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Sta je adaptivni filtar?

Adaptivni filtar je filtar Ciji koeficijenti se podesavaju

(menjaju) tokom rada filtra tako da se procesiranjem
adaptivnim filtrom ostvari zeljeni rezultat obrade

Primer: Signal se propusta kroz adaptivni filtar Ciji

koeficijenti se menjaju sve dok filtrirani signal
ne postane priblizno jednak zadatom signalu

Desired Signal

1dik)

7

Input Signal Output Signal
X0 bl Adaptive FIR or IR Digital Filter y(k)
|
Adapting Algorithm -

Error Signal
SUM el Ly
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|dentifikacija sistema

Adaptivni filtar se koristi da se odrede karakteristike
nepoznatog sistema (telekomunikacionog kanala)

Na ulaz adaptivnog filtra se dovodi signal koji je
identiCan pobudi nepoznatog sistema

Kada je razlika izlaza nepoznatog sistema i adaptivnog filtra veoma
mala, karakteristika filtra je priblizno ista kao i nepoznatog sistema

- Unknown System
/ d(k)
x(k) e (k)
o Adaptive Filter B

/
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ldentifikacija inverzne

karakteristike sistema

* |zlaz nepoznatog sistema se veze kaskadno sa
adaptivnim filtrom, a na ulaz kasnjenja se dovodi
signal identican ulazu u nepoznati sistem

« Kada je razlika mala, tada je frekvencijska
karakteristika adaptivnog filtra jednaka
reciproCnoj karakteristici nepoznatog sistema

Delay

a am

(k) (k) v TN ek
- Unknown System ——#| Adaptive Filter SUM >
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Ponistavanje suma i interferencije

|z signala s[k]+n[k] treba da se eliminiSe smetnja,
s[k] je informacioni signal, n[k] je signal smetnje

« Signal »n’[k], koji je korelisan sa n[k],
dovodi se na adaptivni filtar koji podesava
koeficijente sve dok signal greske
ne postane priblizno jednak informacionom signalu

s(k) + n(k)

A (k)

+

vy XK - y(K) e(k)
n'(k) ——| Adaptive Filter SUM >

/
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Predikcija periodicnog signala

Neka je signal s[k] periodiCan u nekom vremenskom
intervalu i stacionaran ili sporo promenljiv

Adaptivni filtar treba da predvidi buduce vrednosti
signhala na osnovu prethodnih vrednosti

Moze da se koristi i za eliminaciju periodiCnog signala
iz sluCajnog signala

A afk)

S(K) x(K) - ﬂo e(k)
—L»| Delay |——| Adaptive Filter SUM >
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Algoritmi za adaptivne filtre

LMS (Least Mean Squares )

RMS (Recursive Least Squares)
Adaptivni filtri u frekvencijskom domenu
Lattice adaptivni filtri

Procesiranje signala



Least Mean Squares (LMS)
Based FIR Adaptive Filters

Adaptive filter method — adapting algorithm used to generate
filter coefficients during adaptation

adaptfilt.adjlms Adjoint LMS FIR adaptive filter algorithm
adaptfilt.blms Block LMS FIR adaptive filter algorithm
adaptfilt.blmsfft FFT-based Block LMS FIR adaptive filter algorithm
adaptfilt.dlms Delayed LMS FIR adaptive filter algorithm
adaptfilt.filtxlms Filtered-x LMS FIR adaptive filter algorithm
adaptfilt.Ims LMS FIR adaptive filter algorithm

adaptfilt.nIms Normalized LMS FIR adaptive filter algorithm
adaptfilt.sd Sign-data LMS FIR adaptive filter algorithm

adaptfilt.se Sign-error LMS FIR adaptive filter algorithm

adaptfilt.ss Sign-sign LMS FIR adaptive filter algorithm
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sistem identification.m

% X je slucajni signal kao informacioni signal ‘

nsamp = 500; R
x = randn(1,nsamp); Informacioni signal

% Nepoznati sistem koji treba da se identifikuje
% generisan je kao FIR filtar sa koeficijentima b
b =fir1(31,0.5);

% v je signal koji je primljen kao izlaz nepoznatog sistema b
% a na pobudu poznatim signalom x
xf = filter(b,1,x); Informacioni signal na izlazu

. . _ nepoznatog sistema
% signal [uma koji je dodat u prenosu korisnog'v.gee

n = 0.1*randn(1,nsamp); ‘
Informacioni signal i Sum

% signal koji je primljen = informasisi———sum
d = xf+n;
Procesiranje signala 10




sistem_identification.m (2)

Korak adaptacije

% LMS step size
mu = 0.008;

% lzabran je LMS algoritam sa tezinskim koeficijentom mu
% pocetna stanja su izabrana da su 0
ha = adaptfilt.Ims(32,mu);

% procesiranje adaptivnim filtrom
[y.e] = filter(ha,x,d); LMS algoritam

Procesiranje
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sistem_identification.m (3)

subplot(3,1,1);

plot(1:500,d);

ylabel('x + n');

title('System Identification of an FIR Filter');
subplot(3,1,2);

plot(1:500,y);

ylabel('y');

subplot(3,1,3);

plot(1:500,e);

ylabel('e');
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X+n

sistem_identification.m (4)

Informacioni signal

Greska

, | SY?lern Id?ntiﬁcati‘on of ar: FIR Fifter , Informacioni Slg nal i Sum
0 5i0 1 U:D 1 5i0 2%0 2%0 3E:IU 3%0 4Ejl0 4%0 |
0 510 1 I?D 1 SjD QI?D 25i0 3%0 35:0 4%0 45:0 SI."IO
b
0 510 1 UID 1 510 260 25[D 3EID 3%0 4EIIU 4%0 500
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sistem_identification.m (5)

stem([b.',ha.coefficients."]);
legend('Actual’,'Estimated');
xlabel('Coefficient #'); ylabel('Coefficient Value');

