)
dt

This is an ordinary differential equation with constant coefficients, therefore, it is linear and time-
mvariant. It contains memory and it is causal.

b) % + 4ty(t) = 2x(1)

This is an ordinary differential equation. The coefficients of 4t and 2 do not depend on v or . so the

system is linear. However. the coefficient 4t is not constant. so it is time-varying. The system is also
causal and has memory

c) y[n]+2v[n—1]=x[n+1]

This is a difference equation with constant coefficients; therefore. it is linear and time-invariant. It is
noncausal since the output depends on future values of x. Specifically. let x[n] = u[n]. then y[-1]=1.

d) y(t) = sm(x(t)



check linearity:
y1 (1) =sin(x; (1))
¥ (1) = sin(x, (1)
Solution to an input of a;x;(t) +a,x,(t) is sin(a;x;(t) +a,x,(1)).
This is not equal to a;y;(t)+a,y,(t).
As a counter example, consider x;(t) =7 and x,(t)=n/2,a;=a, =1

the system is causal since the output does not depend on future values of time, and it is memoryless
the system is time-invariant

) v[n+1]+4y[n]=3x[n+1]— x[n]

Rewrite the equation as y[n]+ 4y[n—1]=3x[n] — x[n — 1] by decreasing the index.
This is a difference equation with constant coefficients. so it is linear and time-invariant. The output does
not depend on future values of the input. so it is causal. It has memory.

h) y[n]=x[2n]

has memory since the output relies on values of the input at other the the current index n.

causal? Letx[n] =u[n-2]. sox[1]=0. Then y[1]=x[2] = 1. so not causal.

linear? Let y; [n] = x;[2n] and vy, [n] = x,[2n]. The response to an input of x[n] = ax,[n]+bx;[n] is
y[n] = ax;[2n]+bx,[2n]. which is ay;[2n]+by,[2n]. so this is linear

time-invariant: Let y,[n] represent the response to an input of x[n-NJ. so y;[n] = x[2(n-N)]. This is also
equal to y[n-N]. so the system is time-invariant.

1) y[n]=nx[2n]

This is similar to part h), except for the n coefficient. Similar to above, it is noncausal, has memory and is
linear. Check time-invariance:

Let y;[n] represent the response to an input of X[n-N]. so v;[n] =nx[2(n-N)]. This is not
equal to y[n-N] = (n-N)x[2(n-N)]. so the system is time-varying.

i) dl—’t’ + sin(0)y(0) = 4x(1)
C

This is an ordinary differential equation with coefficients sin(t) and 4. Neither depends on y or x. so it is
linear. However. the explicit dependence on t means that it is time-varying. It is causal and has memory.

2
d7y dy dx
k) =2 +102 + 4y(t) ==+ 4x(1)
dt2 dt dt
This is an ordinary differntial equation with constant coefficients. so it is linear and time-invariant. It is
also causal and has memory.



System Linear Time-invariant Cansal

y(t) = 3x(t) cos(t) ves no yes

U'Il” = _'v_,.-—:il.‘_‘{” no ves ves
: 1, z[n] >0

yln] = - i':w] - no yes ves
: -1, z[n| <0

t+1
y(t) = f x(A)dA ves ves o
[

y[n] = 2(z[n + 1uln] — z[n]) + 1 no no no

2.6. Zamandan Bagimsiz (Time Invariant)

Zamanda degismezlik ise bir sistemin girisinde to kadar gecikme oluyorsa, cikisinda da tg
kadar gecikme olmasidir. Bu durumda sistem zamanda degismezdir (time invariant). Bir
sisteme x(t) sinyalini girdigimizde y(t) sinyalini elde ediyorken, x(t - to) sinyalini girdigimizde
cikis ayni miktarda gecikerek y(t — to) cikis sinyalini veriyorsa sistem zamanda degismez (time
invariant) bir sistemdir.

Bir sistemin zamandan bagimsiz olabilmesi icin davranisi zamanin ne olduguna bagli
olmamalidir. Yani girdi sinyalinde yaptigimiz tim kaydirma islemleri ¢ikti sinyaline
yansimalidir. Ornegin

X(t) = y(t), x(t - to) = y(t - to)

Bir sistem ancak ve ancak, tiim x(t) ve tim tq degerleri icin, x(t-tg) icin sistem yaniti y(t-to) ise
zamanla degismeyen bir sistemdir. Burada y(t), sistemin x(t) icin Gretmis oldugu yanittir.



Sistemin davranisi ve Ozellikleri zamanla degismezse, bir sistemin zamanla degismez oldugu
soylenir. Boylece, bir zaman gecikmesi veya giris sinyaldeki zaman ilerlemesi, gikis sinyalinde
ayni gecikmeye veya ilerlemeye yol acarsa, bir sistemin zamanla degismez oldugu soylenir.

—L A(f) = T i)

f {

/ x(ion) [ 7 o) K

ky i ty t

Zamanla degismeven sistem

Dogrusal Zamanla Degismeyen sistem kiimesi bazi nedenlerden dolayi 6zellikle 6nemlidir.
Bu sistemlerin girislerine gosterdikleri yanit, basit bir sekilde giris isareti ile sistemin birim
dirt yanitinin evrisimi (konvoliisyonu) olarak elde edilebilir.

Soru: Asagidaki sistemin ozelliklerini belirleyiniz.
y@&) =x(t—-2)+x(2—-1t)

Nedensellik:

t = 0aninda, y(0) = x(—2) + x(2)

Sistemin su andaki degeri, gecmisteki ve gelecekteki degerine baghdir. Bu ylizden
sistem nedensel degildir. Clnki sistemin herhangi bir zamandaki ciktisi, mevcut
zamanda veya gecmiste girdi degerlerine bagliysa, sistem nedenseldir.

Bellekli ya da belleksiz:
Sistem belleklidir. Clnki t anindaki ¢ikis t’den farkli zamanlardaki giris degerlerine

baglidir.

Dogrusallik, Lineerlik:



Sistemin girisine x(t)=ax1(t)+bx2(t) sinyalini girdigimizde, ¢cikista y(t)=ayl1(t)+by2(t),
a ve b herhangi iki sabit olmak lizere, y(t) sinyalini elde ettigimiz sistemlere dogrusal
sistemler denir.

y@)=x(t—-2)+x(2—-1t)
yi(t) =x,(t—2)+x,(2 1)
V2(t) = x,(t —2) + x,(2 = t)

x(t) = ax; () + Bx,(8)

y(t) = (ax; + Bx3)(t —2) + (ax; + fx3)(2 —t)

y(@) =ax, (t —2) + Bx,(t —2) +ax; (2 —t) + Bx, (2 — )
y(t) =ax;(t—2) +ax;(2—t) + Bx,(t —2) + Bx,(2 — t)
y(@) = a(e(t —2) + (2 — ) + B(xa(t — 2) + x2(2 — 1))
y(©) = ay,(©) + By2(t)

sistem lineerdir.

Sistemin zamanla degisip degismedigi:

Bir sistemin zamandan bagimsiz olabilmesi igin davranisi zamanin ne olduguna bagh
olmamalidir. Yani girdi sinyalinde yaptigimiz tim kaydirma islemleri gikti sinyaline
yansimalidir. Ornegin

X(t) = y(t), x(t - to) = y(t - to)

Boylece, bir zaman gecikmesi veya giris sinyaldeki zaman ilerlemesi, gikis sinyalinde
ayni gecikmeye veya ilerlemeye yol acarsa, bir sistemin zamanla degismez oldugu
soylenir.

Ornek: y(t) = x(t-2)+x(2-t)
The system is time invariant. t -t —a
y(t—a)= x((t —a)— 2) + x(2 — (t — a))=y(t-a)

Time Invariance: The system is time mvariant. To see this, we let y(t) be
the output corresponding to the input =(¢) and let x,(t) = =(t —a)!. Then
the output y,(¢} corresponding to the input signal =, (#) 1s

yalt) Tt —2) + 1, (2 —£) (9)
i(t—a)—2)+ (2 — ([t —a)) (10}

y(t —a). (11}

oF



(e) yl{t) = cos(z(t)) [, mvertible, inear, | memoryless |, | time invariant )

Causality: The system 15 memoryless, hence causal.

Imvertibility: The system 1s NOT invertible, e.g. suppose that z1(t) = (7/2}u(t)
and xa(t) = —(w/2Ju(t). Then y(t) = cos(z1(t)) = 0 = cos(zalt))
ya(t), ¥t

Linearity: The system 1z NOT hnear because 1f

1y (t) cos(ry4(t)), and (37)
ya(t) cos(za(t)], (38)

and =(t) = axq(t) + Sra(t), then the output y(t) corresponding to the
input x{t) is

yit) cos{ari(t) + Hza(t)) (39)
cos(axy (1)) cos{ Grq(t)) — sinf oy (t) ) sin(Fra(t)) (40)
# wocos(ri(t)) + Feos(za(t])) (41)

in general. (We used an identity from Chapter B of the texbook to get the
second equality above. )

Memorylessness: The system 15 memoryless because the output at time ¢
depends on input values at only time ¢.

Time Invariance: The system 15 time invarant. To see this, we let y(t) be
the output corresponding to the mnput (t) and let r, (t) = ={t — a). Then
the output y,(¢) corresponding to the input signal =, (t) 1s

Yol t) = cos(r.(t)) = cos({x(t —a)) =yt — a). (42)

2.7. Ayrik Zamanlh Sistemler

In many applications of digital signal processing we wish to design a device or an algorithm
that performs some prescribed operation on a discrete-time signal. Such a device or
algorithm is called a discrete-time system. More specifically, a discrete-time system is a
device or algorithm that operates on a discrete-time signal, called the input or excitation.
according to some well-defined rule, to produce another discrete-time signal called the
output or response of the system. In general, we view a system as an operation or a set of
operations performed on the input signal x(n) to produce the output signal y (n ), We say
that the input signal x ( n ) is transformed by the system into a signal y ( n Jan, d express the
general relationship between x( n ) and y(n)

v(n) = T[x(n)]



where the symbol T denotes the transformation (also called an operator), or processing
performed by the system on x( n ) to produce y ( n ). as shown below .

NN dikiE

x{n) _ : .
w! Discrete-time vind
. System .
Input signal : Output signal
or excijtation Or response

There are various ways to describe the characteristics of the system and the operation it
performs on x ( n ) to produce y ( n ), we shall be concerned with the time-domain
characterization of systems. We shall begin with an input-output description of the system.
The input-output description focuses on the behavior at the terminals of the system and
ignores the detailed internal construction or realization of the system. In this description we
develop mathematical equations that not only describe the input-output behavior of the
system but specify its internal behavior and structure.

Input-Output Description of Systems

The input-output description of a discrete-time system consists of a mathematical
expression or a rule, which explicitly defines the relation between the input and output
signals (input-output relationship). The exact internal structure of the system is either
unknown or ignored. Thus the only way to interact with the system is by using its input and
output terminals (i.e., the system is assumed to be a "black box" to the user). To reflect this
philosophy. we use the graphical representation in figure above.

Example.
Determine the response of the following systems to the input signal

., _3<n<3

xéin) =
{ 0, otherwise

(a) v{n) = x(n)

(b) yiny=x(n—1)

(¢} yin)=x(n+1)

(d) viny= _';[J:ln +Htximtxin- §)!

(€) vin)=max{x(nT 1). x(n).xtn - 1)}

N ymy=3,  xth=xtm+xin-1)+x(a-2)*F_ .



Solution First. we determine explicitly the sample values of the input signal
xim=1...032.1.01.230...)
T

(a) In this case the output is exactly the same as the input signal. Such a system is known as
the identity system.
(b) This system simply delays the input by one sample. Thus its output is given by

x(ny=1{..03.21.01230,..)
4

2.8. Sistemlerin Blok Diyagram Gosterimi ve
Matematiksel Modellenmesi
It is useful at this point to introduce a block diagram representation of discrete time

systems. For this purpose we need to define some basic building blocks that can be
interconnected to form complex systems.



Diagrams of basic signal operations: (a) adder,
(b) constant multiplier, (c) delay, and (d) time
windowing or modulation.

x(t) . zlt)l=xltl+ylt

(a)

x(t) o x(t)
—_—

(b)

An adder. Figure below illustrates a system (adder) that performs the addition of two signal
sequences to form another (the sum) sequence, which we denote as y(n). Note that it is not
necessary to store either one of the sequences in order to perform the addition. In other

words, the addition operation is memoryless.

.I|lﬂ.:'

x3im)

vin)=x,(n)+ xsin)

A constant multiplier. This operation is depicted by Fig. below, and simply
represents applying a scale factor on the input x ( n ) . Note that this operation is also

memoryless.

xin) [

vin) = ax(nt

A signal multiplier. Figure below illustrates the multiplication of two signal sequences to

form another (the product) sequence, denoted in the figure as

y(n). Asinthe preceding two cases, we can view the multiplication operation as

memoryless.



Xplm) viny=xylnja,in)

¥

I:[ﬂl

A unit delay element. The unit delay is a special system that simply delays
the signal passing through it by one sample. Figure below illustrates such a system. If the
input signal is x ( n ), the output is x(n - 1). In fact, the sample x(n - 1) is stored in memory at
time n -1 anditis recalled from memory at time n to form

v(n) =x(n—1)

Thus this basic building block requires memory. The use of the symbol ,z"* to denote the unit
of delay will become apparent when we discuss the Z transform

x(n) vin)=x{n-1)

A unit advance element: In contrast to the unit delay, a unit advance
moves the input x({ n ) ahead by one sample in time to yield x(n + 1). Figure below illustrates
this operation, with the operator Z being used to denote the unit advance.

xin) viny=x(n+1)

We observe that any such advance is physically impossible in real time, since. In fact, it
involves looking into the future of the signal. On the other hand. if we store the signal in
the memory of the computer, we can recall any sample at any time. In such a non real-time
application, it is possible to advance the signal x(n) in time.

Example .
The discrete-time system described by the input-output relation.



¥(n) = ivin = 1)+ ix(n) + dx(n = 1)

where x (n ) is the input and y ( n ) is the output of the system.

Solution : the output y ( n ) is obtained by multiplying Input x ( n ) by 0.5, multiplying the
previous input x( n - 1 ) by 0.5. adding the two products, and then adding the previous
output y(n - 1) multiplied by 1/4. Figure a illustrates this block diagram realization of the
system. A simple rcarrangcrncnt .

vin) = jvin — 1)+ fxin) + x(n — 1]

leads to the block diagram realization shown in Fig. b. Note that if we treat "the system"
from the "viewpoint" of an input-output or an external description.

Black bax
' 0.5
: = :-I
x(my i /,ﬁ-\ 1
—_— + + F r vind
! 05 N I
' 0.25 '
{a)
........................... Blackbox ...
; Pl .
x(n) - f 0.5 ) '
—— Ox AP s s
: [} s
! 025 =— !

..........................................................



FIGURE

Positive feedback system: the microphone picks
up input signal x(ty and the amplified and
delayed signal gyit — r), making the system
unstable.,

Solution
The input-output equation is
yt) = x(t) + py(t — 1)

If we use this expression to obtain y(t — t), we get that
pit—t)=x(t — 1)+ Byt — 21)
and replacing it in the input-output equation, we get

¥(£) = x(t) + Blx(t — 1) + By(t — 21)] = x(t) + Bxa(t — 1) + Boy(t — 21)

Repeating the above scheme, we will obtain the following expression for y(t) in terms of the input
y(t) = x(t) + Px(t — 1) + Blx(t — 21) + Bx(t —31) + -+
If we let x(t) = u(t) and g = 2, the corresponding output is
vit) =u(t) + 2u(t — 1)+ 4uif —2)+Bult —3)+---

which continuously grows as time increases. The output is clearly not a bounded signal, although
the input is bounded. Thus, the system 1s unstable, and the screeching sound from the speakers
will prove it—you need to separate the speakers and the microphone to avoid it.



2. (15 pts.) Consider the following system:

. z[n
x[n] |2 - [ ] F v[n]
[A]

Here, the system F is defined by the input-output relationship
F{z[n]} =2[n] —z[n —1],

and A is the unit delay
A{-w[-n]} =wln — 1].

Write down the linear difference equation describing this system.

Solution. Let 2[n| be the output of the summer, as shown above. Then

y[n] = F{?[n]} = 2[n] —2[n—1].
Now.
2[n] = 2z[n] — A{y[n]} = 2z[n] — y[n —1].
Therefore, substituting the expression for 2[n] into the first equation, we can write
yln] = z[n]—2n—1]
= (?m[n] —y[n— 11) - (\2:1:[n —1] —y[n— 21)

=z[n] =z[n—1]

= 2z[n]—y[n—1] —2z[n— 1]+ y[n —2].

Simplify to get

y[n] +y[n — 1] — y[n — 2| = 2z[n] — 2z[n — 1]




2.9. Ayrik Zamanlh Sistemlerin Siniflandirilmasi

In the analysis as well as in the design of systems, it is desirable to classify the systems
according to the general properties that they satisfy. In fact, the mathematical techniques
that we develop in this and in subsequent chapters for analyzing and designing discrete-
time systems depend heavily on the general characteristics of the systems that are being
considered. For this reason it is necessary for us to develop a number of properties or
categories that can be used to describe the general characteristics of systems.

We stress the point that for a system to possess a given property, the property must hold
for every possible input signal to the system. If a property holds for some input signals but
not for others, the system does not possess that property.

Thus a counterexample is sufficient to prove that a system does not possess a

property. However, to prove that the system has some property. we must prove that this
property holds for every possible input signal.

Static versus dynamic systems. A discrete-time system is called static or memoryless if its
output at any instant n depends at most on the input sample at the same time, but not on
past or future samples of the input. In any other case, the system is said to be dynamic or to
have memory. If the output of a system at time n is completely determined by the input
samples in the interval from n — N to n(N > 0), the system is said to have memory of
duration N. If N = 0. the system is static. If 0 < N < og, the system is said to have finire
memory. Whereas if N = o, the system is said to have infinite memory.