06 T T
— Actual
05k —= Estimated
o)1

04Fr
§ 03F
5 [y,e]=filter(ha,x,d)
% 02 =
8 [z 7]

1 2ID 1

-0.1
0

25 30 35
Coefficient #
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sistem_identification.m (6)

cO=[];
reset(ha); % Start from zero again
ha.PersistentMemory = true; % Don't reset
for ind = 1:nsamp

[y1,e1] = filter(ha,x(ind),d(ind));

c0 = [c0;ha.coefficients];
end
plot(c0)

Procesiranje signala
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sistem identification.m (7)

Broj iteracija

, , : ; ; Koeficijenti nepoznatog sistema
1 1 1 1 .l | Q | \“5&“\:?1@@ }
50 100 150 200 250 300 350 400 450 500
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sistem_ident 2.m

mu = 0.004;
ha = adaptfilt.Ims(32,mu); [y,e] = filter(ha,x,d);
c1=[]; reset(ha); ha.PersistentMemory = true;
for ind = 1:nsamp

[y1,e1] = filter(ha,x(ind),d(ind));

c1 = [c1;ha.coefficients];
end

mu = 0.012;
ha = adaptfilt.Ims(32,mu); [y,e] = filter(ha,x,d);
c2=[]; reset(ha); ha.PersistentMemory = true;
for ind = 1:nsamp

[y1,e1] = filter(ha,x(ind),d(ind));

c2 = [c2;ha.coefficients];
end

Procesiranje signala
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sistem_ident_2.m (2)

0.6 i I I ) | I T 1

mu = 0.008
— — mu = 0.004
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0 50 100 150 200 250 300 350 400 450 500
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sistem ident 3.m

mu = 0.008

— — mu=0.004

100

150
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sistem_ident _nims.m

mu = 0.4;

ha = adaptfilt.nims(32,mu);

Procesiranje signala
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Xx+n

BN OO N

sistem _ident _nims.m (2)

System Identification of an FIR Filter

150 200 250 300 350 400 450 500

150 200 250 300 350 400 450 500

A ot b

100

150 200 250 300 350 400 450 500
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Coefficient Value

sistem _ident_nims.m (3)
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sistem_ident nlms.m (4)

=P

NLMS

\L mu = 0.4

. .
\LBrze konvergira
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noise cancellation.m

d=1; % Number of samples of delay

ntr=5000; % Number of iterations
v=sin(2*pi*0.05*[1:ntr+d]); % Sinusoidal signal
n=randn(1,ntr+d); % Noise signal
x=v(1:ntr)+n(1:ntr); % Input signal(delayed desired)
ds = v(1+d:ntr+d)+n(1+d:ntr+d);% Desired signal
mu = 0.0001; % Sign-data step size.
ha = adaptfilt.sd(32,mu);

[y,e] = filter(ha,x,ds);

k = 1:ntr;

plot(k,ds,'r--" k,y,'b-" k,v(1+d:ntr+d),"");
axis([ntr-100 ntr -3 3));

xlabel('Index'); ylabel('Signal Value');

Procesiranje signala
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noise cancellation.m (2)

[pxx,om] = pwelch(x(ntr-1000:ntr));

pyy = pwelch(y(ntr-1000:ntr));

subplot(2,1,2);

w = om/pi;

plot(w,10*log10(pxx/max(pxx)),'r--',...
w,10%log10(pyy/max(pyy)),b-");

axis([0 1 -60 20]);

legend('s+n','y');

xlabel(‘"Frequency (\times \pi rad/sample)");

ylabel('Power Spectral Density'); grid on;

Procesiranje signala
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noise cancellation.m (3)

Adaptive Line Enhancement of a Noisy Sinusoidal Signal
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sistem inv ident.m

x = randn(1,3000);

delay = zeros(1,12);

d = [delay x(1:2988)];

ufilt = fir1(12,0.55,'low");

xdata = filter(ufilt,1,x);

p0 = 2%eye(13);

lambda = 0.99:

ha = adaptfilt.rls(13,lambda,p0);
[y,e] = filter(ha,xdata,d);

k = 1:length(d);

subplot(3,1,1);

plot(k,d);

ylabel('d");

title('System Identification of an FIR Filter');
subplot(3,1,2); plot(k,y);ylabel('y");
subplot(3,1,3); plot(k,e);ylabel('e");

Procesiranje signala
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sistem_inv_ident.m (2)

figure

subplot(3,1,1)

[h,w] = freqz(ufilt,1,256);
plot(w/2/pi,abs(h))
ylabel('H'); grid on;

invb = ha.Coefficients;
subplot(3,1,2)

[h,w] = freqz(invb,1,256);
plot(w/2/pi,abs(h))
ylabel('Hinv'); grid on;

subplot(3,1,3)

[h,w] = freqz(conv(ufilt,invb),1,256);
plot(w/2/pi,abs(h))

ylabel('H*Hinv'); grid on;
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sistem_inv_ident.m (3)

System Identification of an FIR Filter
5 T L] I 1 I

0 500 1000 1500 2000 2500 3000
5 Ll L] ] T ]

0 500 1000 1500 2000 2500 3000

2000 2500 3000

0 500 1000 1@0 . .
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dent.m (4)
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Adaptive LMS System

Adaptive LMS System

System ldentification using Adaptive Filters|

inf4}= ShowSchematic[identificationSystem, FontSize » 12,

GridLines - None, Frame - False] ;

. . Unknown ) )
mputSignal o : desiredSignal
System
®>—r° errorSignal
E
Adaptive '
filteredSignal|
Filter el