The systems described by the following input-output equations

y{n) = ax(n)
v(ny = nx(n) ¥ bx’(n)

are both static or memoryless. Note that there is no need to store any of the past inputs or
outputs in order to compute the present output. On the other hand, The systems described
by the following input-output relations

y(n) = x(n) +3x(n —1)

y{n) = Ex{n - k)
k=0

ix[n—-k}

k=0

yin)

are dynamic systems or systems with memory.
The first two systems described above have finite memory, whereas the last system has
infinite memory.



Time-invariant versus time-variant systems. We can subdivide the general class of systems
into the two broad categories, time-invariant systems and time-variant systems. A system is
called time-invariant if its input-output characteristics do not change with time. To
elaborate, suppose that we have a system 'T in a relaxed state which, when excited by an
input signal x(n), produces an output signal y(n). Thus we write

y{n) = Tx{(n)]
Now suppose that the same input signal is delayed by k units of time to yield x(n - k), and
again applied to the same system. If the characteristics of the system do not change with
time, the output of the relaxed system will be y(n -k). That is, the output will be the same as
the response to x(n). except that it will be delayed by the same k units in time that the input
was delayed. This leads us to define a time-invariant or shift-invariant system as follows.
Definition. A relaxed system T is Time invariant or shift invariant if and only if

x{(n) —> y(n)

implies that

x(n — k) == y(n — k)

for every input signal x ( n ) and every time shift k

To determine if any given system is time invariant, we need to perform the

test specified by the preceding definition. Basically, we excite the system with an arbitrary
input sequence x ( n ), which produces an output denoted as y(n). Next we delay the input
sequence by same amount k and recompute the output. In general, we can write the output
as

vin, k) = T[x(n = k)]

Now if this output y(n, k) = y(n - k), for all possible values of &, the system is time invariant.
On the other hand, if the output y(n, k ) # y(n - k), even for one value of k, the system is time
variant.

Example .

Determine if the systems shown in Fig. below are time invariant or time variant.
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Solution
(a) This system is described by the input-output equations

vin) = Tlxtm)] =xtn)— x(n - 1)

Now if the input is delayed by k units in time and applied to the system, it is
clear from the block diagram that the output will be

vin ky=xn=-k)—xtn —k =1

On the other hand if we delay y(n) by k units in time. we obtain

vin—ky=x(n—k)y—xn-k—-1)
v(n.k)=y(n-k). Therefore, the system is time invariant.

Linear versus nonlinear systems. The general class of systems can also

be subdivided into linear systems and nonlinear systems. A linear system is one that
satisfies the superposition principle. Simply stated, the principle of superposition requires
that the response of the system to a weighted sum of signals be equal to the corresponding
weighted sum of the responses (outputs) of the system to each of the individual input
signals. Hence we have the following definition of linearity.

Definition. A relaxed T system is linear if and only if

Tlayxi(n) + axx2(m}) = ay T[x1(n)] + a2 T [x2(n) ]

for any arbitrary input sequences x;(n) and x,(n), and any arbitrary constants a; and a,.
Figure below gives a pictorial illustration of the superposition principle.
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Determine if the systems described by the following input-output equations arc linear or
nonlinear.

(a) vin} = nx{n) (b) ¥in} = x(n°) () ¥in) = ¥n)
(d) _"*{ﬂ) - A.I{H_) + B {E) ‘]-(n) — IE,:rlrl"l

Solution
(a) For two input sequences x;( n ) and ay(n), the corresponding outputs are

yi{n) = nxy(n}

yain) = nxa(n)

A linear combination of the two input sequences results in the output
vi(n) = Tia\x)(n) + arxa(m)} = nlayx, (n) + aav-(n}]

= @nx(n) + danxz(nj
On the other hand. a linear combination f the two outputs result in the output

a vin) +av:(n) = aynxy(n) + a>nxa{n)

Since they are identical, the system is linear.

Example of a Linear System
To illustrate system linearity, let's say we have the discrete system shown below in Figure

(a) whose output is defined as

_ —x(n)
y(n)= 5

block diagram where y(n) = —x(n)/2; (b) system input and output with a 1-Hz sine wave

applied; (c) with a 3-Hz sinewave applied; (d) with the sum of 1-Hz and 3-Hz sinewaves
applied.
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that is, the output sequence is equal to the negative of the input sequence with the
amplitude reduced by a factor of two. If we apply an x;(n) input sequence representing a 1-
Hz sinewave sampled at a rate of 32 samples per cycle, we'll have a y;(n) output as shown in
the center of Figure (b). The frequency-domain spectral amplitude of the y;(n) output is the
plot on the right side of Figure (b), indicating that the output comprises a single tone of peak
amplitude equal to —0.5 whose frequency is 1 Hz. Next, applying an x»(n) input sequence
representing a 3-Hz sinewave, the system provides a y,(n) output sequence, as shown in the
center of Figure (c). The spectrum of the y,(n) output, Y>(m), confirming a single 3-Hz
sinewave output is shown on the right side of Figure (c). Finally—here's where the linearity
comes in—if we apply an x3(n) input sequence that's the sum of a 1-Hz sinewave and a 3-Hz
sinewave, the y3(n) output is as shown in the center of Figure (d).Notice how ys(n) is the
sample-for-sample sum of y1(n) and y,(n). Figure (d) also shows that the output spectrum
Y3(m) is the sum of Y;(m) and Y,(m). That's linearity.



Example of a Nonlinear System

It's easy to demonstrate how a nonlinear system yields an output that is not equal to the

sum of y1(n) and y,(n) when its input is x1(n) + x2(n). A simple example of a nonlinear

discrete system is that in shown below in Figure (a) where the output is the square of the

input described by
yii) = [x(m)]* .

Nonlinear system input-to-output relationships: (a) system block diagram where y(n) =
[x(n)]2; (b) system input and output with a 1-Hz sinewave applied; (c) with a 3-Hz
sinewave applied; (d) with the sum of 1-Hz and 3-Hz sinewaves applied.
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We'll use a well known trigonometric identity and a little algebra to predict the output of

this nonlinear system when the input comprises simple sinewaves. Let's describe a

sinusoidal sequence, whose frequency fo = 1 Hz, by

x (i) =sin(2xf nt) =sin(2Zx - 1 - nt)) .

describes the x1(n) sequence on the left side of Figure (b). Given this x; (n) input sequence,

the y1(n) output of the nonlinear system is the square of a 1-Hz sinewave, or
y,(n) = [rl{n}F =sin(2r - 1-nt) -sin(2r-1-nt) .



We can simplify our expression for y;(n) in by using the following trigonometric identity:
cos(x—fB) cos(a+ fB)

2 2 '
we can express y1(n) as

cos(2m-1-nt, - 2m-1-nt,) cos(2m-1-nt.+2n-1-nt.)
()= > - ) '

sin(e)-sin(f) =

_cos(0) cos(4m-1-nt.) 1 cos(2m-2-nt,)
2 2 2 2
which is shown as the all positive sequence in the center of Figure (b). Because Equation

r

above results in a frequency sum ( a + B) and frequency difference ( a — ) effect when
multiplying two sinusoids, the y;1(n) output sequence will be a cosine wave of 2 Hz and a
peak amplitude of —0.5, added to a constant value of 1/2. The constant value of 1/2 in Eq.
below is interpreted as a zero Hz frequency component, as shown in the Y;(m) spectrum in
Figure (b). We could go through the same algebraic exercise to determine that, when a 3-Hz
sinewave x,(n) sequence is applied to this nonlinear system, the output y,(n) would contain
a zero Hz component and a 6 Hz component, as shown in Figure 1 (c).System nonlinearity is
evident if we apply an x3(n) sequence comprising the sum of a 1-Hz and a 3-Hz sinewave as
shown in Figure (d). We can predict the frequency content of the y3(n) output sequence by
using the algebraic relationship
(a+b)* = a*+2ab+b*,
where a and b represent the 1-Hz and 3-Hz sinewaves, respectively. From Equation:
cos(a - ff)  cos(a+ f3)

2 2

sin(er)-sin( @) =

the a2 term in Equation:
(a+b)* = a*+2ab+b*,

generates the zero-Hz and 2-Hz output sinusoids in Figure (b). Likewise, the b® term
produces in y3(n) another zero-Hz and the 6-Hz sinusoid in Figure (c). However, the 2ab term
yields additional 2-Hz and 4-Hz sinusoids in y3(n). We can show this algebraically by using
Equation:
cos(a— B) cos(a+ )

2 2
and expressing the 2ab term in Equation:
(a+b)* = a*+2ab+b*,
as
2ab=2-sin(2r-1-nt.)-sin(2m-3-nt,)

sin(e)-sin(f) =

_ 2cos(2m-1-nt, —2m-3-nt,) 2cos(2m-1-nt, +2n-3-ni)
- 2 2

=cos(2m+2-nt,)=cos(2n-4-nt.) '



Equation above tells us that two additional sinusoidal components will be present in y3(n)
because of the system's nonlinearity, a 2-Hz cosine wave whose amplitude is +1 and a 4-Hz
cosine wave having an amplitude of —1. These spectral components are illustrated in Y3(m)
on the right side of Figure (d).

Notice that, when the sum of the two sinewaves is applied to the nonlinear system, the
output contained sinusoids, Equation above, that were not present in either of the outputs
when the individual sinewaves alone were applied. Those extra sinusoids were generated by
an interaction of the two input sinusoids due to the squaring operation. That's nonlinearity.
Although nonlinear systems are usually difficult to analyze, they are occasionally used in
practice, for example, describe their application in nonlinear digital filters.

Causal versus noncausal systems. We begin with the definition of causal

discrete-time systems.

.Definition. A system is said to be causal if the output of the system at any

time n [i.e., y (n ) ] depends only on present and past inputs [i.e.,x(n ), x(n-1),...x (n-2),
...], but does not depend on future inputs [i.e., x(n+1),x(n+2), ...]. In mathematical
terms, the output of a causal system satisfies an equation of the form

vin) = Flx(n), x{in — 1), x(n = 2),...]

where F[.] is some arbitrary function.

If a system does not satisfy this definition, it is called noncausal. Such a system has an
output that depends not only on present and past inputs but also on future inputs.

It is apparent that in real-time signal processing applications we cannot observe future
values of the signal, and hence a noncausal system is physically unrealizable (i-e., it cannot
be implemented). On the other hand, if the signal is recorded so that the processing is done
off-line (nonreal time), it is possible to implement a noncausal system, since all values of the
signal are available at the time of processing.

This is often the case in the processing of geophysical signals and images.

Example.

Determine if the systems described by the following input-output equations are causal or
noncausal.

(a) yin)=x(n) _xin -1) (b) vin) = Z;':_u_.r{k) (¢) ¥in)=ax(n)
@ yim)=x(m)F3x(n¥4) () vin)=x(n?

vin) = x(-n)

(f)

Stable versus unstable systems. Stability is an important property that must be considered
in any practical application of a system. Unstable systems usually exhibit erratic and
extreme behavior and cause overflow in any practical implementation.



Definition: A system is said to be stable in the bounded input-bounded output sense if, for
any input that is bounded,

lx(n)] < A = o0,

the output will be bounded,
y(n)] =B <0

For a linear shift-invariant system, stability is guaranteed if the unit sample response is
absolutely summable:

oG

Z lhin)| = o0 (1.8)

n=—00

EXAMPLE An LS| system with unit sample response h(n) = a"u(n) will be stable whenever
la,1 < 1, because

o o 1
2 Ihi = lal = g lal <1

A==

The system described by the equation y(n) = nx(n), on the other hand, is not stable because
the response to a unit step, x(n) = u(n), is y(n) = nu(n), which is unbounded.

Interconnection of Discrete-Time Systems

Discrete-time systems can be interconnected to form larger systems. There are two basic
ways in which systems can be interconnected: in cascade (series) or in parallel. These
interconnections are illustrated in Fig. below. Note that the two interconnected systems are
different.

In the cascade interconnection the output of the first system is

A B A e T ae e e om A A e e o o M o R e — o wm m m m o mw




ximj

(h)
and the output of the second system is

v(n) = Ty (n)]
= T{Ti[x(n)])

We observe that systems T; and T, can be combined or consolidated into a single overall
system

7. =0T

—~

Consequently, we can express the output of the combined system as

v(n) = Tjx{n)]

1 - 1 | -

In general, the order in which the operations T, and T ,are performed is important. That is,
Lh #1T7Th

for arbitrary systems. However. if the systems T1 and T2 are linear and time invariant, then
(a) T¢ is time invariant and (b) T,T1=T1T2that is, the order in which the systems process the
signal is not important. T,T; and T;T, yield identical output sequences,
In the parallel interconnection, the output of the system ;T1; is y1( n ) and the output of the
system T2 is y2(n). Hence the output of the parallel interconnection is



vi(n) = yi(n) + ya(n)
= Ti[x(m)] + T2[x(n)]
= (71 + T)[x(n)]
= Tp[x(n)]

T,=T1 + 7T

In general, we can use parallel and cascade interconnection of systems to construct larger,
more complex systems. Conversely, we can take a larger system and break it down into
smaller subsystems for purposes of analysis and implementation. We shall use these notions
later, in the design and implementation of digital filters.



3 . Fourier Transform

Fourier donisiimd, sadece sinls ve kosinlis temel islevleri kullanilarak sentezlenebilen
sinyalleri analiz etmek igin yeterlidir.

Dinyadaki birgok sey, bir dalga formu araciligiyla tanimlanabilir - zaman, mekan veya baska
bir degiskenin fonksiyonu. Ornegin, ses dalgalari, elektromanyetik alanlar, radyodan
dinlediginiz mizik, hisse senetlerini zamana gore fiyati, nefesinizin sikhgi vb.

Fourier Donustim, bize bu dalga formlarini dogrudan gorintilemenin benzersiz ve gugli bir
yolunu sundugu icin dnemli bir rol oynamaktadir. Fourier Transform, gériinti analizi,
goruntd filtreleme, gorintl rekonstriiksiyonu ve goriinti sikistirmasi gibi cok cesitli
uygulamalarda kullanilir.

Bir Fransiz matematikgi ve fizik¢i Jean Baptiste Joseph Fourier, Fourier analizini gelistirdi.
Periyodik sinyalin uygun secilmis sintizoidal dalgalarin toplami olarak temsil edilebilecegi
konusunda tartismali bir iddiaya sahipti. Bu yazinin bir gézden gegiricisi olan matematikgi
Lagrange, stireksiz egimler gibi koseleri olan sinyalleri temsil etmek icin bir yaklasimin
kullanilamayacagi konusunda israr etti. Lagrange’in gorisi dogruydu ama tam olarak degil,
¢clinki sifir enerjiye sahip iki sintizoidal isaret arasindaki fark ¢cok yakindi. Makale sonunda
Lagrange oldiikten sonra yayinlandi. Fourier’in genelleme iddiasinin biraz kuvvetli oldugu
ortaya ciksa da, sonuglari giiniimiize kadar devam eden dnemli bir arastirma selini harekete
gecirdi.

Fourier dontsimd fizik ve mihendislik alanindaki bircok uygulama ile matematiksel bir
donusimdr. Fourier serileri denilen trigonometrik serileri kullanarak kismi diferansiyel
denklemleri iceren bircok dnemli problemi ¢ozebiliriz.

Evrende gozlediginiz tim dalga formlari farkli frekans ve genliklere sahip sinis
fonksiyonlarinin toplamindan ibarettir!



The Fourier transform

we'll be interested in signals defined for all ¢

the Fourier transform of a signal f is the function
F(w) :/ f(t)e Iwtdt

e Fis a function of a real variable w; the function value F(w) is (in
general) a complex number

F(w) = / f(t) coswt dt — j/ f(t)sinwt dt

e |F(w)| is called the amplitude spectrum of f; /F(w) is the phase
spectrum of f

e notation: F' = F(f) means F is the Fourier transform of f; as for

Laplace transforms we usually use uppercase letters for the transforms
(e.g., 2(t) and X (w), h(t) and H(w), etc.)