Of, A
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Draw Schematic

Example Unknown System

inf5]=1 {unknownSystemSchematic, inpCoords, outCoords} =

DirectFormFIRFilterSchematic [[{=1UNS-Y IR -V IS -V 0 -0 -1 R -X 41

Inf6}=] unknownSystem = Join|
unknownSystemSchematic,
{{"Input", {0, O}, X}, {"Output", {23, 4}, Y}}];
ShowSchematic[%, FontSize - 7, PlotRange = {{-2, 25}, {-2, 6}}1;
6
5 -
Al gt lal Lead Lanl Lonl Lol L)
3 -
Z F
a b0 bl b2 b3 b4 b5 b6 b7
0} xol—{s 2] [2] [e1] [1] [4] e
| L =] I CJ

-1 |

0 Z 4 6 8 10 abz 14 16 18 20 A 24

Y| v
150% = £ >
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(T 1)
|~

Adaptive System

Inf59]=

inf60j=

The Adaptive System

ShowSchematic[adaptiveSystem, FontSize - 9, GridLines - None,

Frame - False];

Ye

o @

Qa0 [l 16w 09et
7 328 |
> & @ @
® D &
xe - 7

DiscreteSystemImplementationSummary [adaptiveSystem]

Input: {Y[{25, 9}], Y[{0, 0}]}

Parameter: {m}

Output: {Y[{27, 10}], Y[{24, 10}], ¥[{1, 7}], Y[{4, 7}], Y[{7, 7}],

150% = <
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Finding Adapted Coefficients

Q7

Inf67j=| coefSeq2 = MultiplexSequence [a0Seq2, alSeq2, a2Seq2, a3Seq2,
adseq2, a5Seq2, a6Seq2, a7Seq2];
SequencePlot [coefSeq2, PlotJoined - True, StemPlot - False];

o

The values of the coefficients of the adaptive system converge to ]

inf63}=| coefValues2 = coefSeq2 // Last

1L

Oulfe3j=1 {-0.00500032, -0.01955%4, 0.059958997,
0.4, 0.5, 0.0800001, -0.03, -0.00200037}

150% = < >
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Symbolic Response of
the Unknown System

« desiredSignalSymbolic =

DiscreteSystemSimulation[unknownSystem,inputSignal]

. {{-0.0026 b0},
{-0.1111 b0 - 0.0026 b1},
{0.0751 b0 - 0.1111 b1 - 0.0026 b2},
{0.05 b0 + 0.0751 b1 - 0.1111 b2 - 0.0026 b3},
{-0.0517 b0 + 0.05 b1 + 0.0751 b2 - 0.1111 b3 - 0.0026 b4},
)=
{{0.000013}, {0.0006075}, {0.0015865}, {-0.013902}, ...}

Procesiranje signala
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Nonlinear Systems

&3 Example_NonlinearSystem.nb

Solving Nonlinear Systems

The term so/ve means that Sc/iematicSolver can find the closed-form expression
of the output signal for a known stunulus given by a closed-tform expression.

I Draw Schematic

I Show Schematic

In[3]:=| ShowSchematic[nonlinearSystem, PlotRange » {{-2, 18}, {-1, 9}}];

1
16

O FH N W e 006 = 0w

Procesiranje signala
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Response - unit step input

In[8]:= | inpSeq = MultiplexSequence[inpSeql, inpSeq2]; ]
DiscreteSystemSimulation finds the system output: ]
In[9]:= | outSeq = DiscreteSystemSimulation[nonlinearSystem, inpSeq]: ]
SequencePlot plots outSeq. ]
In[10]:= | SequencePlot[outSeq, PlotRange » {0, gain}]; 1]
10 ¢ ‘ ;
. ’
2 .
gl
2
|
! 10 20 30 40 5I0

Iiani - i ‘
Procesiranje signala
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Can we find a closed-form expression
In terms of the sample index?

~

In[11]:= | DiscreteSystemImplementation[nonlinearSystem,
"implementProc"] ;

Implementation procedure name: implementProc ]
Implementation procedure usage: ]

{{Y1lp5}, {Y1lp3}} = implementProc[{Y0pO,

YOp8}, {Y1p5}, {}] 1s the template for calling the
procedure. The general template i1s {outputSamples,
finalConditions} = procedureName [inputSamples,
initialConditions, systemParameters]. See

also: DiscreteSystemImplementationProcessing

Assume that the system was at rest (zero nutial conditions) and that the two mputs are excited
by the first set of samples (that correspond to the sample mdex 0).

In[12]:= ] initialState = {0}

200% ~ £ >
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Compute symbolic output sample

A

Generally, we can compute the symbolic output sample, y2, and final state, d2, for an arbi-
trary initial state d1 and the stimulus {1 ,gain} that correspond to an arbitrary sample

index.

In[15]:=§ {{v2}, {d2}} = implementProc[{1l, gain}, {d1}, {}] // Simplify

Out[15]= | {{d1}, {% (2+3d1) }}

For the next sample mdex, the output sample, v3, and final state, d3, follow: ]

In[16]:= | {{y3}, {d3}} = implementProc[{1l, gain}, {d2}, {}] // Simplify

outtel= | {{= 2+3an)}, {52 (62+45an)}}

200% =~ £ >
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Find relation between

the two output samples

The function Reduce tries to eliminate the mitial state d1. and tries
to find the relation between the two output samples.

| eqns = Reduce[{y[n- 1] = y2, y[n] = y3}, {d1}]

15

‘ gl == Lol (-5+8y[n]) && 15y [-1+n] ==-10 +16y[n]

The second part 1s the desired relation between the two output samples.

| reducedEqgns = eqns|[[2] ]

| 15y[-1+n] ==-10+ 16 y[n]

200% =~ £ >
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Solve the recurrence equation

3| A

This loads the package for solving recurrence equations:

IN[19]:= | <<DiscreteMath RSolve"

Here 1s the solution to the recurrence equation:

In[20]:= | Clear [y, n]

mySol = RSolve[{reducedEqns, y[0] ==y0}, yv[n], n]

({vt1 - 10 (1- (=) )1}

16

200% 4 £ ?
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Optimization
Let us find the number of samples atter which the output

sequence has the value gain*b, say 90% of the gain.

In[27]:= | Solve[w[n] ==gainxb, n] // Simplify
8 /.b->0.9

Log[l-Db
outi27]= | {{n- - Lfg[[%] 1)

23 Example_NonlinearSystem.nb * Q@
| A

Out[28]=] {{n->35.6777}}

200% -~ £
—
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Promena ucestanosti odabiranja

Smanjenje i povecanje ucestanosti
odabiranja

Decimacija

Interpolacija

Polifazna dekompozicija
Projektovanje visestepenih sistema

Procesiranje signala
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Zasto primena
razliCitin frekvencija odabiranja®

Prednosti:

Manje racunskih operacija

Manje memorije za koeficijente |
smestanje prethodnih stanja

Filtrima se snizava red
Maniji su efekti konacne duzine reci

Manja je osetljivost na tacnost
koeficijenata filtra

Procesiranje signala
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Primeri multirate sistema

Sistemi sa viSe razlicitih ucestanosti odabiranja
se nazivaju multirate sistemi

Digitalni audio signal:

(1) prenos na 32 kHz, (2) zapis na CD-u na 44.1 kHz,
(3) digitalne audio trake na 48 kHz

Digitalni TV signal — razliCiti standardi

Digitalni signal moze da se pretvori u
analogni | da se ponovo generise
digitalni za drugu uCestanost odabiranja

Digitalni signal sa jednom ucCestanoscu
odabiranja direktno se pretvori
u drugi digitalni signal

Procesiranje signala 45



Osnovne operacije za promenu
ucestanosti odabiranja

x[n]=x (nT) — l M — y[n]= x (nMT)

Input sampling Output sampling

frequency = F,. = requency = F. =—4 = —
equency = F; frequency = F. == -

1
-

xXnl=x (nT)—T L FH x[n]l=49 ¢ .
| I a T[ ul | l (0. otherwise

Input sampling - i
] o Output sampling

frequency = F, = LF,; _T

: l
frequency = F,. = —
» [ ]

J.\‘ (nT/L), n=0xL%2L...

Procesiranje signala

46



Down-sampler
 Down-sampler |[M —vrsi se

redukcija ucestanosti odabiranja
sa celobrojnim faktorom M

x[n]=x, (t)‘t:nT =X, (nT)
xqln]=x[Mn]=x, (t)‘t:nMT = Xa (t)‘tznT' =X, (nT")

T'=MT  F,=F;/M

Procesiranje signala 47



Down-sampling za M=2

SN




Program 13_2

N = 50; Inicijalizacija

M= 3;

fo = 0.042;
=0 : N-1; Down-sampling
=0 - N*M_l;

= sin(2*pi*fo*m) ;

= x([1 : M : length(x)]):

subplot(2,1,1)

stem(n, x(1:N));

title('Input Sequence')

xlabel ('Time index n') ;ylabel ('Amplitude’);
subplot(2,1,2)

stem(n, y);

title ([ 'Output sequence down-sampled by ', num2str(M)]);
ylabel ('Amplitude') ;xlabel ('Time index n');

K X 8B

Procesiranje signala
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Program 13 2

Ulazna sekvenca

Input Sequence
oy

T e

i,

Amplitude

1

5 10 15 ~20 25 30 3B 40 45 50 Sekvenca posle

Time index n down-sampling

Qutput sequence down-sampled by 3

N

Amplitude

Ul ol olll, 6?TT ?HT ‘FT
BRET T T

1 1 1N 1
0 15 20 25 30 35 40 45 5D
Time indexn  Procesiranje signala 50




Up-sampler

 Up-sampler 1L —vrsi se
povecanje ucestanosti odabiranja
sa celobrojnim faktorom L

- x[n/L], n=0,+L +2L, -
x, [n]=
! 0, drugde

I'=T/L

Procesiranje signala
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=2

Up-sampling za L

(a)
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Program 13_1

Inicijalizacij
—— cijalizacija
fo = 0.12;
L =3;
n = 0:N-1; Up-sampling
X = sin(2*pi*fo*n) ;

y = zeros(l, L*length(x))

vy([1l: L: length(y)]) = x;

subplot(2,1,1)

stem(n,x) ;

title('Input Sequence')

xlabel ('Time index n'); ylabel('Amplitude') ;
subplot(2,1,2)

stem(n,y(1l:1length(x)));

title ([ 'Output sequence up-sampled by', num2str(L)]);

xlabel ('Time index n'); ylabel('Amplitude')

Procesiranje signala
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Program 13 _1

Amplitude

Amplitude

05F

Input Sequence

05 -T
Oc

L&

o o
T L

P | 1

1
L=

e TlI7
FETTFET

5 10 15 20 25 30
Time index n

QOutput sequence up-sampled by3

29 40 45 50

05}

&S
T T T [4)]

IGec- oo oo oo SoTooTOOTE0TE0- 0o o800 -CoTEaTER OTO
L] l
05F o

Time index n

35 40 45 &80
Procesiranje signala

Ulazna sekvenca

Sekvenca posle
up-sampling

o4



x|[n]