Fourier transform and Laplace transform

Laplace transform of f

F(s) :/o f(t)e st dt

Fourier transform of f

G(w) = / f(t)e 9t at

very similar definitions, with two differences:

e Laplace transform integral is over 0 < t < oc; Fourier transform integral
is over —o0 < t < X0

e Laplace transform: s can be any complex number in the region of
convergence (ROC); Fourier transform: jw lies on the imaginary axis



rectangular pulse: f(t) = L —r=t=1
gularpuise: JI =1 0 > 1
T : 2sinwT’
Fw) = / eIt df = —— (e79eT — i) = 220
-T Jw W
1 2T - R
S 3
-~ 3
1] —————————— ' i

Fourier transform of periodic signals

similarly, by allowing impulses in F(f), we can define the Fourier transform
of a periodic signal

sinusoidal signals: Fourier transform of f(f) = coswgt

1 [, . . .
Fw) = 5/ ((-?3""0* + f:-'-_-"‘""“t) e Iwt dt
1 [~ . 1 [°° .
I ,—J(w—wg)t - ,—J(w+wp)t
= 2/ & d?‘-—l—gf € dt
—o0 — oo

= 7mo(w — wp) + TO(w + wo)

F(w)

—Wo Wo



Fourier transform of f(f) = sinwgt

=L — 00
1 [ 1 [
= — G_j{w_wo}tdf 4+ —— {___,—j(wg—l—w)t{_it
oy 9.
2] J—o Y Y

= —jmé(w — wp) + jTé(w + wo)

F(w)

EL
‘ .‘)U i
—wp \ hadt

Examples
-
sign function: f(t) = { _} iz 8

write f as f(t) = —1 + 2g(t), where g is a unit step at £ = 0, and apply
linearity

~ N 2 2
Flw) = —2mo(w) +2mo(w) + 7= = —=

sinusoidal signal: f(#) = cos(wot + ¢)

write [ as
£(t) = cos(wolt + ¢/wp))
and apply time shift property:

F(w) = med“?/%0 (§(w — wo) + 8(w + wo))



0 |t >10

pulsed cosine: f({) = { cost —10 <t <10

1f ' N A
| [ |
I|I | f Ill I| I|I
[ [ [
[ [ I
0.5} 0 O O R
[ [ [
[ [ [
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¥ ¥ ! |
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-10 0 10

write f as a product f(t) = g(t)cost where g is a rectangular pulse of
width 20 (see page 12-7)

, y _ 2sin 10w
Flecost) =md(w—1)+md(w+ 1), F(g(t)) = —
The inverse Fourier transform
if F'(w) is the Fourier transform of f(%), i.e.,
F(w) = / f(t)e=I«t dt
then | oo
_ = Y edwt g
f(t) = o f_mF(w)c, dw
let's check
1 > f Jwt g, o 1 > - g —JjwT jwt g
g o F(_w)(.'"} dw = g . ([r:_m f(T)f.‘. J ) 7 dw

1 [ - -
= — f(7) (/ t:-‘-'_j'*'('r_t}dw) dt
Nr=—x w=—0C

2m
= fx f(r)o(r — t)dr
f(t)



Fourier Transform:

F(jo) = j: f(t)ej“”dtl

[ e =—L e

1. Find the Fourier series for (periodic extension of)

1, tel0,2);
f{t]:{—l, te[2,4).

Determine the sum of this series.

2. Find the Fourier series for (periodic extension of)

_[t=1, t € [0,2);
m)_{g—t, t € [2,4).

Determine the sum of this series.

3. Find the sine Fourier series for (periodic extension of)

[ t-1, t € [0,2);
fm_{g—z, te[2,4).

Determine the sum of this series.

4. Find the cosine Fourier series for (periodic extension of )
1, te][0,1);
ro={,
. te[l1,4).
Determine the sum of this series.

5. Find the Fourier series for (periodic extension of)

flt)=1—¢% te[-1,1).

Determine the sum of this seres.



Soru:

The Fourier series for the function f(z) = sin’z is

flz) =sin’z = I_Eﬁﬂ

=0.5—-0.5 cos2z
flx) = Ay + Zﬂ-ﬂ cos nwy T+ bysin nwy T

n=1

+ - .
f(T} = sin“r is an even function so b, =0

Ap =05

—05, n=1
ady =

[U , otherwise
wp =20 — 2T _ 9

1 T



Soru-15:

Fourier Transform:

F(jo)= [; F(He ™ dt

)
1 i "1
Sekilde verilmis olan f(t)’nin fourier déntisiimiinii bulunuz.
1
1 |
[l =L e
-1 _J(D .
1
. o0 —j(DI 1 _ it ]_ ot
F(jo)=[ f@Oe""di=[e"dt =——e

_ZSinco

Leo-e)
Q) ()}



Soru-16:

Fourier Transform:

F(jo)= j_‘: f(r)ef"”drl

r AD)
> [
Sekilde verilmis olan f(t)’nin fourier déniisiimiinii bulunuz.
C = joot _ 1 - jeof
e df = —¢€

F(jo)=[ f@e™di =["ee ™ dr
1

= [ gy =——
0 o+ jo



Soru-3:

—1 —1<t<0

x(t)=< 1 0<t<1

0 elsewhere

L)

a) X(t) fonksiyonunu ciziniz

¥

b) Fourier dontsiimini bulunuz

0
X(w) = I _’“"dt+ e 1vdt
-1 0
1
I Jl’.Ltdt_I_J. —watdt
0

= -2 J sin (wt) dt
0
1

= 2jlcos{wt)
w

0

= 21& (cos(w)—1)
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3.1. Matlab ile Sinyal Analizi

Y = fft(X) computes the discrete Fourier transform (DFT) of X using a fast Fourier transform

(FFT) algorithm.

Y = fft(X,n) returns the n-point DFT. If no value is specified, Y is the same size as X.

Ornek:
Gurdaltala Sinyal

Use Fourier transforms to find the frequency components of a signal buried in noise. Specify
the parameters of a signal with a sampling frequency of 1000Hz and a signal duration of 150

ms.
clear all

close all

Fs = 1000; % Sampling frequency
T=1/Fs; % Sampling period

L =150; % Length of signal

t = (0:L-1)*T; % Time vector

S1 =0.7*sin(2*pi*50*t);
S2 = sin(2*pi*120*t);
figure, plot(t,S1)

figure, plot(t,S2)

$=S1+S2;
figure, plot(t,S)
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-1.5
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0.02 0.04 0.06 0.08 0.1 0.12 0.14

Y = fft(S);
figure, plot(fftshift(abs(Y)))
G = S + 0.25*randn(size(t));
figure, plot(t,G)
FG=fft(G)
figure, plot(fftshift(abs(FG)))
05

P2 = abs(FG/L);
P1="P2(1:L/2+1);
P1(2:end-1) = 2*P1(2:end-1);
f = Fs*(0:(L/2))/L;

figure, plot(f,P1)

title('Single-Sided Amplitude Spectrum of G(t)')

xlabel('f (Hz)")
ylabel('|P1(f)]")
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3.2. Fourier analysis and Matlab

Baslangic olarak, bazi basit 1D sinyalleri olusturalim ve Fourier dénulsimlerini inceleyelim.
Bu ilk Ornekte, basit bir periyodik sinyalin frekans igerigini kontrol edecegiz. Verilen
blyuklik, frekans, 6rnekleme orani ve siireye sahip bir kosiniis sinyali olusturun:

clear all
close all

mag = 2; % magnitude (arbitrary units)
f =5; % frequency in Hz
Ps=50; % number of sampling on a periot
samp = f£*Ps; % sampling rate in Hz
t = 0:1/samp:1-1/samp; % time (ls of data)
N = length(t)
X = mag*cos (2*pi*f*t); % the signal equation
figure
plot(t,x,"'.=-");
2 T T T T T
1.5 ]
1~ 4
0.5 ]
or i
0.5~ ]
- -
-151- !
2 4 r % r 4 r ¥ r 4

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Ornekleme hizi (saniyedeki &rnek sayisi) ile sinyalin frekansi arasindaki iliskinin iyi
anlasilmasi gerekir. Siiresi 1 saniye olan bir sinyal Uretildiginden, saniyedeki déngi sayisi
kolayca hesaplanabilir:

Frekans=5Hz ise bir sinyalin peryodu=T=1/5=0.2 sec.

1 saniyede Uretilecek sinyal sayisi=1 saniye * frekans=5 adettir.

Bir peryotluk sinyaldeki 6rnek sayisi=toplam 6rnek sayisi/sinyal sayisi=100/5=20 adettir.



Ornek:
1 saniyede Uretilecek sinyal sayisi=2 adet ise T=1/2=0.5sec, f=1/T=2Hz,
Toplam 6rnek sayisi=Bir peryotluk sinyaldeki 6rnek sayisi * sinyal sayisi=40*2=80 adettir.

clear all
close all

mag = 2; % magnitude (arbitrary units)

£ =5 % frequency in Hz

Ps=50; % number of sampling on a periot
samp = f*Ps; % sampling rate in Hz

t = 0:1/samp:1-1/samp; % time (ls of data)
N = length(t)

X = mag*cos (2*pi*f*t); % the signal equation
figure

plot(t,x,"'.-");

xlabel ('Time (sec)');
ylabel ("Amplitute');
title('mag*cos (2*pi*f*t) ")

mag*cos(2*pi*f*t)
29 T T T T

Amplitute
o
]
1

_2' [ [ r r
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Time (sec)
Son zaman noktasinin kaldirilma nedeni, FFT yaparken, matlab, sinyali periyodik varsayar ve
kendisini stiresiz olarak tekrarlar. Matlab'in sinyalin saf sonsuz bir kosints fonksiyonu
oldugunu gormesi gerekir.



Bu sinyalin Fourier donisimuinu alalim,
clear all
close all

mag = 2; % magnitude (arbitrary units)

freq = 2; % frequency in Hz

samp = 80; % sampling rate in Hz

t = 0:1/samp:1-1/samp; % time (ls of data)
N = length (t)

X = mag*cos (2*pi*freg*t); % the signal equation

figure, plot(t,x,"'.-");

y = fft(x); % do Fast Fourier Transform
f = linspace(0,N-1,N); % vector of frequencies for plotting
figure, plot(f,abs(y),"'.-"); % plotting the magnitude of the FFT
figure, plot(f(1:N/2),abs(y(1:N/2))); % plotting half of the fft results
xlabel ('"Freg (Hz)'"); % labelling x-axis
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Bu ¢izime gii¢ spektrumu denir.
ilk yiikselti kosiniis fonksiyonunun frekansi ile cakisiri. ikinci zirve simetrigidir. Bu nedenle,
fourier donlisiimiiniin sadece ilk yarisini gosterilir:
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Matlab'da (ifft) ters FFT islevi:

Biri bliyuklik ve digeri faz olan iki sinyalin ters fourier dontsimu

Note: Compute the value of e™. The notation 1i is Matlab's code for the famous imaginary
number sqrt(-1).

Y = exp(1i*pi)

Y =-1.0000 + 0.0000i

clear all
close all

’

spike in the magnitude at freg=3

mag = zeros (1,100
mag(3)=1;

mag (5)=.3;
ph=zeros (1,100);

)
% spike in the magnitude at freg=5
% zero phase throughout

y = mag.*exp (li*ph); % the complex signal (fft of some real signal)
figure, plot (abs(y))

x = 1fft(y); % the inverse fft (x is in general complex too)

x1l = real(x); % here we imagine that we can "measure" the real part of x
z = ifft (maqg); % here we just use the magnitude to do the ifft

z1l = real(z);

figure, plot(xl,'.-r') % plot the real part of the signal

)

figure,plot(zl,'.-b") % plot the ifft of the magnitude
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Inverse FFT

clear all

close all
mag = 2;
freq = 5;
samp = 200;

magnitude (arbitrary units)
frequency in Hz

e o° oo

sampling rate in Hz

t = 0:1/samp:1-1/samp; % time (ls of data)

N = length(t); % store the number of time points

x = mag*cos (2*pi*freg*t + 10); % the signal equation (+phase)

figure, plot(t,x,'.-");

y = fft(x); % do Fast Fourier Transform

f = linspace(0,N-1,N); % vector of frequencies for plotting

figure, plot(f(1:N/2),abs(y(1:N/2))); % plotting half of the fft results
xlabel ('"Freg (Hz)'"); % labelling x-axis

z = ifft(y);

plOt(tI Zy 'I——');
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2D Fourier transform:
Matlab'daki FFT'nin 2 boyutlu versiyonuna FFT2 denir. Simdi bir resme 2D Fourier

donlsimiini uygulayacagiz.
clear all
close all
im=imread ('Apricot.png');
figure, imshow (im)
iml=im(:,:,1);
figure, imshow (iml)

y=fft2 (iml) ;

clim=quantile (abs(y(:)),[.01 .991);

figure

imagesc (fftshift (abs(y)),clim);colormap gray
title('magnitude');

clim=quantile (angle(y(:)),[.01 .99]);

figure

imagesc (fftshift (angle(y)),clim);colormap gray
title('phase')



Sampling and aliasing

Verilerin ayrik ya da kesiktir. Ornekleme, gercek uzayda Fourier déniisimiinii periyodik
olarak tekrarlamakla aynidir ve tekrar siresi, 6rnekleme siresinin tersidir.

SN A

continuous
(Fourier transform)

real space Fourier space
) 1/F R 1/T
S~
i ] 1 LLLL L,
: -

iki kosiniis fonksiyonunun siiperpozisyonundan olusan basit bir sinyali ele alalim. Bu sinyali
ornekleme hizinda (suirekli gibi) simile edelim.

clear all
close all

freql = 5; % freqg in Hz

freq2 = 1; % freqg in Hz

samp = 1000; % sampling rate in Hz

t = 0:1/samp:1; % time (1ls of data)

t = t(l:end-1); % remove last time point

N = length(t); % store the number of time points

x = cos(2*pi*freqgl*t) + .5*cos (2*pi*freg2*t); % the signal equation
figure

plot(t,x,".=-");
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Bu sinyal matlab tarafindan periyodik oldugu varsayilir, bu nedenle sinirli bir stireye sahip
olsa da, FFT tarafindan tekrarlaniyormus gibi ve dolayisiyla gergek bir kosinus fonksiyonu gibi
muamele gorr. Bu sinyalden alt 6rnekler aldigimizda ne olacagini gérelim.

clear all
close all

freql = 5;

o\

o

freg2z2 = 1;

e

freq in Hz
freg in Hz

samp = 1000; % sampling rate in Hz

t = 0:1/samp:1
t t(l:end-1)
N length(t);
X = cos(2*pi*freqgl*t)

figure
plot(t,x,"'.-");
= 50; sub-samp
= 1/F; sub-samp
N*T; sub-samp
= x(l:n:end);
= fft(z);
subN = length(z); %
f = linspace (0, subN-
figure
plot (f(1:subN/2),abs (

N3 HH
Il
00 o° oP
o°  oe

o

o

; % time (ls of data)
; % remove last time point
% store the number of time points
+ .5*cos (2*pi*freqg2*t); % the signal equation

ling frequency (Hz)

ling period (sec)

ling period (in samples)

sub-sampled signal

fft of sub-sampled signal

length of sub-sampled signal

1,subN); % vector of frequencies for plotting

y(l:subN/2))) % plot powerspectrum as before

Simdi alt 6rneklemenin sikligini degistirin ve fourier dontistimiine ne oldugunu goérin. 10Hz

altina distiglintzde, powerspectrum'da zirveyi 5Hz'de kaybettiginizi gorebilmelisiniz. Sinyali

fft'den yeniden yapilandirmak ve neredeyse siirekli stirimle karsilastirmak icin ifft islevini

kullanmaya calisin. F=10 alin.



Sifir dolgu:
Sifir dolguyu anlamak icin 2D FFT ve Apricot resmini kullanacagz. ilk dnce goriintiyi
ylkleyin ve diger pikselleri kaldirarak alt 6rnekleyin:

clear all
close all
im=imread('Apricot.png');
x=im(l:2:end,1:2:end, 1) ;
figure
imshow (x)
y=fft2(x);
clim=quantile(abs(y(:)),[.01 .99]);
figure, imagesc (fftshift (abs(y)),clim);colormap gray

Fourier donisimiinde tekrarlama siresi 6rnekleme periyodu ile ters orantilidir. Sifir
doldurma, sinyali yeniden olusturmadan 6nce FFT'nin her iki tarafina sifirlarin eklenmesi
anlamina gelir. Matlab FFT, sinyalin periyodik oldugunu varsaydigindan, sifirlama sinyali,

daha yiksek tekrarlama periyodu ile sinyali tekrarlamak gibidir, bu da gergek alanda daha

yuksek ornekleme orani anlamina gelir. Bu nedenle sifir dolgusu, bir gériintiyi frekans

alaninin bize izin verdiginden daha yiksek ¢ozinirlikte yeniden yapilandirmamizi saglar ve

enterpolasyon kavramiyla yakindan iliskilidir.

y = fftshift(y); % we need this before zero padding

z = 1fft2(y,size(im,1),size(im,2)); % zero padded ifft
clim=quantile(abs(z(:)),[.01 .99]1);

figure, imshow (abs(z),clim) ;colormap gray

Orijinal goriintlyle karsilastirildiginda, enterpolasyonun neden oldugu salinimlara dikkat
edilmelidir.



Filtering:

Burada evrisim ve Fourier doniisiimini kullanarak basit bir dogrusal filtre uygulayacagiz.
Gercek uzayda evrisimin Fourier uzayda carpma ile ayni oldugunu ve tam tersini hatirlayin.
Ancak evrisimin cogaltilmasindan daha zordur, bu nedenle genellikle sinyalin ve filtrenin
Fourier donlsimiini yapmak, sonra iki FFT'yi birlikte cogaltmak ve sonra ters bir FFT
yapmak iyi bir fikirdir. Gorlintliniin ve filtrenin Fourier donisimini( hesaplayalim:

siz = [3 31; % 3x3 box. You can play with changing this
box = ones(siz)/9;
x=im(:,:,1);

y=fft2 (x);

f=fft2 (box,size(x,1),size(x,2)); % use zeropadding
z=ifft2(y.*f); % inverse FFT of the product
figure,

clim=quantile(abs(z(:)),[.01 .99]);

imagesc (abs(z),clim);colormap gray

Gauss filtresi ortalama filtreye benzer, ancak kutudaki degerlerin sabit olmasi yerine,
kutunun ortasinda ve verilen standart sapmayla ortalanmis bir Gauss fonksiyonunu takip
etmeleri disinda. Simdi bagka bir filtre tipi tasarlayalim: bir kenar algilama filtresi. Bu tiir en
basit filtre, ayri ayri terimlerle, bitisik pikseller arasindaki fark olan bir tiirev yapmaktir.

box = [-1 11; % along x-dimension
box = [-1;1];

oo

s along y-dimension

box = [-1 0 1]; % a slightly better filter along x

box = [-1;0;1]; % a slightly better filter along y
x=im(:,:,1);

y=fft2 (x);

box = [-1 0 1]; % try with different ones if you have time

f=fft2 (box,size(x,1),size(x,2)); % use zeropadding
z=ifft2(y.*f); % inverse FFT of the product
figure,

clim=quantile(abs(z(:)),[.01 .99]);

imagesc (abs(z),clim);colormap gray



Image reconstruction - Computed Tomography

ilk olarak, bir nesneye ihtiyacimiz var. iki boyutta kalacagiz ve tibbi gériintiilemede en (inlii
goruntiyl kullanacagiz: Shepp-Logan fantomu. Bu resim o kadar poptler ki Matlab'in
goriuntileme arag¢ kutusuna dahil edildi, bu ylizden onu olusturalim:

clear all
close all
im=phantom;
figure, imagesc(im), colormap gray
R = radon (im,0) ;
figure, plot(R);
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Simdi daha fazla a¢i boyunca Radon doniisiimiine bakalim ve sonuglari gizelim:



R = radon(im,linspace(0,180,40)); % 40 angles from 0 to 180 degrees
figure, imagesc(R);

Simdi ters bir Radon donisim hesaplayalim ve nesnenin neye benzedigini gorelim:

x = iradon(R,linspace(0,180,40));
figure, imagesc (x),colormap gray
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Ters Radon transfromuna geri projeksiyon da denir. Nesneyi yeniden yapilandirmaya
¢ahistiginizda bu arka izdlisim{in geride "izler" biraktigini agikga gorebilirsiniz. Kag tanesinin
yeterli oldugunu anlamak igin farkh projeksiyonlarla yukaridakileri deneyin. Ayrica,
nesnedeki kiiglik ayrintilarin dizgiin bir sekilde kurtarilmasi igin daha fazla agi gerektirdigine
dikkat edin.

Bilgisayarli Tomografide 6l¢lim aslinda nesnenin X-isini huzmesi boyunca tam olarak integrali
degil, 1sinlar boyunca "emilim" in integralidir. Ama bunu gérmezden gelecegiz ve nesnenin



kltlesinin integralini 6l¢liyormusuz gibi davranacagiz. Sonra bir "metal" arayacagiz.Hastanin
vicudunun iginde bir implant oldugunda olur. Orijinal fantom goriintiisiinde bir ani
yukselterek bunu modelleyebiliriz:

Simdi radon donlisimiini (6lglim islemini simile etmek i¢in) ve sonra radon déntstimini
(nesnenin dlgiimlerden yeniden yapilandirilmasi) ¢alistirin. Simile edilmis metal implantin
neden oldugu bazi ¢carpici etkileri gérebilmelisiniz.

im(100,80)=100;

R = radon(im,linspace(0,180,100));

x = iradon(R,linspace(0,180,100));
figure, imagesc(x, [0 1]);colormap gray

Radon doénisimd, projeksiyon-dilim teoremi araciligiyla Fourier dontstimd ile ilgilidir. Bu
teorem, bir nesneniz varsa (6rnegin 2B'de), nesneyi bir gizgiye yansitmanin, nesnenin 2B
Fourier dontsimiinden bir dilim almakla ayni oldugunu belirtir.
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Not: metal oldugu bir 6nceki resimdeki sdairenin disindaki sagilmalardan anlasilmaktadir.



4‘. Laplace Transformation

Laplace donisimu diferansiyel denklemlerin ¢oziimiinde ortaya ¢ikmaktadir:

e Bir diferansiyel denklemi cebirsel bir denkleme donistirir. Boylece, daha basit
cebirsel denklemleri ¢dzerek ve sonra donistlirmeyi tersine gevirerek, diferansiyel
denkleme bir ¢6ziim Uretebiliriz.

e Bir rastgele degiskenin moment (retme fonksiyonu, yogunlugunun Laplace
dontstimi ile ilgilidir (-s ile degistirerek) ve toplamin yogunlugunu dikkate alirken
yararl olabilir ¢linkii bir konvollisyonun Laplace donisimi onlarin  Laplace
dontglmlerinin Grinadar.

Fourier dénlsimi, sadece sinlis ve kosints temel islevleri kullanilarak sentezlenebilen
sinyalleri analiz etmek icin vyeterlidir. Ancak, sinyalin (Ustel bilesenleri oldugunu
buldugumuzda, 6rnegin, zaman iginde Ussel olarak degiskenlik gdsteren sinlis dalgasi igin,
bu, fourier'in verdigi bize sadece yarim bilgi. Boyle durumlarda kaybolur. Bu tir durumlarda
laplace dénisimi zorunludur.

Laplace, filtre tasariminda ve analog devrelerin analizinde yaygin olarak kullanilir.
Laplace, hangi Ussel kosullarin kullanilmasi gerektigine karar verebilir, bdylece sistemimiz
birlesir ve ayni zamanda sabit kalir.

Aniden baslayan veya biten herhangi bir seyi analiz etmek isterseniz, Laplace
donldsimiinden blylk oOlclide faydalanirsiniz. Bu gegislere sistem cevabi gibi gercek
uygulamalarda c¢ok karsilasilir. Aksine, Fourier dontsimdi, bir Laplace dontsiminin
problemi bliylk 6lclide basitlestirdigi asimetrik fenomenlerle ugrasirken ¢ok verimsizdir. Bu,
Laplace'in cok dnemli bir analitik araci doniistirmesini saglar.

Laplace tansformasyonu dogrusal sistemleri tanimlamak icin yaygin olarak kullaniimaktadir.
Turevleri iceren daginik denklemleri cebirsel denklemlere donustlrebilir. Eger sistem bir
girise ve bir cikisa sahipse, cikisin girisin bir fonksiyonu olarak tanimlandigi durumlarda, onu
s etki alanina (laplace kullanarak) donistirebilir ve sistemi bir transfer fonksiyonu ile
tanimlayabilirsiniz. X (s) 'in girdi oldugunu, Y (s)' nin ¢ikis oldugunu ve H (s) 'nin transfer
fonksiyonu olarak bilinen sey oldugunu varsayalim. Sistem cikisi Y (s) = H (s) * X (s) olarak
tanimlanabilir. Transfer fonksiyonu Y (s) / X (s) ile esit olacaktir. Bu 6nemli gériinmeyebilir,
ancak bir sistemin transfer fonksiyonu bulundugunda, bize sdylenen sistemin g¢ok fazla bir
kismini séyleyebilir. Transfer fonksiyonunun pay ve paydasi faktorize edilirse, bir kutup-sifir
tanimi yapilabilir. Sisteminiz yiiksek frekanslari sondirmek icin yapilmis bir elektrik devresi
ise, dusuk gecis filtresi, sadece kutup-sifir gizimi filtrenin belirli frekanslara nasil tepki



verdigini size sdyleyebilir. Bu, laplace dontsimiiniin sadece kigulk bir uygulamasidir, ancak
bircok mihendislik dalinda kullanish olabilen transfer fonksiyonlari ile lineer sistemlerin
tanimlanmasini saglar.

e Sistemlerin, sadece bir frekans veya zaman alani verileri yerine, sinusoidler ve
Usteller gibi dogal bilesenler agisindan analiz edilmesine yardimci olur.

e Yogun aktarim islevini, kutuplar ve sifirlar cinsinden tanimlanabildigi ve sezgisel
olarak sistemin kararliigini, asilmasini veya glriltisini tahmin etmede yardimci
olan uygun bir alana (S-etki alani) gevirir.

e Fourier Donltsuma, sifreli bir donisimi ¢ok daha kolay bir ¢arpima donustiriirken,
bir Laplace Donlsimi, S-etki alaninda basit bir polinom cebiri ile yogun bir
diferansiyel denklemin ¢6zlilmesine yardimci olur.

e Yinelemeli filtrelerin kararlihgini analiz etmek icin DSP'de temel olan Z-Dénlsim,
Laplace Donlsim'niin yakin akrabasidir.

+ o
F(s) = L{f(t)} = e "t f(t)ydt >0

F(s)=LIfO1=] 0‘” f (t)e St

as the Laplace transform of f(t), and the inverse Laplace transform is

f(t) =L [F(s)] =2ini | :;EF(s)eStds

Theorem: The conditions for the existence of Laplace transform of f(t) are
(1) f(t) is piecewise continuous in every finite interval.
(2) f(t) is an exponential order function.

Laplace Doniligiimleri
1) Dinamik ve kontrolde standart gosterimi (kisa gosterim) saglar.
2) Matematik cebirsel islemlere donustiirir.
3) Blok diyagram analizi icin avantajhdir.

Laplace doniisiimleri proses kontroliinde kullanilabilir:
1) Diferansiyel denklemlerin ¢6ziimi (dogrusal)
2) Dogrusal kontrol sistemlerinin analizi (frekans cevabi)
3) Farkli girdiler icin gecici yanitin tahmini



4.1. Laplace Transform of Basic Functions

Original function |Transformed function Original function |Transformed function
1 1 sinat a
s s*+a’
t" n! cosat S
Sn+1 52 +a2
t I'(a+1) sinhat a
g+ 52 _ 32
e 1 coshat S
s—a s’ —a’
® 1 » 1
_ sty L st _ -
1.L [1]_j0e dt=-e™| =3
ay_ “La st _ OOua —udu_ 1 ® a,-u _r(a+1)
2.L [t]= tredt=] ()e ?_Saﬂjou ey ==
» —(s—a)t |® 1
3.L [ea‘]zj e%e gt = | =
0 —(s—a)|O s—a
iat 1 . S . a
4.L [e®]=——=L [cosat+isinat] = st
s—ia s“+a s“+a
- L [cosat]z%,andL [sinat]= ——
s“+a s“+a
: e -e®*. 1,1 1 a
5L [sinhat]=L [———]== - =
[ ] [ 2 | 2's—-a s+a’ s’-a’
e*+re™. 1 1 1 S
L [coshat]=L [——]== =
[ ] [ 2 | 2's—a s+a s*-a’




T'(x) =I0we‘“ux‘1du is called Gamma function.

The properties of Gamma function
I'(a+1)=al(a).

ra=1.

I'(n+1)=n!, nis a natural number.

r(%) = .

F(a+1) = J': e u®du = J’Owe‘“uadu =—(e™u®

@ © _—u,,a-1 _ ® _—uy a1,
O—aJ'Oe u du)—ajoe u*“du=al(a)

=1

rQ= IO e 'udu = jo edu=—e"|

When n is a natural number, then

'n+)=nl'(n)=n(n-DI'(n-2)=n(n-1)(n-2)'(n-2)
=--=n(nh-1)(n-2)---x2x1xT'(1)=n!

1ﬁ(%) = .f:e‘“u;_ldu = ey 2du = 2["etdJu=2["e"dx= 2\/.[0°°e-xzdx ey

2 [T [ e oy - 2\/ J2[ e rarde - 2\/% [2(-e")7do - 2\/% [ 16




4.2. Laplace Transform of Special Functions

1. Unit step function (Heaviside function)

1 t>0
u(t):{o t<0 Ut
L [u(t)]= jowu(t)e’S‘dt L —
:J'we’“dt:1
0 S
:>u(t—a)={1 t>a ut-a)
0 t<a
Cas ]
L [u(t-a)]:eT >t

2. Unit impulse function (Dirac delta function)

1

(1) square wave function p(t) = {E 0<t<g

0 t>¢

L [p]=] 0°° p(t)e *dt = Ow%[u(t) —u(t—g)Jedt

1,1 e®, 1-e®
) =

_(_ —
€'s S se
(2) unit impulse function 8(t) = Iirrg p(t) (also called singular function, Dirac delta function)

—&S

L [3()]=L [lim p(t)]=lim{L [p(t)]}= lim l_se him% g
g0 g0 £—0 c

>0 §

Properties:

M [ :S(t)dt = u(t)
(i) [ " 9(®)d(t-a)dt = g(a)

(i) [ " g(0)3(t)dt = g(0)
L [3(t—a)]=e"



3. Unit double function

D(¢)
D(t) = lim iz[u(t) —2u(t—g) +u(t — 2¢)]
e>0 ¢ 1
1,1 2™ g% ?
L [DO1=lim % (-~ = —+7 ) o
_1-2eF 4+ 25e7® _ 257 1
=lim > =lim -=
e>0 £°S -0 2¢S €
. _ Zszefss +482e—288
£—0 25
Question:

Let x(t) =e ' [H(t) * §(t)], where H(t) is unit step function, and §(t) is Dirac delta function,
and * represents convolution, find (a)((jj—;x (b)L [x(D)]
Solution : (a) H(t) *5(t) = I;H (7)o(t—t)dt =H(t)
X)) =e H(t)
% =e ' [-3H (t) + 8(1)]
‘Z:ZX = e {-3[-3H (1) + 5(t)] - 35(t) + &' (1)}
= e [9H (t) - 65(t) + &' (1)]

B)L [xB]=L [eH()]= STlg




4.3. Properties of Laplace Transform

Transformed Function

Property Original Function
Linearity af(t) + bg(t) aF(s) + bG(s)
. f(t—a)u(t-a) e *F(s)
Shift
'THng 1 (1) F(s—a)
. 1_s
Scaling f(at) —F(-)
a a
s"F(s)-s"1(0)—s" % (0)—s"*f"(0)—
fO(t) (n-1)
_ o ..—F"(0)
Differentiation
0 d"F(s
(0 )
ds
t 1
j o) ~F(s)
Integration 1 >
Zf(t F(s)ds
L f O [ F@)
Convolution [RIGEERNE F(S)G(s)
Periodic Functi F(t) =t L (7 e
eriodic Function ) =f(t+T) e JO (t)e

Initial VValue Theorem

lim

t—0

f(t)= !lnl sF(s)

lim

t—>0

O _ o F6)

git) == G(s)

Final Value Theorem

lim

t—>w

f(t) = lim sF(s)

lim

t—>o

O _, FO

git) =0 G(s)




1. Linearity
L [af (t) + bg(t)] = [ :[af (t) +bg(t)]e *dt =af O°° f(t)e *dt+bf O°° g(t)e dt = aF(s) + bG(s)

Find the Laplace transform of cos’t.
1+ cos2t 1(1 S ) s?+2

" s(s? +4)

s s2422

Solution : L [cos®t]=L -
[ ] [ > ]2

2. Shifting
(@)L [f(t—a)u(t—a)]= j: f(t—a)u(t—a)e dt = j°° f(t—a)edt
Let t=t—a, then

L [ft-aut-a)]=] (e Ddr=e™[" (e dr=eF(s)

(b) F(s—a) = : f(t)e ¢ 'dt = | 0“’ [e* f(t)Je dt=L [e*f(t)]

0, t<4

What is the Laplace transform of the function: f(t) = .
! P et ® {2?, t>4

Solution: f(t) = 2tu(t - 4)
L [f(D)] =L {2[(t—4)° +12(t—4)" + 48(t - 4) + 64] u(t— 4)}

| |
228_45(3' +12x%+48xi2+%j:4e‘45(i+g+ﬁ+£j

s? s s s st s® s s

3. Scaling

L [f(a]=] 0” f (at)e dt
Let T = at, then

L [f(at)]=] 0°° f(r)e ad g = i [ : f(r)e @ dt= é F(g)

Find the Laplace transform of cos2t.

Solution : -+ L [cost] =

s?+1
S

oL [(:032t]:1 32 = ZS




4. Derivative
(a) Derivative of original function

L] = 0°° fr(t)edt = f (t)e ™

T=(9)f : f (t)e dt

(1) If £(t) is continuous, equation reduces to
L [f'(t)] =—f(0) + sF(s) =sF(s) — f(0)
(2) If f(t) is not continuous at t=a, equation reduces to

L [f'(D]=f(t)e™ ot f(t)e™ : +sF(s)=[f(a") e —f(0)] + [0—f(a") e™*] + sF(s)
=sF(s)-f(0)—e*[f(a")—f(a)]

(3) Similarly, if f(t) is not continuous at t=ay, ay, ...,..., a,, equation reduces to

L [F(O]=SF(5) - F(0) - Ye ™ [F(a)) - f(a))]

[Deduction] If f(t), f'(t) , f"(t), ..., " 2(t) are continuous, and f™(t) is piecewise continuous,
and all of them are exponential order functions, then

L [f™()]=5"F(s)- Zn;s"-i f02(0)

(b) Derivative of transformed function

dF(S)_d ® —stqp © 0 —st _ [/ sty .
— _Ejo f(t)e dt_jo E[f(t)e ]dt_jo( ) f()edt=L [(~t)f(t)]
[Deduction] d“dl;(s) L [(t)" f ()]
Question:

Find the Laplace transform of te'.

Solution : L (e‘)zijL (tet)=—i[ s j: : 2
s—1 ds\s-1) (s-1)



Question:

t?, 0<t<1
fty=< " Jfind L [T'(D)].
(t) {0, 51 [F'(D]

Solution : f (t) = t?[u(t) —u(t —1)]
L [f()]=L [t2u(t)]-L [tzu(t—l)]:g—L {[(t-1) +1Pu(t-1)}

= 2 L {t-1? +2(t-1)+ Lu(t 1)}

SS

1 1

2 5,2
——e (s_3+25_2+§)

S
L [f'(t)]=sF(s)— f(0)—e[f(1") - f(1)]

2,2 2 s 2,2 2
=[5 -e(+=-+D]-0-e"(0-)==-e"(5+-)
S s° s S s° s

5. Integration
(a) Integral of original function

L [, f(oded=] [ f()deedt

_ i{e“ [{f ()

o wf(t)estdt}lF(s)
0 0 S
L [j;j;...jotf(t)dtdt---dt]zsinF(s)

(b) Integration of Laplace transform
0 _ 0 @0 st _ 0 0 st
L F(s)ds _L jo f(t)e dtds—J'O f(t)js e ~'dsdt

© e—St
SN

dt :jj?e“dt:L [@]

:»j:’jj---fF(s)dsds---ds=|_ [tinf(t)]



Question:
—t

Find (a) L ]_
t 1
Solution: (a)L [1—e ]____
s s+1
_at 0
e —Ins—ln(s+1)|°°:lni
) s+1,
—0-m-—> —p3t
s+1 S
S+1 s+1”
In— - = _=
S |, L (s+1 s)
—slns—Jrl + mids:{slns—ﬂ+ln(s+l)}
S s s+1 S .
=[(s+1)In(s+1)—sIns]? =shs—(s+1)In(s+2)
Question:
smkte SInX
Find (a) [">———dt ()
Solution : (a)_[ sin kte dt =L [M]
- L [sinkt]= k2
L [smkt] L e ds:%'[:o S 1 ds
s*+ )2 41
k
—tant> =E_tan_1E

(b)J' SII']Xd —2J. smx dx

=2lim I: sin ktte dt

k—1
s—0

= 2I|m(——tan’l E =7

s—>0



6. Convolution theorem
L [jO‘ f(t)g(t - )dt] = j:jotf (1)g(t — t)dredt

=[] f(@a(t-r)e*didr=[ " f ()| "g(t—r)edtdr

Letu=t—r, du=dt, then
t 0 )
L [J.Of(t)g(t—t)dr]z jo f(r)jo g(u)e*“*“dudr

= [ f(x)ede[ “g(u)e™du = F(s)G(s)

Question:
Find the Laplace transform of I; e" " sin 2t dr.