Perfektna rekonstrukcija

T ]l :
“."] < l
Py Rl ey kO, NG
n: 0 | 2 3 4 5 6 7 8
x[n]:  x[0] x[1] x[2] x[3] =x[4] «x[5] =x[6] x[7] @
o[n):  x[0] x[2) x[4] x[6|x|l()l x[12] x[14] x[16]
wln]: x[—1] x[1]1 x[3] x[5] x[7] =x[91 x[11] x[13] x[15]
vuln]l:  x[0] 0 x[2] 0 x[4] 0 x[6] 0 x[8]
wyln]l: x[—1] 0 x[1] 0 x[3] 0 x[5] 0 x[7]
veln =14 5000w xf0) 0 xR0 k4]0 6T 0
vinl: x[—1] x[0] «x[1] =x[2] «x[3] «x[4] «x[5]1 «x[6] x[7]
Procesiranje signala oY



Down-sampling sa ofsetom

X 40

X 41

Y42

T

0 4 5

T w ‘ ‘ ‘ x‘ xi7] xé] xb]
*10] w31 4 D81 )
ARSI
1 2 3 9

(U'S)

SRR

0 Procesiranje sighala
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Down-sampling sa kasnjenjem

X["l]

x[n-1]

x[n-2]

x[9]

fttill]

X[n]

Tis—ox
-1
z

0123456789

x[n-1

x[8]

atill]

012345678910

x[7]

TQ??TTTTTT

x[n-2)|v
3=

do

Xd0

0 12345678 9101F"roce3|ranje signala

x[9]
' 6]
&af
0 1 2 3
x[8]
x[5]
x[2] T T
e ?
0 1 2 3
x[7]
x[4]
x[1] T T
e Q
0 1 2 3

o7



Realizacija sa ofsetom

x[9] x[9]
= x[6] = L
= X3 T E T x(3] T
Q ? T " T m
0123456789 0 1 2 3
x[n] o> ~L3,O—O do - 7]
S
L h
>l 31— %y, 0 | 2
a (8]
=l
- x[2]:
=g \1,3’2 ) xd2 " EP] T

Procesiranje signala
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Up-sampling sa kasnjenjem

Xap O—=

3




il

6
0123456789

[

o]

x[3

Sl

]

9

[

X

,

[6
Te—e
012345678910

]

X

x[3]
o0 ? -9

x[0

Rekonstrukcija sa ofsetom

E
=

60

Xq =131

0123456 789 Procesiranje signala

0123456789

o200




Aliasing — folding
Za pobude
periodiCnim sekvencama

x[n] down-samplin g

x4["1posle |down-sampling

v[m] equivalent

xy[n] =sm(27 0.04 »n+ @)

xg[m]=sin(27 0.2 m+ @)

sin(27 0.2 m+ @)

xs[n]=—-sm(27 0.16 n—@)

xg2[m]=—-sm(27 0.8 m—@)

sin(27 0.2 m+ @)

x3[n] =sm(27 0.24 n+ @)

xq3[m]=s1m(271.2 m+ @)

sin(27 02 m+ @)

Xl nly = {sm27rfn + @);

O0< f<1/2M

Procesiranje signala
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Karakteristike u
frekvencijskom domenu za L=2

- x[n/2], n=0,%2 +4,--.
x, [n]=
! 0, drugde

Xo@= Sxalnf2le = Yol

Nn=—ao
n cven

Xy(2)= Y m]=2" = x(2)

Procesiranje signala
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Up-sampler: karakteristike u
frekvencijskom domenu

- x[n/L], n=0,tL, t2L, -
X, [n] =
! 0, drugde

X, (2)=X(z")

Procesiranje signala
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Up-sampling u frekvencijskom domenu

DTFT realnog signala W (
. , x[n] koji je kompleksan
Jé paran po I X('?)

AKX /\/ﬂ

.‘Yrr 7 0 7

(a) 7
X (®) Spektar izlaznog signala xu[n] ]
Image

0

Pmr*penmnle s|gna|a 64
(b)

Spektar ulaznog signala J

=T




Program 13 3

freq = [0 0.45 0.5 1];

mag = [0 1 0 O];

x = £fir2(99, freq, mag);

[Xz, w] = freqz(x, 1, 512);

plot(w/pi, abs(Xz)); grid

xlabel ('\omega/\pi'); ylabel('Magnitude’') ;
title('Input spectrum');

L =25;

disp ([ 'Up-sampling factor = ' num2str(L)])
y = zeros(l, L*length(x))

vy([1l: L: length(y)]) = x;

[Yz, w] = freqz(y, 1, 512);

plot(w/pi, abs(Yz)); grid

xlabel ('\omega/\pi'); ylabel('Magnitude’') ;
title('Output spectrum') ;

Ulazni signal

Spektar

Procesiranje signala
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Program 13 3

Generisati signal sa

spektrom

Signal koji ima
definisani spektar

Magnitude

0

i
L)

045 0.5

O/R

1.0

0.3 : :
1] EUEBENNGNS WNCHURRSES NSRENMINNE.  FUSEUNIE JESSERRES Rm— -
- 7] WENGREPES NUSINDIIN TSI | EERS: SRS i —— =
g 0 2.0 1 ollo F & o oo ,
i, || URRINUUNN NS S B S S—— S— -
072 ] ] i i i
Protesiranje’signala®® & L &0
Time index n




Program 13 3

Magnitude

Input spectrum

Spektar ulaznog signala

09

0.8

0.7

0.6

Magnitude

0.3

Spektar izlaznog signala

0.2

0.1

Prodesiranjé’si

Output spectrum

05 -

0.4 f-of----f




Down-sampler: karakteristike u
frekvencijskom domenu (1)

n=ao

Y(z)= Zx[Mn] z "