. 1 .
Solution :*-L [e']=——,L [sin2t]=
le’] s—1 [ ] s +4
oL [Ee“sin 2tdt]=L [e'*sin2t]=L [e']-L [sin2t]

12 2
s—1 s°+4 (s=1(s*+4)

7. Periodic Function: f (t+T)=f(t)

* T ot
=] T0e =] T0e | Te
2T T T
and [ f (e *dt= || fu+T)e " Dau=e" [ f(u)e*au

Similarly,
IST f(t)edt= e’ZSTIT f (u)e™du
2T 0

SLLEO]=@re ™ e o) f (et

1 7 st
e jo f(t)e dt



Question:

Find the Laplace transform of f (t) = %t, O<t<p, f(t+p)=f(b).

. 1 pk, &
Solution : L [f (] = — = jo Bte dt
1 k.1,
= S [—(te
1-e™™ p[—s(
:—_k_ (te + e )
ps(l—e™) S

-k o e
“psaoem P

P P st
- Jrea

p

0

1
-9)
S S

8. Initial Value Theorem:

L [F' (O] =sF(s) - F(0) = lim [ " £*(t)e~dt =lim sF(s) - f (0) = 0 = lim sF(s) -  (0)

we get initial value theorem Itmg f(t) =lim sF(s)
— S$—0

Deduce general initial value theorem: lim o =lim F@s)
t—0 g(t) S G(S)

9. Final Value Theorem:

L [f'()]=sF(s)-f(0)= ISiLrg _[: f'(t)edt :Isim sF(s)- f(0) =
!m f(t)- f(0)= LI_I’E sF(s) — f (0) = final value theorem: !m f(t)= Ll_rg sF(s)

General final value theorem: lim m =lim &
o= g(t) 0 G(s)



Question:
Find L U;ﬂﬂidﬂ.
X

Solution : Let f (t) = I;mdx = f'(t) =8|tﬂ, f(0)=0
X

L [tF'(O] =L [sint]=

s?2+1
d , 1
_EL [f (t)]—sz+1
d 1 d 1
—E[SF(S)_ f(O)]:Serljg[SF(S)]:_SZ +1

sF(s)=—tan"'s+C
From the initial value theorem, we get
Itirrg f(t) =IlimsF(s)
0=-X4+C ~.C==
2 2

SF(s) :g—tan’l s=tan"

w |k

F(s):ltan‘11
S S



4.4, Inverse Laplace Transform

1. Linearity
425 +1 ac4(s+1)
aL ™ b)L [—2].
(a) [32+4] (b) [32—16]
. 2s+1 S 1 2 1.
Solution :(a)L =L 7[2 = = 2C0S2t +=sin 2t
(@) [sz+4] [ sz+22+252+22] "2
()L 1[i§S_+11g] -L f42 5 ‘_142]=4cosh4t+sinh at
2. Shifting
e 25+3
a)L [—— b)L [——].
@) [sz+23+2] (b) [32+35+2]
Solution: (a) L [ & j-L &
@ [52+25+2] [(s+1)2+1]
_ 1 .
L 1[m] =€ tS|nt
andL [f(t—a)u(t—a)]=e*F(s)
L -ﬁﬁ] — e sin(t — m)u(t — ) = —e ¢ sin tu(t — )
s+1)% +
3
2(s+-—) 3
by L =223 o 2 y_2¢ 7' coshl
Sz+35+2 (s+§)2_(1)2 2
2 2
3. Scaling
4s
L * .
[1632—4]
Solution: L [ is ]=L ‘1[%]=lcosh2-ltzlcosh£
1652 — 4 (4s) —22" 4 44 2



4. Derivative
1 S+a

(@)L 7[@] (b)L 7['”@]-
solution : (a)L. [sinot] = —-2— = L [tsinot] =~ (&)= 2% _
S +m ds s“+m (s“ +o)
Let F(t) =tsinot = L [F' ()] =5 - —F(0)
(s*+ o)
T s (sP+ed)-o’ _ 1 e
L IFm=20r G e = 2ol e 1=l T ey
20°

1 1 .
= -L [2sinmt—F'(t
(ral)  2e0 - ZSNOt=FO)]

D S S B
L R§+®5ﬂ_&f[%mm Faﬂ_&$®mm wtcoswt)
(b)LetL [F®)]=I> "2 _in(s+a)-In(s+b)
s+b
L [tf ()] = -3 [In(s - a) — In(s +b)] = ——— — —* — | [e™ —e]
ds s+b s+a
AT Pl
5. Integration
@L [5Ch L It
s° 's+1 S+b
1 s-1 1 1

Solution : ()L ﬂézgiznzL-ﬂ%s+D_S%s+D

- (e —1)+I;(e’t “D)dt=—(et—1)—(e' —1)—t=2-2e" —t

D)L [e —e]=—1 1
s+b s+a
bt _ L-at - ®
L[S__E_J:I(_l___l_ms:mfiﬂ _p3*ta
t s 'S+b s+a S+al, s+b
bt L-at
AL n2t2 =& €

s+b t

1= etdt—[ [ e“dtdt

]



6. Convolution

1 S
aL > )L [———=].
@ sl 0L
Solution : ()L [sin ot] = —2— = L [=sinot] = ———
ST+ m Q) S"t+m
_1[;] = izj‘otsin otsin ot — t)dr

(s> + 022" o

-1 j;% [cos(wT— ot + ©1) — cos(eT+ ot — o7)]dt
()

t

1 ,t 1 1 .
= [cos(2mt— mt) — coswt]dt = [—sm(Zm — ot) —tcos oat}
20° IO 20° | 20 0

= 1 {1 (sin ot —sin(-ot)] - tcosot} = - (sin ot - atcosot)
200 20 20

1
s°+m

(b)L [Esin ot] = - L [cosot] = — > .
() ST+
S

1t
m] = aj'osm otcoso(t —t)dt

L [
1,pt1,_ . :
= —IOE[SIn((m:+ ot —o1) +sin(ot— ot + ot)]dt
®
t

= iJ’t[sin ot +sin(2ot— ot)]dr = i{rsin ot + _—1003(2@1_ oat)}
2(0 0 20) 2(,0 0

= i{tsin ot — i[cos ot —cos(-wt)]} = Lsin ot
20 20



I1. Partial Fraction

If F(S) :w, where deg[P(s)] < deg[Q(s)]

Q(s)

1. Q(s)=0 with unrepeated factors s—a;
P)__ A . A A,

= G4
Q(s) s—-a s-—a, s—a

P(s)

A = SIT(H@ (s—a,)]=P(a) slmk

_p(a,) lim —— = P@)
=4 Q'(s) Q'(a)

P(s) _ P(a)/Q'(a) , P(3,)/Q'(a,)

n

Q(s)

L Pa,)/Q'@,)

Q(s)  s-a s—a, s—a,
L —1[P(S)]: P'(a1) edt 4 P'(az) et 4 ... Mea“
Q(s)” Q'(a) Q'(a,) Q'(a,)

Question:
s+1
L [———].
[53+sz—65
Solution:— >+t ___s*L A A A
s+s°—6s s(s—-2)(s+3) s s—-2 s+3
Al:nms—”:_l
-0 (s—2)(s+3) 6
s+1 3
=1lim e
s>25(s+3) 10
s+1 -2

= lim =
s>3g5(s—2) 15
L3 =2
L_1[38+1 ]=—6,20 15 1, 3. 2.4

$®+s2-6s° s s—2 s+3 6 10 15



2. Q(s) =0 with repeated factors (s—ay)"
P(S) _ C Cm—l C1

m o, —mid ..

= +
Q(S) (5 ak)m (S ak)m& S—ay

gis;(s a)"=C,+C, (s-a)+C, (s~ ak) +--+Cy(s - ak)ml

o _||m[PES;(s a,)"]

S—q

d P(s) m
1 Hak{ds Q6 )( a)" 1}
d2 P(s) maa 1
. Ha{ds Q()( a) ]}5
d™ P(s)
C,=Iim
sLa{dsml[Q()( a)" ]}( 1)
*1[P(S)]_eakt[cm ™ o e ictec
Q(s) (m-1! (m-— 2)'
Question:
,1[54 —7s%+13s% +4s —12]_

s?(s—1)(s-2)(s-3)

4 2.3 2 —

' 79'+13°+45-12_C, G A L A, A
S'(s-(s-2)(s-3) s s s-1 s-2 s-3
s'—7s°+13s* +4s-12 -12

Solution :

C, =Ilim = =
50 (s=1)(s=2)(s—-3) )
c =|imi[s4_7s3+1352+43_12]
ossodst (s—1)(s—2)(s-3)
_ 4(-D)(-2)(-3) - (-12)[(-2)(-3) + (-1 (-3) + (-1 (-2)] _ —24+12x11 _ 3
[(-D(-2)(-3)F 6°
A = lim s* —7s%+13s® +4s5-12 _-1
s>l s%(s—2)(s-3) 2
A lim s* —7s%+13s° +45-12 _8
52 s?(s—1)(s—3) —4
A, = lim st —7s%+13s% +4s - 12 9 1
-3 s?(s-1)(s-2) 18 2
,1[54 2—753 +13s° tA4s-12, 5 g Lo pery len
s°(s=1)(s-2)(s-3) 2 2



3. Q(s)=0 with unrepeated factor (s—o.)*+ B, where p>0
P(s) _ As+B
Q(s) (s—a)* +p*

ZES; [(s— o)’ +P2]= As+B

S—>a+|ﬁ{gES; [(S - a)z + BZ]} = A((l + |B) +B

R+il =(Aa+B)+iAB

where R and | are the real and imaginary parts of Iim_B{% [(s —a)® +B?]}, respectively

Aa+B=R
then, { “ , Where we can get Aand B, and

1 P(S) 2 A(S —a) + (Ao + B) ot Ao+ B .
[Q( )]_ [ -0 1P ]=e [AcosBH smﬁtj
Question:
4 §°
- [s4+4]'
Solution : — : NIV 2 s 2 2 5 (o2 S22 2
sS"+4  (S°)"+2-5°-242°-2-5°-2 (s°+2)°—(29)
s As+B, | As+B,

(s +25+2)(s’ —25+2) (s+1)*+1 (s-1)°+1
: s
I|m_—2
s—>1+|(s ]_)

u_( A1+B)+'A1:>A1——— B, =0

2

=A(-1+i)+B, :>4——( A +B)+iA

:A2(1+i)+BZ:T:(AZ+Bz)+iAZ

lim ————
ol (S+1)° +1
8+8|

=(A,+B )+|A2:>A2— ,=0
1 1
2 ——(s+1)+— —(s—l)+—
L —l[ 45 ]:L —l[ 4 > 4+4 > 4]
s"+4 (s+1)°+1 (s-)°+1

e g
= (—cost+sint) + n (cost +sint)



4. Q(s) =0 with repeated complex factor [(s—a)?+ B]?, where B>0
P(s) _ As+B N Cs+D
Q) [(s-a)*+B°” (s—a)*+p*

w[(s—a)z +B?]* = As+ B +(Cs+D)[(s—a)® +B?]
Q(s)

Jim (S [5-a)" + BT} = Ala i) + B

R, +il, =(Aa+B)+iAB ={

Ao+B =R, _
, Where A and B can be obtained
AB: I1
m 4(PG)
s—a+ip dg Q(S)
R, +il, = A+[C(a+iB) + D]2ip = (A— 2CB?) +i(2afC + 2BD)
A-2CB* =R,
=
20pC+28D =1,
L _1[@] L _1{A(s —a) +2(AOLZ+ZB)}+ L _l[C(s —-a) +2(C t D)]
Q(s) [(s—a)” +B7] (s—a)" +P

_ e‘*‘{[%sin Bt + (Ao + B)Z—éS(sin Bt — Bt cosPt)] + [C cosBt + (Car + D)%sin B}

[(5- o0 +B7F} = A+[Clo+18) + D] fim S[(s-)° +5°]

, where we get C and D, hence

Question:
,1[33 —3s? +65—4]
(s?=25+2)%
s?—3s*+6s—4 As+B cs+D
= +
(s°-25s+2)*  [(s-1*+1° (s-1)*+1
lim (s* —3s® +6s+4)= Al+i)+B

S—oL+i

2i=(A+B)+iA= A=2,B=-2

Solution :

lim di(s3 —3s*+6s+4)=A+[c(l+i)+ D] Iirp_di[(s—l)2 +1]
s+ (g

s>+ (S
0=A+(c+ic+D)2i=(A-2c)+2i(c+D)
c=1,D=-1
480 -3 +6s—-4. L. 2(s-1) . S-1
Feasi22 178 Yot Yeoprdd

= et(Z-%sin t + cost) = e'(tsint + cost)



I11. Series Method

“sin 1],
S
Solution:sinlzl—l(l)3 _( ) 1(1) o
s s s
2 4 6
’1[5|n ] 1_t_+t__t_+ ......
2130 4151 6I7!

2n

_1+;( D oran o

V. Differentiation with Respect to a Number

L -1
[(S + o )2]

d 1 -2m d 1 - 20

Solution : =L JT—(—)=L J—=" _
do)(sz+o) (% + w?)? [do)(s2 2)] [(Sz+co2)2]

1 d 1 d 1 1 t
2oL f————1=—"o0L * = — (=sin ot) = - sin ot + —cos ot
@ [(52+032)2] do [52+032] do ( ot) o’ @ ® ®
1

L [ 1= 2333 (sin ot — wt cos ot)

(s* + w°)?



V. Method of Differential Equation
L e].
s s s
: - s —r__e_ —ﬂ:e €
Solution:y=e" = y'= 2\/g,y 25 +—4\/S_3

we get the equation 4sy" +2y'—-y=0= 4L [i (t*y)]+2L [-ty]-L [y]=0

—(t y)-2ty—y=0=4y+(6t-1)y 0= Y 8Ly _g
3 1 31
INny+=Int+—==c, =>y=ct 2e 4
T
1
1 I(E) Jr 11
Lt ?]= 12 =" and L [ty]=L [ct 2e 4]
s2 Vs
e~ Ll s
while L [ty]=-Vy'= — L [ct 2e 1=
[ty] 75 [ ] o
R e
Ct 2p 4t . 2\/§ 1
Apply general final value theorem lim =1lim =>Cc=——
ppy g t—ow t,% s—0 ﬂ 2\/%
Js
1 L
=-—— ¢ 4t
y 2\/Et3’2

V1. Apply the Theory of Complex Variables

L [F(s)] = Zim [ Fs)erds



4.5. Solve Differential Equations

Question:
1 0<x<3

y'+y'+y =9(x), y(0) =1, y'(0) =0, where g(x) = {3 :
X>3
Solution : g(x) = u(x) + 2u(x — 3)
[s?Y — sy(0) — y' (O)] + [sY — y(O)] +Y = % 12

e—35

S

-3s

(sz+s+1)Y:s+1+§+Ze
_ s+l 1 . 2%
s2+s+1 s(s®+s+1) s(s®+s+1)
s+1 1 s+1 1 s+1
= +(=- +2e7 (= -
s?+s5+1 (s sz+s+1) (s sz+s+1)
(s+1)+iﬁ
25+1 2 32 _1[28;1]=82(C03£X+i3in£X)
s?+s+1 1, 3, s?+s+1 2 J3© 2
(s+2) +(5)
2 2
*3 3 1 43
X)=u(x)+2u(x-3){l-e 2 [cos— (X—3)+—=sIn—(Xx—3
y(x) =u(x) (x=3){ [ 2 (x=3) 77 (x=3)1}

Question:

Y () -2y" (0 +5Y' () =0,y(0) =0,y () =1 y(g) =L.