Nn=—a0

x[n], n=0,£tM,£2M,---
Xint L7 =
0, drugde

11=00 k=00
Y(2)= D Xipe[Mn] 27" = Y xinek] 27 = Xy (1)
Nn=—0o0 Proces'k'ﬁe'é@nala



Down-sampler: karakteristike u
frekvencijskom domenu (2)

1/ M
Xint[7] = c[n] x[n] Y(2) = Xine (27 )
, n=0,+M,+2M,---

cln]=

0, drugde

_ 1 = kn —j2n /M

cln]=— ZW , Wy =¢

M k=0
Xine (2) —iMiX(z W) e

Iint _ _
M = Y(z)=— Y X"yl
Procesiranje|signala M k=0




Down-sampler: karakteristike u
frekvencijskom domenu (3)

1Ak
— Y XMWy
k=0

Y(z)=

M

. 1 . .
Y(e/®) = 5(X (/' %)+ X(—ef””))
Neka je X(e/*?)

L Jol2N _ J(w-2m)/2 realna funkcija sa
X(-e )=X(e ) asimetriénim spektrom

Procesiranje signala 70



X(e’™)

L AN

P B

Frekvencijski
domen (4)

-1 - (

| T
(a)

."4 /
X

-27

(b)

¥

Aliasing

0]

Aliasing

w
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Frekvencijski domen (5)

(O

X(e )
n - -mW2 0 W2 m .
(a)
EYH".)l
- ) 2
Al€ ) X( )
/ VTR
/ / M =
T 'T[ ) ';;'. T 5
(b)

Procesiranje signala

(0]

Bez efekta aliasing



Program 13 4

freq = [0 0.42 0.48 1];

mag = [0 1 0 O];

x = £fir2(101, freq, mag);

[Xz, w] = freqz(x, 1, 512);

plot(w/pi, abs(Xz)); grid

xlabel ('\omega/\pi'); ylabel('Magnitude’') ;
title('Input spectrum');

M= 2;

y = x([1: M: length(x)]):

[Yz, w] = freqz(y, 1, 512);

plot(w/pi, abs(Yz)); grid

xlabel ('\omega/\pi'); ylabel('Magnitude') ;
title ([ 'Output spectrum, M = ' num2str(M)]) ;

Procesiranje signala

Ulazni signal

Spektar
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Magnitude

Program 13 4

Input spectrum

Spektar ulaznog signala

Output spectrum, M =2

05

0.45

0.4

0.35

03

0.25

Magnitude

Spektar izlaznog signala
M=2

02

0.15

0.1

0.05

0
Procesiranjé’ sigf

4a 02 03 04 05 06 07 08 09 1



Program 13 4

Input spectrum
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Kaskadna veza

v, ]

x[n] o= TL \ 74 —0)’1["3] x[n]o— LM > TL —C)’z[??]
_ L | _
Nz)=X(z") vy (2) = — ZX(ZI/MWMk

M 2
/M
h)=— Zmzl Wi

Y)(z)=V5(z")
| T VA 1 M
Y1(2) =7 ZX(Z W) Y2(2)=ﬁ ZX(Z Wi

k=0

Procesiranje signala




Kaskadna veza

vl[n] vz[n]
x[n]o—» TL f—> LM —0)’1[’3] x[n)o—» LM = TL —¢)*‘2[’3]
V() — 1 M_IX L/ My kL. 1 LS TS
(2)=— > X(z M )| |Hh(z)=— > X" "Wy
M o M =
N =% — \w/t=w/

M i L su celobrojni i nemaju
zajednicki Cinioc

Procesiranje signala
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x|n|

vln]

| m >

x|n]

valn]
b e

Ekvivalentne realizacije

y,[n)
e

yalnl

y,ln] x|n| Valn]

HZz) — = — | H(M)—|
(a)

yaln] x|n| e

H(zL)— - il P2 iy
(b)

Y1(2) =Y (2)

Procesiranje signala

Y3(z) = Y4(2)
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Decimacija |/ m e h
in] O—> HE) /N Y —Jyln] \/¥\\ /W

Filtar za decimaciju

* Najvisa ucCestanost u spektru signala mora
da bude manja od polovine ucestanosti
odabiranja | tada nema aliasing-a

* Pre operacije down-sampling mora
da se ogranicCi spektar signala na 1/(2M)
da ne bi doslo do aliasing-a

Procesiranje signala 79



Proces

decimacije

M=4

x[n] Q—)—

H(z)

vin]_

LM

— y[n]

X4
{ - > f
/4 £2 £
A
—\/—\/’\W .
£/4 £2 £,
1463)
a
’ T S — » f
f/4 £2 £,
Y4 1
T A A A
o . = > £
Procesiranje S|gpala £ £



Interpolacija /'\ /K / \ f

x [1]

xn] O—+ 1L —> HZ) = y[n] /\ /’\ /rk \ r -
f" f/ :
AV ViV VAV @
jil\l

Interpolacioni filtar

« Ubacivanje odbiraka nultih vrednosti sa
up-sampler generise spektralne komponente
na ucestanostima iznad 1/(2L)

» Posle operacije up-sampling mora da se
ogranici spektar signala na 1/(2L) da bi se
eliminisale nepozeljne komponente

Procesiranje signala 81




Proces
interpolacije

[=4

X(f)

48] . i
xn] O—> 1L F——> H) y[n] - ; ! I ! .,
g 2L 3f Af
A
R
{ : = oot >
f: f 21‘: 3f__' 4_{;‘
o h
Procesiranje S|gr}__a|a 2 . y



Promena ucestanosti odabiranja
sa faktorom L/M

x[n] O— T2 —{7,©@)

—._)..Hd(Z)—).

\B.V§

— yln]

H(z)=H,(z),L>M

H(z)=Hy(z),L<M

in] O—> 1L

H(z)

v

BV

— y[]

Procesiranje signala
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Ulazno-izlazne relacije decimatora

V[n] _ ih[n —l] X[l] xn] O—> HE) _v[.rz]_)_ M —y[n]
[=—o0

yin] = ] V(2)=H(z) X(2)

= ZHMn=0AA ) LMty
[=—00 M =

1S v 1/ My —k
Y(z)=— S HE MW x MW
k=0
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Ulazno-izlazne relacije interpolatora

x,[Lm]|=xm], m=0,£1,12 x ]
dn] O—> 1L == Hz) F—n]
Q0
= > hln-I
[=—00

Y(z)=H(z) X(z")

yln] = Z hln—Lm] x| Lm]

m=—ao0
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Ulazno-izlazne relacije za promenu
ucestanosti odabiranja L/M

xn] O—> 1L

Hz) F—> M F—y[n]

WV

y[n] = i W Mn— Lm] x[m]

m=—a0

1

M -1

k=0

Y(z) =

Procesiranje signala 86



Interpolacioni filtar (1)

* Granica nepropusnog opsega mora da bude
1/(2L) u odnosu na ucestanost odabiranja,
F., =F:/Q2L)

stop
» Granica propusnog opsega je manja od F|

| Sto je moguce bliza do F,

top
top

(a)

£
siranje signala

N
P

87



Interpolacioni filtar (2)

* Neka je F, najvisa ucestanost ulaznog signala
koji treba da se zadrzi posle interpolacije

* Granica propusnog opsega mora da bude
F .=F./L<F/(2L), F;izlaznog signala

pass

? M £
T | -
: dn] O—> 1L > H) yln]
i —L|flgF. /L
. —
S E— CAO b ‘
)II I Plrocesiranje signala \O’ f‘ 2 FT /2L




Decimacioni filtar

* Neka je F, najvisa ucestanost izlaznog signala
Koji treba da se zadrzi posle decimacije

* Granica propusnog opsega mora da bude
F ..=FJ/L<F/(2L), F; ulaznog signala

pass

v[n]

xn] (O—>> He) > M [—yn]

A M1
1+ L
-3, .
. Lf|<F./M
H(e/?)=1" <F
0, |f|=Fr/2M
o , [““"Prcc?siranie's'rgnafa“1 89




Decimacioni-interpolacioni filtar

* Neka je F_ najviSa ucestanost izlaznog signala koji treba
da se zadrzi posle promene uCestanosti odabiranja sa
faktorom L/M, F; je uCestanost odabiranja filtra

« (Granica propusnog opsega mora da zadovolji oba
zahteva | za decimacioni i interpolacioni filtar

A‘W) ) O—3 N >| HO [ WM ol
| (a)
N E— H(ejw):;L’ f|<min(F, /M, F,/L)
0,|f|= min(Fy /2M, Fr /2L)

Procesiranje signala



Efikasnost FIR 1 |IR filtara

* Decimacioni FIR filtar izraCunava izlazne
vrednosti samo one Kkoji se propustaju kroz
down-sampler — usteda je veca ukoliko je
veci faktor decimacije

* Decimacioni lIR filtar izraCunava izlazne
vrednosti samo one koji se propustaju kroz
down-sampler ali sve vrednosti odbiraka
koji se koriste u povratnim granama pa je i
usteda je manja u odnosu na FIR filtre

Procesiranje signala 91



Primer slozenosti decimatora

R,, e broj mnozenja u sekundi

F; je ucestanost odabiranja

FIR, H(z) duzine N: R,=NxF

FIR H(z) duzine N, down-sampler Af:
R,~F,xN/M

IR, H(z) reda K: R,~2K+1) xXF;

IR, H(z) reda K, down-sampler M-
R,~KxF .+ (K+1) xF,/M = F, ( (K+1)/M+K)

Procesiranje signala 92



Program 13_5

N = 128; M= 2;
fl = 0.043; f£f2 = 0.31;
n = 0:N-1;

X = sin(2*pi*fl*n) + sin(2*pi*f2*n);

y = decimate (x,M, 'fir') ;

subplot(3,1,1); stem(n,x(1:N));
title('Input sequence');

xlabel ('Time index n') ;ylabel ('Amplitude’);

subplot(3,1,2); stem(n(1:M:N)/M,x(1:M:N));
title('Input sequence, down-sampler ') ;
xlabel ('Time index n') ;ylabel ('Amplitude’);

subplot(3,1,3)
m=0:N/M-1; stem(m,y(1:N/M));
title ('Output sequence') ;

xlabel ('Time index n'); wlakellicdmRlitude’)

Ulazni signal

decimate
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Vremenski domen: Program 13_5

Input sequence Ulazni signal
S ? ae | 0’0 P ooed*?‘ | Y ‘ I "?ﬂo "’5’"
: O

2 g 3:;%50:".': Flng )f;l_l .’[.,l_ ,zo-_.ﬁm&%:ﬂo‘ flelooldHl)
= A RO~y T i A PHIG R AE
5( 5 o&!)o 000 ‘.;-‘-l 00 QO “'6&0 1 v o 1

0 20 40 60 80 100 120 0

Time index n Ulazni signal i
Input sequence, down-sampler down-sample M=2
2 G T O T T T T

§ oo fla o 2EE ol
= LW e I o oy -
JHEE V0 & S Gl A
< s 1 1 1 1 1 o 1

0 10 20 30 40 50 60 70

Time index n
Qutput sequence

Amplitude

|zlazni signala, FIR filtar i
down-sample M=2

1 1
30 40
Time indexn |

Procesiranje signala
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Spektar signala: Program 13 5