Solution : [s%Y —s?y(0) —sy'(0) — y'"' (0)] - 2[s*Y —sy(0) — y'(0)] +5[sY — y(0)]=0
y"(0)=c

S+Cc—-2

-_—— +—
s(s? —2s+5) (s—1)% +2°
A= lim ‘Z’*C_Z _C-2
s20§° —25+5 5
P(L+2i)+Q = "m_s+c—2:—1+cir2| =C+3+4_2Ci
$oL+2i S 1+2i 5 5

Ps+Q

A
S
c

2—-cC 2c+1
P:—, =
5 Q 5

2

+et(2_C cos2t + < 3sin 2t)
5 10

C_
y(t) = c

o c-2 ~2-c1 <c¢c+31
T)=1=1=""C1¢s BB S PN
y(8) c ( 5 5 10 \/E)

- y(t) =14 e'(—cos 2t +sin 2t)




I1. Ordinary Differential Equations with Variable Coefficients
Question:

ty"+(1-2t)y'—2y=0, y(0)=1, y'(0)=2.
Solution : — %[SZY —sy(0) - y'(O)] +{[sY — y(0)] + 2%[SY -y(0)]}-2Y =0

(=s2Y'=2sY +1)+[(sY —1) + 2(sY'+Y)]-2Y =0
(~s* +28)Y'+(-2s+5+2-2)Y =0

Cs-v=y 58Sy Cins—2) 4,
Y s—2
Y :LZ:} y(t) = ce®

y(0)=1,..1=c, y(t) =e*

I11. Simultaneous Ordinary Differential Equations
Question:

%:2x+y+2e5t
d . x(0) = y(0) = 0.
—y=x+2y+3e2t
dt
2 2
sX —=x(0) =2X +Y + — (s—2)X =Y =—
Solution : 555: 5—35
sY —y(0) =X +2Y +— X +(s=2)Y =—
$-2 s-2
2 3
RSCAPST N 25> —5s—7
(s—2)*-1 (s—1)(s—2)(s-3)(s—5)
2 3
——+(s-2
Yy =S5=9 ( )3_2 3s-13

(5-2)2-1  (s—1)(5-3)(s-5)

X = 5/4+ 3,1, 3/4 :>x(t):§et—3e2t+e3‘+§e5t
s-1 s-2 s-3 s-5 4 4
y_-5/4, 1 1/43y(t)=_%et+egt+gea

s-1 s-3 s-5



4.6. Dynamic Systems

x(t) input y(t) output
Dynamic

—

\ A processor which

processes the input

A 4

signal to produce the
output

Static system: y(t) = ax(t) => easy (simple processing)

Dynamic system:

(n) (1) (¢
BO,, &0
dt dt

X(m) (t)

+..+a,y(t)=hb,

Ornek:

3 2
9y 69Y W gy g o,
d® " dt? dt
y(0)=y'(0)=y"(0)=0

du

—=0 at t=0
dt

s%Y(s)+6s%Y(s)+11sY(s) + 6Y (S) = 4sU(s)+ 2U(s)

4542 1
s +6s°+11s+6 S

Y(s)=
U(s) =%(unit step input)

s(s3+6sz+1ls+6 )=s(s+L)(s+2)(s+3)

1_3+5/3
S s+1 S+2 S+3

(¥Y(s)= 5

4s+2 Loy a 0y a,

= + +
s(s+L)(s+2)(s+3) s s+1 s+2 s+3

..+Db X(t)



1 5
==+e" -3 +>e™
y(=3 2

t > y(b—>%

0

1.L [1]:'[:e‘5‘dt=—%e‘St =

w |~

I'(a+1)

a+l

2.L [ta]=I:tae‘5tdt=j:(%)ae‘“d?u= : [ “utedu=

S«’:1+1 0 S

e—(s—a)t |°O 1
~(s-a)|, s-a

3.L [e*]= J':ea‘e’“dt =

4.L [e‘at]:i_:L [cosat +isinat] = ZS i Za -
S— s’+a*> s°+a
oL [cosat]z%,and L [sinat]= ———
s’ +a s’ +a
. e -e™. 1,1 1 a
5.L [sinhat]=L == - =
[ ] [ 2 ] 2(s—a s+a’ s*-a’
at —at
L [coshat]=L [= & =ttty S
2 2's—a Ss+a s"-a




4.7. Uygulamalar

Soru:
t>0 icin Laplace dontisimni kullanarak asagida verilmis olan i(t) akim degeri bulunacaktir.
I H
L )
Yy == Lit)
p— R-‘-‘?JZ

a) Kirchhoff Gerilim Yasasina gore asagidaki denklem yazildigindan devrede kullanilan
eleman degerlerini yerine koyarak denklemi dizenleyiniz.

I dﬁ) + Ri(1) =0
dg: ) £ 2i(8) = 0

b) Diizenlediginiz diferansiyel denklemi Laplace donlsimini yaziniz. Toplamin Laplace
donisimi toplami olusturan bilesenlerin Laplace donlisiimlerinin toplamina esittir.

L{dﬁ(f) ; 23'(0} =L{‘ﬁ®} +2L[0] = 0
dt dr

L{‘ﬁ@ } _ sI(s)—i(07)
dt

L[i(")] = 1(s)
sI(s)—i(07)+2I(s)= ¢

i(07) =2
olduguna gore I(s) ifadesini “s” cinsinden bulunuz.

(s+2)I(5)-2=0



2

s+2

I(s) =

d) Ters Laplace donlisimiinden i(t) ifadesini bulunuz.

_ 1
Lle ¥ =
[e™] sto

i(t)=2e"ut) 4

Soru:

Asagidaki Laplace donlsimi verilen x(s) fonksiyonun Ters Laplace dénisimini bulunuz.

1 ]

X(S):s—b+5+u' —a<Re{s}<b. —a<bh.

x (t) = e u (t) — bePtu (—t)

The unilateral Laplace transform of f(t) is N S

‘t’rii 1l f f * i"l + ) I ' . ]'I]']']" Lt'E-'I e L]- Ll L:F}].ﬁ.[ e
€ b } ! ! i .l 'I_

Using s-domain differentiation property of Laplace transform.
If f(t) <=~ F(s)
£ dF'(s)
tft) = ——7—

_—d] 1 . 2541
SD._ ‘E[ff(f} T ds ll";—’_|_5_|_]}_(,‘,‘g—|—.‘i+l}g




Soru:
Kirchhoff’'un akim yasasina gore bir devrede asagidaki denklem yazilmistir.

in(t) = 11(t) + ia(t)

Ldy(t)
dt

y(t)

1(t) = C -,
iq(t) r

Ve  iy(t) =

Denklemleriyle verildigine gére iy (t) denkleminde yerine koyunuz, y(t) gerilim sinyali

t'!re'-[][ { ,'

olduguna gére dt yi bulunuz.

Eample: RLC Circuits
An Example of the Application of Laplace Transforms

iit) L
—* ] o+
Il c
C) R %
v (t)
. -
Kirchoff's voltage law
. I
v.(t) =i(t) R+Ld£;—'$:'+1§ji[r’jdr’
0

Kirchoff's voltage law transformed

Vi(s)=RI(s)+s LI(s)—-Li{0_)+ :—Cf(sju

={R+3L+%} I(s)-Li{0.)

=Z(s)I(s)-Li{0_)
Z(s)=R+sL+ LC

where §

Example 1 - A series RLC circuit excited by a unit impulse function - that is to say
Vils) =1
(The unit impulse always gives the "natural response" of any circuit. Natural as compared

to "forced" response.)



This is to be compared to the transform pair

Flt)=+/c? +d* exp(—at) cos (m: —tan”! ﬁ]

cls+a)+dm
Fls)=
) (s+a) +a’
2L a R
1




Ornek:

&
Fls) = ——
The Laplace Transform of f(t) is given by, s(5 +4) Find the final value of equation
using final value theorem as well as conventional method of finding final value.
&
Here, £flt)] = ——
f® s(s +4)
8s 8 8
S flec) =limsL f(t) = lim —— = lim =—=2
f(e0) s—0 f(t) s=0 s(s+4) s=0s5+4 4
8
Again, Fls) = ——
g (5) s(s +4)
That can be written as,
k1 ko . .
Fls) = —+ [(Where, ky & ky are two arbitrary constant]
5 s+ 4
sky + 4k + ska sk + ko) + 4k
N s(s +4) N s(s+4)

S8 =5k + ko) + 4k

=kt =0884=8=Kk=2&)k=-2
2 2

Now, F(s) = - —
5 s+4

S ETIF(s) =2 =274 = f(1)

©floo) = lim (2 =2 %) =2 2> =2
f() (

t—ro0


https://www.electrical4u.com/laplace-transformation/

Ornek:
2

Find the Inverse Laplace Transformation of function,

FI[S] _ 2 _ Jri.‘1_ N JrL‘g
(s +2)(s+8) s+2 s5+8
_ Fis+ 8k + kos +2ka (k + k2)s + 2(k2 + 4F1)

(s +2)(s+8) N (s+2)(s+ 8)

ok +Ee)s 4 2(ke +4ky) =2

= (kg + ho)s + 2(ko +4ky) = 0.5 + 2.1

1
.fL‘-l—|—.fL‘g=D&Z2UL‘2—|—-’-1.‘1L‘1:|=1:‘*f‘£1=§;§£ﬁ‘g=—§



https://www.electrical4u.com/laplace-transformation/

Ornek:
1

Find the Inverse Laplace transformation of

1 Jru._1_ Jri.‘g JL;

F[S]:s[s+1][s+2] 3+3+1 s+ 2

[Where, Iy, ky & Ey are arbitrary constants|
By solving this equation we get,

1
ke =—1, &k = —
2 3= 35

1
k= —
173

£F(s) = flt) = 5 —e

F(s) can be rewritten as,

Ornek:
2

Find the Inverse Laplace transformation of
2 I3 I3 ki
F(s) = R B

sls+1)s+2) s s+1 s+2

[Where, Iy, ky & Ey are arbitrary constants|

By solving this equation we get,

ki=1, ke =2 &la=1

1 2 1

L F(s)=-— +
8 s+ 1 s+ 2

= flt)=1—2e "+

F(s) can be rewritten as, £F(s)



Ornek:

Express the differential equation in Laplace transformation form
2

dr dr

Fre) + BE + 8z =0 given x(07) = 0 and z (07) = 2

£ [& 6% 4 81] — £0
dt? dt
= £ [dz"} iy [d—I] +8£[z] =0
dt? dt

= s°X(s) —s #(07) — % (07) +6 {sX(s) — %(07)} +8X(s) =0

= "X (s) — 5.0 —24+6{sX(s) —0} +8X(s) =0

2
= X(s)[s*+65+8] =2= X(s) = ——
(5) [ ] (5) 52+ 654+ 8
Ornek:
Express the differential equation in Laplace transformation form
d2r dx

FroR 4E +a2=1given 2(07) = 0and £ (07) =0
da

d%x

£l=—= +a4— 4| =£(1
[dtz dt I] (1)
d2z dr

= £ [W] s [E] + £]7] = £(1)

= s2fr — sz(07) — 2 (07) + 4 {s£zx—z(07)} + £2 = £(1)
1

= s°X (s) + 45X (s) + X(s) = .

[As all inttial conditions are zero]

‘ B 1
= X(s) = s(s? +4s+1)



https://www.electrical4u.com/laplace-transformation/

Ornek:
Where, F(s) is the Laplace form of a time domain function f(t). Find the expiration of f(t).

1
Fls) = s(s+1)

£7F(s) = £7 G) — ! (Si 1)

= flt)=1—¢"
1 +1-— 1 1
Now, F(s) = _: S
sls+1)  sls+1) s s+1

Inverse Laplace Transformation of F(s), is
65° + 10s + 2

F = —
[3] s+ 352 + 2s

Ornek:
Find Inverse Laplace Transformation function of
65 +10s +2 65 + 105+ 2

Fls) = P +3s2 425 s(s?+3s5+2)
65° + 10s + 2 6s% + 10s + 2
- s(s2 + 25+ 5+ 2) - s(s+1)(s+2)
ﬁl.,. ko koa 652 + 105+ 2

+ —

s s+1 s+2 s{(s+1)(s+2)

Fils+1)(s+2) +kais+2)s +hka(s+1)s 6s° + 10s + 2
s(s+1)(s+2) T s(s+1)(s+2)

Ey(s® 4+ 54+ 25 +2) + ko(s% + 25) + kz(s® + 5) = 65% +105 + 2

(k1 + ka2 + ."L‘;;)sg + (Bht + 2h2 + ka)s + 20k = 652 + 105 + 2
S 2 =2=k =114tk tkh=06&83+2n+k=10
=+ k=& 20+l =T

= (2 +ky) — (o +h3)=T7-5

= f =2

S+ 24+ k=0=k =3



67 +10s+2 1

2

F(s) = =—+

7+ 252 4+ 25 5 s+ 1

ENF(s)] = £ (1) op (

5

f(t) =1+2et 4372

Ornek:

Solve the differential equation

1. "
& L 9r — 12 where r(07) =1
dt

:>[s—|—€l]£[.r]=§—l—1

12+ s fq ko
— —+

= £lz) = s(s+9) s 549

[ley & kg are two constant]
= k(s +9) +ls =12+
= (b +ky)s+ 9k =12+ s

12 4
fy+hko=1%8k =—==
= K 2 1 9 3

5+

1
) + 3L (
1

5+ 2

)



12 9-—-12 3 1
:*-:L'J—]_——: —_ —- = —
9 9 9 3
4 1
. —+ = £(x)
3s  3(s+9)
i 1 1 1
) =L =) g
3 5 3 s+9
)= —+ =
= z(t) s tge

4) Solve the differential equation,
1z dzx .
th; + Zd—; +rx=0given (07 ) =0andx (07) =1
d=f(t + T
e _ 250~ 509~ 1 09

2
Ecil_t; = s £(x) —szx(07) —2'(07)
= s2E(r)—s0—1=s£(x)—1

M@]

= s£L f(t) — £(07)

Again, £
gain [ T

;£[$J=sﬂﬂ—xmj=sﬂﬂ—m=sﬂﬂ

2. .
Therefore, £ [i—t; + i—; + .r}

£ & + £ d—l + £z] =0
dt? dt S

= s2L(r) — 1+ sL(z)+ £(z) =0

= £(r) [Sz—l—S—l—l] =1

1

=0 =g



V3 (s+ 1)+ (%)
2 3
F () — e 0Bt VI
(r) =2 7 € sin —

5) For circuit below, calculate the initial charging current of capacitor using Laplace

Transform
R=2KQ
/.l'/__.___p'_p'}l’ Vo
V=100Volt—— (i), ————C=100uF

The above figure can be redrawn in Laplace form,

R
—_— II'.‘,"“IﬂII', .."rll'.'.-' II','.."lll-ll'....":lhll'..l."llrll'l'.,-"— 5
/__- —
—— ' I(s - —— 1/Cs
Vs '\\a ___{ _)_____-/,
— —C's Vo

Therefore, I(s) = —5 = — =

R+ RCOs+1 RCs+1

100 % 100 % 107°
2000 % 100 x 10765 + 1

. 107?
02511
el , . s107?
(07) =gt = T o) = I 5ot
1072 1072
= lim = =000 A=500mA

15002+1 0.2



6) Solve the electric circuit by using Laplace transformation for final steady-state current

R 200 C!
V=100V I(s) | L 20 mH
Answer
The above circuit can be analyzed by using Kirchhoff Voltage Law and then we get
\ : li(t
100 = 100 x i(#) +20 x 107 x — )
a k2

' ' : li(t
& £(100) = 100£ [i()] + 20 x 107% x £ {ﬂ fl} J]
s

100 . .
= — 100 x I{s) +20 x 107* x sI(s) [_{.w. 107) = U]
-
I, ] J.U[:]ll."f‘\
== 1l5] = ;
s 100 +20 % 1072 x s Final value of steady-
D , , o , 100/s
tloc) = lim = lim sf(s) = lim &- —
t—oo  s—+D s—0 100 + 520 x 10-3
_ 1 100 ’ oo
im —=lim—=1.
state current is s—0 100+ 520 x 10—2 =0 100 7) A system is
12
X(s) = R( a]$
represented by the relation s + 10Where, R(s) is the Laplace form of
unit

step function. Find the value of x(t) at t = oo.
As R(s) is the Laplace form of unit step function, it can be written as

|
RI:.H'_] = —
-
1 120
CX(s) = - X 57—
s s +as+ 10

For final value,

1 120
lim z(t) =llmsX(s) =lims x — x

t—ro s—0 s—0 & '? T ."'\ - J.[.:]

120
= 10 = 14 UNILs


https://www.electrical4u.com/electric-circuit-or-electrical-network/
https://www.electrical4u.com/kirchhoff-current-law-and-kirchhoff-voltage-law/

8) Find f(t), f'(t) and f"(t) for a time domain function f(t). The Laplace Transformation form of

Hs + 3
£f(t) =F(s) = o7/
the function is given as 2s(s% + l-“]'By applying initial value theorem, we
F(07) = lim f(#) = lim sF(s)
t—0 800
s(8s + 3) . 8/s+ 3]s

= lim ———— = lim
S—o0 23[32 — D]l s—oa 24 lﬂfﬁz

. 8;“—"“ + 3;’132
= lim 5 =
get, %—:v'l] 2"—1[]}.'5"
Now, £f (t) = sF(s) — f(0%) = sF(s) —0

= sF(s) [From, above prove]

© f(07) = lim sF(s)

5—r2Q0
2
“(8s+ 3
= lim M
s—oo 25(s% +5)
I =+ 3;"{‘5
T e 2+ 10/82

Now, £f (t) = s2£f(t) —sf(07) — £(07)

=4 units

= SPLf(t) —s.0 —4=s"Lf(t) — 4

85+ 3
Now, £flt)] = ——
ow, ££(?) 2s(s% +5)

p 52 (8s +3)

LS [tj - 9¢(s2 L 5] . .
s(s? +5) Applying Initial Value Theorem, we
" [D_] o 1 £ ”[t] o 1 33[83 =+ 3] 4
f - EHEJ s f o sﬂilu 23[32 + .'__1] s
. [3s® — 404 . [3—40/s _

= lm | ————| = m — | = 1.h unit

get, s—oo | 25(s2 + 5) s=oo |24 10/87



5 ! Z “Transformation

5.1. Properties of the Z- transform

For the following

z{f[n]}:fgjf[n]z-“ ~F(2) z{gn}:fﬁ:gnz-f‘ ~G(2)
e Linearity:

Z{af, + bgn} = aF(z) + bG(z). and ROC is Ry N Rg
which follows from definition of z-transform.

e Time Shifting
If we have f [n]<:> F(Z) then

The ROC of Y(z) is the same as F(z) except that there are possible pole additions or deletions

fl[n-n,] <= z7™F(z)

atz=0o0rz=oo0.
Let y[n]: f[n N no]then

Y(z)= nif [n—n,]z™"

Assume k = n- ng then n=k+n,, substituting in the above equation we have:

Y(z)= i flk]z™*™ = 2™ F[z]
k=—o0
e Multiplication by an Exponential Sequence

=2, Y X(zij

The consequence is pole and zero locations are scaled by z. If the ROC of FX(z) is rr < |z| <
r;, then the ROC of Y(z) is
rr<|z/zo| <ryie., |zo|rr< |z| < |2o|rL

v(o)= Sainle = 30 2] (2]

0 Zy

The consequence is pole and zero locations are scaled by z. If the ROC of X(z) is rR<|z|< L,
then the ROC of Y(z) is

rR< |z/zo| <rL,i.e., |zo|rR < |z]| < |zo]|rL



¢ Differentiation of X(z)

f[n]< F(z) nf [n]%—zdlz—(z)

If we have then Z  and ROC =Ry

F(z)= niof [n]z™
- sz—(Z) = —zn:i— nfln)z "= i— nfln]z™"

z
—zdi—gz)<z—>nf[n]

N=—o0

e Conjugation of a Complex Sequence

thleF(2) . £ nk2oF ()

If we have then and ROC = Ry

Proof:
Let y[n] =f [n], then

@ 3l ST -F )

e Time Reversal

If we have f [n]C:) F(Z)
Let y[n] =f* [-n], then

o P2 F (Y2

o= Sbol = Sebake ]| <[ Sebdr) | -Flr)

ROC of F(z) is rr < |z| < r,, then the ROC of Y(z) is

1
rR<‘1/z*

1
—>z/>=
IR n
When the time reversal is without conjugation, it is easy to show
1 1
—>z/>=

f[_ n](Z—)F(]/Z) and ROCis 'R o

If the

<r

ie.,

A comprehensive summery for the z-transform properties is shown in Table 2



Table: Summery of z-transform properties

Property Sequence z-Transform Region of Convergence
Linearity axin) + byin) aX(z)+ hY(2) Contains R, N R,
Shift ’ vin — ng) [ z X () R,
Time reversal v(—n) Xiz7" 1/R,
Exponentiation a"x(n) [ Xia'z) lee| R,
Convolution x(n) = vin) X(z)¥(z) Contains R, N R,
Conjugation x*(n) | X*z*) R,

- dXi(z)
Derivative l nx(n) —z y R,

| dz

Note: Given the z-transforms X (z) and ¥ (z) of x(n) and y(n), with regions of convergence R, and
R . respectively, this table lists the z-transforms of sequences that are formed from x(n) and y(n).

Example: Find the z transform of 3n + 2 x 3",
From the linearity property
Z{3n+2x3"=3Z{n} + 27{3"}
and from the Table 1
YA yA
2=t zfe)e P
ey L, P
and
(r" with r = 3). Therefore
3z 21
_|_
z-3)

2
Z{3n+2x3")= (Z N 1) (

Example: Find the z-transform of each of the following sequences:
(a) x(n) = 2"u(n) + 3(%)"u(n)
(b) x(n) = cos(na@o)u(n).
(a) Because x(n) is a sum of two sequences of the form «"u(n), using the linearity
property of the z-transform, and referring to Table 1, the z-transform pair

4—1—32‘l

1 3 2
1-227% 4 1,4 (1—22)(1—12‘1)
2 2

(b) For this sequence we write

x(n) = cos(nwo) u(n) = %(e’*° + e "*°) u(n)
Therefore, the z-transform is
X(z=t -t 1 1
21—el®mz1  21_g Mgt
with a region of convergence |z| >1. Combining the two terms together, we have
X (2)= 1—(cosw,)z™ ]
1-2(coswy)z ™t +2

2



5.2. The Inverse z-Transform

The z-transform is a useful tool in linear systems analysis. However, just as important as
techniques for finding the z-transform of a sequence are methods that may be used to
invert the z-transform and recover the sequence x(n) from X(z). Three possible approaches
are described below.

e Partial Fraction Expansion
For z-transforms that are rational functions of z,

iq q

Zh[k}z‘* nfl — Bz
xo=2 =

Za{k}z‘* 1_[{1 —az h

k=0 k=1

a simple and straightforward approach to find the inverse z-transform is to perform a partial
fraction expansion of X(z). Assuming that p > g, and that all of the roots in the denominator
are simple, a;# ay for i # k, X(z) may be expanded as follows:

i A
X(2) =) ——— Eq(3)

= I — oz

for some constants Acfor k=1,2, ..., p. The coefficients A, may be found by multiplying
both sides of Eq. (3) by (1 - ak z Y and setting z = a . The result is

Ap = [(1 =z DX(@D)] _,

If p < g, the partial fraction expansion must include a polynomial in z 'of order (p-q). The

coefficients of this polynomial may be found by long division (i.e., by dividing the numerator

polynomial by the denominator). For multiple-order poles, the expansion must be modified.

For example, if X(z) has a second-order pole at z = «, the expansion will include two terms,
B B,

| —agz! | —agz—1)?
k

where By, and B, are given by

B, = akl:%[l — &'kz"']ZX{z}]

=¥y

By = [{1 — ::ur;;z_]anf"i’liz}]z:mE



Example: Suppose that a sequence x(n) has a z-transform

4 —
| —

4—%3"+£z_1
SR (= e (e

With a region of convergence |z| > 7 . Because p = g = 2, and the two poles are simple, the

Xiz)=

-l-'~|l.,- J—nl-ul

sbaTe
T

M

partial fraction expansion has the form

Ay Az
A(z)=C+ +

-1 | — Ll--1

I
1 -1z Iz

The constant Cis found by long division:

2
-2 3.1 1o-2 _ Ta-1
EZ — 37 +l 3< a< +4
| .-2 I_—1
rER LR
1_—1
—32 +2
Therefore, C =2 and we may write X(z) as follows
|
",h;' 2—32 !

IR EY)

Next, for the coefficients A; and A, we have

B PR .
m=[( - el = ] =3
4 =3
and
4 — 171 1z-2
A =[(1-1" )X, = — +_.4 \ =

| Fd ]

Finally, because the region of convergence is the exterior of the circle |z| > 1, x(n) is the
right-sided sequence

x(m) = 28(n) + 3(3) u(n) — (1) un)



e Power Series
The z-transform is a power series expansion,

X(z)= Z x(mz = (=2 =Dz x(O Fx(Dz xRz 4

H=—00
where the sequence values x(n) are the coefficients of z™ in the expansion. Therefore, if we
can find the power series expansion for X(z), the sequence values x(n) may be found by

simply picking off the coefficients of z™".

Example: Consider the z-transform
X(z)=log(l +az™") Iz] = lal

Solution:
The power series expansion of this function is

(=)

|
log(l +az" )= —(=1ate

m= |

Therefore, the sequence x(n) having this z-transform is

1
_{_1]:1+!a.'r n=10
xin) = n

0 n=10

e Contour Integration
Another approach that may be used to find the inverse z-transform of X(z) is to use contour
integration. This procedure relies on Cauchy's integral theorem, which states that if Cis a
closed contour that encircles the origin in a counterclockwise direction,

2 Je 0 k#1
With

oo
X(z) = Z x(n)z™"

Cauchy's integral theorem may be used to show that the coefficients x(n) may be found
from X(z) as follows:

|
x(n) = _56 X()z"dz
2nj Je

where Cis a closed contour within the region of convergence of X(z) that encircles the origin
in a counterclockwise direction. Contour integrals of this form may often by evaluated with
the help of Cauchy's residue theorem,



_ 1 et g, — . =1 T
x(n) = Y ﬁ X(z)z"" T dz = Z [resn:lues of X(z)z" "at the poles inside C]

If X(z) is a rational function of z with a first-order pole at z = «,
Res[}f(z‘)z" Latz = ﬂ'_ﬁ-] = [{I — akz_l}X(:}z”"L:m

Contour integration is particularly useful if only a few values of x(n) are needed.

Example:
Find the inverse of each of the following z-transforms:

(@) X(z) =4+ 3(z* +z77) 0 <|z| < o0

I 1
O X =Tt 7
2 3
(c) X(z) l z| > 2
[N ) = Z| =
14327 22
1
(d) X(z)= |z] > 1

(I =z —=z7%)
a) Because X(z) is a finite-order polynomial, x(n) is a finite-length sequence. Therefore,
x(n) is the coefficient that multiplies z%in X(z). Thus, x(0) = 4 and x(2) = x(-2) = 3.
b) This z-transform is a sum of two first-order rational functions of z. Because the
region of convergence of X(z) is the exterior of a circle, x(n) is a right-sided sequence.
Using the z-transform pair for a right-sided exponential, we may invert X(z) easily as

follows:
x(n) = (IE) uln) + ’i(%) uin)
c) Here we have a rational function of z with a denominator that is a quadratic in z.

Before we can find the inverse z-transform, we need to factor the denominator and
perform a partial fraction expansion:

1 l

Xiz) = =
) | 43z "4+ 2272 (1 4+22""W14z"
B 2 ]
- | 4221 ] 4271

Because x(n) is right-sided, the inverse z-transform is
x(n) = 2(=2"u(n) — (=1"u(n)
d) One way to invert this z-transform is to perform a partial fraction expansion. With
X(z) = : = ]
(1=zM1l=z2 (1=zHl4+:z1H
A B, B-

= —

14z 11—z (1 =z




the constants A, B1, and B, are as follows:

A= I{I +I_I}X(z}|:=—l = dl,

B =[La-vxe| =[] =
L dz ’ - =1 a (I +Z_I)2 H ]| s

By = [(1 =27V’ X(2))= = 3
Inverse transforming each term, we have

x(n) = (=" + 1+ 2(n + D)u(n)

Example:
Find the inverse z-transform of the second-order system
| + 4z
a) — 1 1
X(z) = PTY l.’.’|L‘=‘-2
(I—327")

Here we have a second-order pole at z = %4. The partial fraction expansion for X(z) is
A Az
| ] + 2

|l - 52 ’ (l — lz- r)

The constant A; is

d —-1)2 -2
A= %l:_.,(] - %Z ]) X(:)]- 172 - :I"-r[ - }3 L]:=1.f"-' -

X(z)=

Pk =

and the constant A, is

Ar=[(1-17)'x@)._, , =3
Therefore,
1 3
X@)=-—=*—+ —"
RECN(EED)
and

x(n) = —-(%)"Hu[n] +3(n + l}(%)“]u{n]



Example:
Find the inverse z-transform of X(z) = sin z.
To find the inverse z-transform of X(z) = sin z, we expand X(z) in a Taylor series about z=10 as

follows:
. dX(z)| 22 d*X(z 2" d" X (z

X(z) =X(z)|__ +: )] + — E) e (2)
=0 dz |._, 2! dz? |._, n! dz |,
L3 5 =2n+1

—_— = — 4+ — — .. = — 1" ‘

TR Zn* VY G

Because

O
Xiz)= Z x(nyz™"

we may associate the coefficients in the Taylor series expansion with the sequence values
x(n). Thus, we have

1
=(—1) ———— = —1,-3, -5, ...
=y e

Example:

Evaluate the following integral:
- . rFp . 3. 2 dZ
2nj Je (1= 3201 - 22

where the contour of integration C is the unit circle.

Recall that for a sequence x(n) that has a z-transform X(z), the sequence may be recovered
using contour integration as follows:

|
x(n) = — ,ﬁk’{:p:""d:
‘-:TJI i

Therefore, the integral that is to be evaluated corresponds to the value of the sequence x(n)
at n =4 that has a z-transform
I i

| + 22

(=)=

Thus, we may find x(n) using a partial fraction expansion of X(z) and then evaluate the

X(2)=

sequence at n = 4. With this approach, however, we are finding the values of x(n) for all n.
Alternatively, we could perform long division and divide the numerator of X(z) by the
denominator. The coefficient multiplying z * would then be the value of x(n) at n = 4, and
the value of the integral. However, because we are only interested in the value of the
sequence at n = 4, the easiest approach is to evaluate the integral directly using the Cauchy
integral theorem. The value of the integral is equal to the sum of the residues of the poles of
X(2)z® inside the unit circle. Because



22422 — 1
X(z)z' = 2° * -
(:-3)(-3)

has poles at z=1/2 and z =2/3,

[ 2242z -] :

RCS[X(I}:"'L_J = :'1'__.___1_] — _'ﬁ
1=} P |

L 3 =
and

[ 22422}
Res[X(2)z%],_; = :1__:_?_1__] _

L “«7 2 =3

Therefore, we have

I 3 112 k)
_.2;} g x[z}z d: = TI— — I_ﬁ = ]]952



5.3. Ayrik Zamanh Sistemlerin Z-Modelleri

First let us consider a discrete-time system as an interconnection of only three basic
components: the delay elements, multipliers, and adders. The input—output relationships
for these components and their symbols are shown in Figure 4.

The fourth component is the modulator, which multiplies two or more signals and hence
performs a nonlinear operation.

Delay Element X,(n) —— -1 —> Y{(n) =X4(n—1)

Multiplier X5(n) —»B:»—:- Y2(n) = KXy(n)

Xg(n) ~—
Adder i £ > Ya(n) = Xa(n) +Xy(n)
-
Xqln) —
N
Modulator Xs(n) —x-f\; — Y5(n) = Xs(nmg(n)

mg(n)
Figure The basic components used in a discrete-time system.

A simple discrete-time system is shown in Figure 5, where input signal x(n) = {x(0), x(1), x(2),
x(3)}is shown to the left of vy(n) = x(n). The signal vi(n) shown on the left is the signal x(n)
delayed by T seconds or one sample, so, vi(n) = x(n — 1). Similarly, v(2) and v(3) are the
signals obtained from x(n) when it is delayed by 2T and 3T seconds: v,(n) = x(n — 2) and v3(n)
= x(n - 3). When we say that the signal x(n) is delayed by T, 2T, or 3T seconds, we mean that
the samples of the sequence are present T, 27, or 3T seconds /ater, as shown by the plots of
the signals to the left of vi(n), vo(n), and v3(n). But at any given time t = nT, the samples in
vi(n), va(n), and vs(n) are the samples of the input signal that occur T, 2T, and 3T seconds
previous to t= nT . For example, at t = 3T, the value of the sample in x(n) is x(3), and the
values present in vi(n), v,(n) and vs(n) are x(2), x(1), and x(0), respectively.

A good understanding of the operation of the discrete-time system as illustrated in Figure 4
is essential in analyzing, testing, and debugging the operation of the system when available
software is used for the design, simulation, and hardware implementation of the system.

It is easily seen that the output signal in Figure 4 is



vin) = b(0)yv(0) +b(1yv(l) 4+ b(2)v(2) + b(3)v(3)
=b(Ox(ny+b(x(n — 1) +b(2)yx(n — 2+ b(3)x(n —3)

where b(0), b(1), b(2), b(3) are the gain constants of the multipliers. It is also easy to see
from the last expression that the output signal is the weighted sum of the current value and
the previous three values of the input signal. So this gives us an input—output relationship
for the system shown in Figure 4.

X(n)
x(0)
%(3)

@ -
)

x(1)
T x2)
I b(0)
- H—y Vol — >

o 1 \\
x(0) \
! (3) E—] \
x(1) ‘\\
x(2) \\
I b(1) \
(i) 12034 R o [:>—\ \‘\
%(0) 1 \ \
1 x(3) z S
U '\2/14)" y(n)
* x(2) / ’
b(2)
— .I.::::= V) > >
012 3 56 7 n /
/
. 1 /
xl?} ) E] f;.f
)] /
: V{'z] !_f
Do b(3)
- T —— Vi >
01 2 3 4 5 6 7

Figure. Operations in a typical discrete-time system.

Now we consider another example of a discrete-time system, shown in Figure 5. Note that a
fundamental rule is to express the output of the adders and generate as many equations as
the number of adders found in this circuit diagram for the discrete-time system. (This step is
similar to writing the node equations for an analog electric circuit.) Denoting the outputs of
the three adders as y1(n), y»2(n), and y3(n), we get
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Figure. Schematic circuit for a discrete-time system.

vitn) =03vi(n —1)—02vi(n —2) —0.1x(n — 1)
vaon)y=vin)+05vin —1) —0.4dva(n — 1)
vi(n) = va(n)+ 0.6va(n — 1)+ 0.8vi(n)

These three equations give us a mathematical model derived from the model shown in
Figure 5 that is schematic in nature. We can also derive (draw the circuit realization) the
model shown in Figure 5 from the same equations given above. After eliminating the

internal variables y;1(n) and y,(n); that relationship constitutes the third model for the

system. The general form of such an input—output relationship is

N M
Yy ==Y atk)y(n—k)+ Y bk)x(n —k) Eq(1)
k=1 k=0
or in another equivalent form
N M
Y akyyn —k)y =" blk)x(n —k): a0y =1 E@
k=0 k=0

Eq(1) shows that the output y(n) is determined by the weighted sum of the previous N
values of the output and the weighted sum of the current and previous M + 1 values of the
input. Very often the coefficient a(0) as shown in Eq(2) is normalized to unity.



6 o Hilbert -Huang Transform

The underlying principle of the Huang’s EMD method is the concept of instantaneous
frequency defined as the derivative of the phase of an analytic signal Error! Reference
ource not found.. A mono-component signal, by definition, has a unique well-defined and
positive instantaneous frequency represented by the derivative of the phase of the signal. A
signal, with multiple modes of oscillation existing simultaneously, will not have a meaningful
instantaneous frequency. Accordingly, a distorted signal must be decomposed into its
constituent mono-component signals before the application of Hilbert transform to
calculate the instantaneous frequency.

The essence of EMD is to recognize oscillatory modes existing in time scales defined by the
interval between local extrema. A local extremum point is any point on the signal where its
derivative is zero, and its second derivative non-zero. The term local is used to differentiate
it from a global extremum point. For instance, within an observation window, there may be
several local extrema, however only one global maximum and global minimum point may be
present. Once the time scales are identified, IMFs with zero mean are sifted out of the
signal. The steps comprising the EMD method are as follows:

Al. Identify local maxima and minima of distorted signal, s(t),

A2. Perform cubic spline interpolation between the maxima and the minima to

obtain the envelopes ey(t) and en(t), respectively,

A3. Compute mean of the envelopes, 2 ,
A4, Extract cq(t) = s(t) - m(t),
A5, c.(t) is an IMF if the number of local extrema of c4(t), is equal to or differs

from the number of zero crossings by one, AND the average of c;(t) reasonably zero.
If cy(t) is not an IMF, then repeat steps A1-A4 on cy(t) instead of s(t), until the new
c1(t) obtained satisfies the conditions of an IMF,
A6. Compute the residue, rq(t) = s(t) — cq(t),
A7. If the residue, r(t), is above a threshold value of error tolerance, then repeat
steps A1-A6 on rq(t), to obtain the next IMF and a new residue.
In practice, an appropriate stopping criterion, in step A5, avoids ‘over-improving’ cy(t) as
that can lead to significant loss of information Error! Reference source not found.. The first
MF obtained, consists of the highest frequency components present in the original signal.
The subsequent IMFs obtained, contain progressively lower frequency components of the
signal. If n orthogonal IMFs are obtained in this iterative manner, the original signal may be
reconstructed as,



s(t) = ¢, () +r() (20.1)

The final residue exhibits any general trends followed by the original signal.



7 . Convolution

Given two continuous time signals z(t) = ¢ " and y(f) = ¢ " which exist for
t > 0, the convolution z(t) = z(f) y(1) is

x(t) = e
Laplace transformation
_ 1
X(s) = s+1
y(t) =e™
Y(s) = —
s+ 2

Convolution in time domain is equivalent to multiplication in frequency
domain.

2(t) = x(1) * y(t)
1 1
2(s) = X(s) Y(s) = (m)(m)
By partial fraction and taking inverse Laplace transformation, we get

1 1
48) =5rT1 552

() =e'—e™



8 5 Saylsal Analiz

Laws and Rules of Boolean Algebra

* Laws of Boolean Algebra

- The 12 Rules of Boolean Algebra
A+0=A

A+1=1

A-0=0

A-1=A

A+A=A

A+A=1

A-A=A

- A-A=0

A=A

A+AB=A
+A+AB=A+B

- (A+B)A+C)=A+BC

Laws and Rules of Boolean Algebra

* Laws of Boolean Algebra

- Commutative Law
* Commutative Law of Addition: A+ B=B + A
* Commutative Law of Multiplication: AB = BA
- Associative Law
* Associative Law of Addition: A+ (B+C)=(A+B)+C
* Associative Law of Multiplication: A(BC) = (AB)C
- Distributive Law
* AB+C)=AB +AC



Demorgan's Theorems

Y=X+Y
v = i
e = X+Y

Yo Y=

NAND Negative-OR

X+Y =XY Inputs Output

x x D_ - . Y | X+Y XY

E o—X+Y = XY
¥ Y —C

NOR Negative-AND

Sequential logic has memory; the circuit stores the result of the previous set of inputs. The
current output depends on inputs in the past as well as present inputs. The basic element in
sequential logic is the bistable latch or flip-flop, which acts as a memory element for one bit
of data.




* State table — a multiple variable table with the following four sections:
— Present State — the values of the state variables for each allowed state.
— Input — the input combinations allowed.
— Next-state — the value of the state at time (t+1) based on the present state
and the input.
— Output — the value of the output as a function of the present state and
(sometimes) the input.

* From the viewpoint of a truth table:
— theinputs are Input, Present State
— and the outputs are Output, Next State




Durum diyagrami verilen devrenin
* Suanki ve birsonraki durumlara gére D -ikili devre sayisini bulunur.
*  Durum Tablosunu olusturulur.
* Karnaugh Diyagrami ile indirgeyerek ¢ikis denklemleri bulunur.
* Devreyi gizilir.
*  Yorumlanir.



9 0 Ekler

9.1. Matematiksel Kavramlar

Properties of Exponential and Logarithmic Equations

Let a be a positive real number such that @ # 1, and let x and y be real numbers. Then the following properties are
true:

1. a*=a” ifandonlyif x =y

2. log,x =log,y ifandonlyif x =y (x>0, y > 0)

Inverse Properties of Exponents and Logarithms

Base a Natural Base e
1. log,(a*)=x In(e®) = x
2. qUogax) — ellnx) —
4%+2 = 64 Original Equation
4%+2 = 43 Rewrite with like bases
x+2=3 Property of exponential equations
x=1 Subtract 2 from both sides

The solution is 1. Check this in the original equation.

In(Zx —3) =In11 Original Equation
2x—3 =11 Property of logarithmic equations
2x = 14 Add 3 to both sides
x=7 Divide both sides by 2

The solution is 7. Check this in the original equation.

5+ e**1 =20 Original Equation
e**1 =15 Subtract 5 from both sides
Ine**! = In15 Take the logarithm of both sides
x+ 1=In15 Inverse Property
x=—1+1In15 = 1.708 Subtract1 from both sides



5+ e**1 = 20 Original Equation
5+ e1708+1 = 20 Substitute 1.708 for x
5+ e270% = 20 Simplify

5+ 14.999 =~ 20 Solution checks +

[l ]~

2¥=7 Original Equation
log2* =log7 Take the logarithm of both sides
x(log2) =log7 Property of Logarithms

x= log7 2.807 Solve forx
log 2

4*=3 =9  Qriginal Equation
log 4*=% = log9 Take the logarithm of both sides

(x —3)1og4 = log9 Property of Logarithms
x—3 =% Divide both sides by log 4
log 4

x=3+ ons = 4,585 Solve for x

2log,x =75  Original Equation
logyx = g Divide both sides by 2
45/2 = & Change to exponential form
x =32 Simplify
20In0.2x = 30 Original Equation
In0.2x = 1.5 Divide both sides by 20
0.2x = e* Change to exponential form

x = 5e'% = 22,408 Divide both sides by 0.2

2¥=7 Original Equation
log; 2° = log, 7 Take the logarithm of both sides

x=log, 7 Inverse Property
x= :Zi: = 2.807 Change of Base Formula
473 =g Original Equation

log, 4*73 = log, 9 Take the logarithm of both sides

x—3=log,9 Inverse Property

x—3 =18 Change of Base Formula
log 4
log9

x=3+— = 4585 Solve forx
log 4

Jlogx =06 Original Equation
logx =2 Divide both sides by 3
102 =x Change to exponential form

x =100 Simplity

logs 2x — logz(x — 3) = 1 Original Equation
logs % =1 Condense the left side
loga—"-
3'°83z=3 = 3! Exponentiate both sides

2
—13 =3 Inverse Property
-

2x = 3x —9 Multiply both sides by x — 3

x=9 Solveforx



1. 31 =81
2. B¥ =4
3. e*=5

4. —14 + 3e* =11

5 —6+In3x=20

6. log(3x+1)=2

7. Inx—=In3 =4

8. 2ZIn3x =4

9. 5**2 =4

10.In(x +2)* =6
11.473*% = 0.25
12.2e%* —5e* -3 =10

13.1og7 3 + log; x = log; 32

14.2logg 4x =0

15.1og, x + log,(x — 3) = 2

16.log,(x +5) —log,(x —2) =3

17.4In(2x +3) =11
18.logx — log6 = 2log 4
19.2% = 64

20.5% = 25

21453 =1
’ 16

1. 5
2. =

3. 1.609
4. 2.120
5. 134.476
6. 33

7. 163.794
8. 2.463
9. -1.139

10. 18.086, -22.086

11. =
3

12, 1.099

14. -

15. 4

22.3%% =81
23.logzx =5

24 logyax =3
25.log, 2x = log, 100
26.In(x+4)=1In7
27.logz(2x + 1) =2
28.logs(x — 10) =2
29.3¥ =500

30.8% = 1000
3L.Inx =7.25
32.Inx = —05
33.2e%%% =45

34.100e%%* = 20

1 35.12(1 — 4%) = 18

36.25(1 — et) = 12

37.log2x =15

16. 3

38.log, 2x = —0.65

17. 6.321

18. 96

19. 6

20. 2

21. 1

39.§1ogzx +5=7
40.4logs(x+ 1) = 4.8

41.logy x + log, 3 =3

42.2logyx —logy(x — 1) =1

35.

36.

37.

38.

39.

40.

41.

22.

23.

24.

29.

30.

31

32.

33.

34.

243

64

50

3

4

35

5.66

3.32

1408.10

0.61

6.23

2.68

No Solution

-0.65

15.81

0.32

64

5.90

| oo



Binomial expansion

tn—1) , nn—1)(n—-2) ,
TR + 30 X+

(1+x)"=1+nx+ :

If n is a positive integer the series terminates and is valid for all x: the term in x" is "C,x’ or ( ”) where "C, =

n! r
rin —r)!
n objects without replacement. When # is not a positive integer, the series does not terminate: the infinite series is
convergent for [x| < 1.

is the number of different ways in which an unordered sample of r objects can be selected from a set of

Taylor and Maclaurin Series
If y(x) is well-behaved in the vicinity of x = a then it has a Taylor series,

dy u?d?y  uw’dly
y(x)=yla+u) _3’(“)+“E+EE+§W+"'
where u = x — a and the differential coefficients are evaluated at x — a. A Maclaurin series is a Taylor series with
a=20,
dy «*d%y xdly

yE) =yO) +rg g targe T

Power series with real variables

xz xn
et —l4+x+ 4.+ .. valid for all x
21 n!
xz x3 lxrr
In(1 + x) :x—3+€+---+(—1}"' ... validfor—-1<x <1
n
e e ¥ x2 xt af .
COsSX = =1l—-=4+ = — =+ valid for all values of x
2 20 41 sl
eir _ e—ir x3 xS
sinx = =x——4+ =+ valid for all values of x
21 3! 51
1 2 m m
tan x =x+-x*+—x"+.- valid for —— < x < =
3 15 2 2
2 %P
tan lx :x——-i—?—--- valid for -1 <x <1
1 1x*  1.3x°

sin” " x =x+5?+——+--- valid for -1 < x < 1



Integer series

N(N +1)

N
n =1+243+---+N=
: 2

N(N+1)(2N+1)

N
Yni=1"4+22 432 ...t N* =
1

6

N 2 2
Zr13:13+23+33+---+N3:[1+2+3+---N]2:w
1
m(_l)rrll_ 1 1 1 B
;T_1—5+§—Z+---—ln2
2 (=1l 1 1 1 e

=1--4-_2= — =
;2;:—1 3+5 + 4
i1_1+1+1+1+ _TTZ
1;12_ 4 0 16 6
N
Snn+1)(n+2)=123+234+.- -+ N(N+1)(N+2) = N(N+1)(N4+2)(N+3}
1

This last result is a special case of the more general formula,

N N(N+1)(N+2)...(N+r)(N+r+1)

;n{ﬂ-l—l}(n—i-zj...{n+r}: ) .



Trigonometric Formula

cos?A +sinfA=1
sin2A =2sin Acos A

sin(A + B) =sinAcosB +cosAsinB

cos(A+B)=cosAcosB TsinAsinB

tanA +tanB

sec’ A —tan* A =1

cos2A = cos’ A —sin’ A

tan(A £ B) = 1FtanAtan B
sinAd +sinEB = 25i11A+BCDsA_E
2 2
sinA —sinB = ZCOSA;BSiHA_B
A+ B A—B
cosA +cosB = 2cos + cos
2 2
CDSA—CDSB:—ESinA-zi_BSinA;B

cosec’ A —cotP A=1
2tan A

tan24 = ———.
1—tan“ A

cos(A + B) + cos(A — B)

cos AcosB = >
sinAsinB — cos(A — B) — cos(A + B)
2
sinA cosB — sin(A + B) + sin(A — B)
2
co? A — 1+ cos2A
2
sin?A — 1 —cos2A
2
cos? A — 3cos A + cos3A
4
sin® A — 3sinA ; sin3A4



Differentiation

r [}
uy'  uw'v—uv

(uv)' = u'v + ud', (—) -
o i)

(I.‘t’)r‘”} — g + m,[rr—l]ﬂ(‘l] IS rrCr”[rr—rjU(r} + .- _|_”U|'\rr_‘_.

where "C, = C:) = r'{+lr)'
%{sinx} = cosx i(sinhx} = coshx
%(cosx} = —sinx %{coshx} = sinh x
%(tanx} — sec’x %{tanhx} — sech® x
%(secx] — secx tanx %(s&chx} = —sechxtanhx
%{cotx} — — cosec’x dix (cothx) = — cosech®x
E(cosecx) = — cosecx cotx %(cos&chx} = — cosech x cothx

Temel integral

1) Jadx=ax+c¢

. x”+]
2) [x”dxz +c
n-+1

[}

]
3) .[;dx:mlxl—lrc

4)  JeXdx = e+ ¢

5) ‘raxdx: l:i::l—i_c

6) Jsin x dx = -cos x+ ¢

7)  Jeos x dx = sin x+ ¢



Integration

n+1

’ x
./x"dx:n-i—l—i_c forn # -1

1 .
/;dx =Inx+c /lnxdx =x(lnx — 1) 4¢
/-eﬁ‘xdx :lE"iI-l—(‘ /-xellx dx:eax (i_iz)-’_(
. a . P p

. 2
I/xlnxdx:%(lnx—%) +c

: 1 1 (X )
./nz-i—xzdx —Etan (H)-I_L

o1 1 (X 1 a+x )

/ e dx _Etanh (E)+L_Eln(ﬂ_x)+a

o1 1 qx 1 x—a

/ e dx = Ewl‘h (E)-'_f_ﬂln(x—i-ﬂ)-’_f
-1 1

. x
dx = .
/ (x2 +a?)" . 2(n —1) (x2 +a2)" ! T

x _ 1 24 2 .
I/mdx _2111(:( +a%)+c

/—xﬁ dx = sin! (;) +c

. 1 B - >
I/ﬁd,“c—ln(x-i—hx ﬂ:ﬂ)+C

J'Exdx=€x
1
By = —™
J'E ae
ax 1 ax .
J'b dx_a]n(b)b h =0

J']n(x) drx=xnix)-=x
J‘axhl(.-::)dx=ax ;=0

Dirac é-“function”
1 = ,
8(t—T)= Ell_mexp[lw(t — 7)] daw.
If f(t) is an arbitrary function of ¢ then /-m O(t —T)f(t) dt = f(T).

5(F) = 0if t £ 0, also / S(H)df =1

¥
for x* < a*

>
for x> > a*

forn #1



Complex

Complex number z — x +_j_y (xandy real—valuedj — /—1. )

r=|z| = /x*+y?,

f — arg(z) = tan—! Y
X
Imi{z)
N
y—— ----- (x.rﬂ
r/
E [
| = Re(z)
x

e’ =cosf+jsinf

e™ +1 = Cos(180) +iSin(180) = —-1+1=0



Asagidaki ifadeleri basitlestirin. Cevaplarinizi hem polar hem de dikdortgen seklinde verin

a) c= 364 4 4o IM/2
b) c=(-1+2)°

c) c=2elM2 _3eIW3

| oy C~ S’E‘T‘T tye A

- '3:::}_3'11'/9 13 5 stn Ty -lqcosCTA)-tq Siﬂ(d"/g)

= 3 [a -\-3 —“‘!3
=
‘95
C = 2.1 -‘1,373’(1' = 5?33-3&1

Q.Dz"’f
[9.23‘9 e
1ot St 21 off b

L) c= (-1 +D,DS=

_ y
= 2.3 e, Gnale
7 3
- $5.9 (3 o1 :1/
- ssael’ = —‘fl-~33'j
- .
c) C= QQT/S—SEM
= ;u:as‘ﬂz +9 smﬂt -3 cos 'g —E.I‘Sn"n"%
= - 2,
9_1 2 S?E’J
3-5913'
= |.6iS e

—
—

—1.S — ; 0.S9% =
]



Trigonometri

2. Bolge

(%, ¥
(- +)

90° < o < 180°
cosa <0

sino >0

1. Bolge
(X )
(+, +)

0" <0 <908
cos >0

sind > 0

3. Bolge

(%, ) 0

(= -)
180° < p < 270°

cosfi< 0

sinff < 0

A}

(x, y)
(+.-)

270° < ¢ < 360°
cosp > 0

sing < 0
4. Bolge

0° 30° 4h° 60° aQ-
sin 0 l —2 —3 1
2 2 2
cos | 1 E N2 | 1 0
2 2 2
tan | 0 % 1 | 3 | Tanimsiz
3




NE

5'”[&5‘9’.\:0‘3’59 sin(m—8) =sin®
sin(m+06)=-sin®
—C0s6

cos(m—08)
cos(m+6)=-cosb

sin|' g—e ]= cos6

Iy

[ I .
cos| ——68 ]=S|ne
2
o ! _
cos| —+8 |=-sinG
L2 )
1 ix —Ix
cosx =5 (" +e™™)
SINY = i (E’i']: - E’_f'r)

Sine and Cosine Addition and Subtraction Formulas
sin(a+b)=smnacosb +cosasinb
sin(a—b)=sinacosb—cosasinb
cos(a+b)=cosacosbh—sinasinb

cos(a—b)=cosacosbh+simasinb




Limit

Soru:

F1(t)=1-exp(-t),

F2(t)= 1-k*exp(-k*t)

Yukari verilen sinyallerin sonsuza egiliminde limitlerini bulun.
Yanit: her iki durumda da 1 elde ederiz.

¥

L L L

I R

a+d
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