= Inpul sequence Ulazni Signa|
L
3
El
300 400 500 ?OD 900 1000
frequency (Hz)
Input sequenc:e down-sampler Ulazni signal i
50 . .
_ down-sample M=2
3
0 Voa| ] 1 1 1
0 1 200 300 400 500 600 700 800 900 1000
frequency (Hz)
Output sequence T _ .
50 . . . . - . . . |zlazni signala, FIR filtar i
= down-sample M=2
- A
0 i L L decs wed | 1 1 1 1
0 100 200 300 400 500 600 700 800 900 1000
95

frequency (Hz)
Procesiranje signala



Program 13 6

N = 128; L =2;
fl = 0.043; £2 = 0.23;
n = 0:N-1;

X = sin(2*pi*fl*n) + sin(2*pi*f2*n);

y = interp(x,L);

subplot(3,1,1), stem(n(1:50) ,x(1:50));
title('Input sequence');

xlabel ('Time index n') ;ylabel ('Amplitude’);
subplot(3,1,3), m=0:N*L-1;

stem(m(1:L*50) ,y(1:L*50)) ;

title('Output sequence');

xlabel ('Time index n'); ylabel('Amplitude') ;
subplot(3,1,2)

x2 = zeros(size(y)); x2(1:L:L*N) = x;
stem(m(1l:L*50) ,x2(1:L*50));

title('Input sequence, up-sampler ');

xlabel ('Time index n') ylahel ( Auplitude’) ;

Ulazni signal

interp
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Vremenski domen: Program 13_6

Input sequence Ulazni signal
o 2 & ; - ' ' '
E 0 ?UQ )TQA S i V T?Q(Dﬁ)o o & C‘Q (PT
§ J)o éJ«L <L<L °% 5 éj}& d)l(L &b
20 510 30 35 40 45 50 Ulazni signal |

Tlme mdex n
Input sequence, up-sampler

up-sample L=2

|zlazni signala, FIR filtar i
up-sample L=2

100

Q
=
=
=}
E
< !
0 10 20 30 40 50 60 70 80 90 100
Time index n
Qutput sequence
% 2 ) ] I Iﬁq | L I |
: kbl e o %%ﬁ!?&& @ d
3 il YEPI
< 2 1 1 1 1 1 ] [, 1
0 10 20 30 40 50 60 70 80 90
Time index n

Procesiranje signala
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|FFTI

IFFTI

IFFTI

Spektar signala: Program 13 6

Ulazni signal
Input sequence
SD Ll T N
UIL /JL Jk\ Jl 1 |
100 400 500 BOD ?DU 800 S00 1000
f H . .
TRquency. (iiz) Ulazni signal i
Input sequence, up-sampler
T T T T T T T T Up'Sample L=2
50
200 300 400 ?DU EIGD 1000
frequency (Hz) . . :
Output sequence Izlazni signala, FIR filtar i
e b : - ' : - - - up-sample L=2

0
0 100 200 300 400 500 600 700 8O0 SO0 1000
frequen®rddekiranje signala



Program 13 7

N = 21;
L =25;
M= 3;

fl = 0.043; £2 = 0.031;

n = 0:N-1;

X = sin(2*pi*fl*n) + sin(2*pi*f2*n);

y = resample(x,L,M);

subplot(2,1,1)

stem(n,x(1:N));

title('Input sequence');

xlabel ('Time index n'); ylabel('Amplitude') ;
subplot(2,1,2)

m=0:N*L/M-1;

stem(m,y (uint8 (1:N*L/M))) ;

title('Output sequence');

xlabel ('Time index n'); ylabel('Amplitude') ;

Procesiranje signala

resample
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Vremenski domen: Program 13 _7

. .. Ulazni signal
'?TTTT T TTTT@Q
]

2
1
O
-1
_2 1 L 1 L L 1 1 1 1
0 2 4 b 8 10 12 14 16 18 20
Time index n

LM,
] T

0 5 10 15 20 25 30 35
Time Pr@cesiranje signala

Amplitude

o

| Izlazni signala, FIR filtar i
L=5, M=3

Amplitude
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Visestepena realizacija

TL

x[n] O—+

——{H O ——s TL

H,@)

— y[n]

x[n] O—+

H,@)

M —)Hz(z)

\%.¥§

— y[n]
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Primer visestepenog decimatora

— H(z) . l,m >

12 kHz 12 kHz 400 Hz

* Smanjiti uCestanost odabiranja sa
F+,=12 kHz na F';,=400 Hz, (M=30)

* Specifikacije: F, ,,,=180 Hz
5p=0.002, 0,=0.001, F =F;,/2=200 Hz
e remezord za FIR linearne faze, N=1827

o R,~FxN/M=12000%1828/30=730800
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Visestepeni decimator (2)

— 1(2) F(z19) 13() —>

12 kHz 12 kHz 12 kHz 400 Hz
(a)

— I(z) —F(z15) ‘IIS 12 i

12 kHz 12 kHz 12 kHz 800 Hz 400 Hz
(b)

— 1(2) 115 F(z) 12 Tt

12 kHz 12 kHz 800 Hz 800 Hz 400 Hz
(C)

R,=127600
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Visestepeni decimator (3)

‘ II’((""’) I

L Ll ]" (!)
0 o 8 2n
2.7kHz 3 kHz 6 kHz 9 kHz 12 kHz
(15F)) (15F)) (Fr = 15F)) (Fyp)
(a)
! |1‘(<f'*"’)|
\ /ll((’”)l , \
fF- Pa— ()
0 \ 21
180 Hz 200 Hz 600 Hz 12 kHz
Fp F ISF
Pr?ces#anje signala 104
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G,(2)

decimacija - interpolacija

Visestepena

—'lMl

Gz(:)

e L8 | (:)

| L2

le —-'-_—’Gl\(:) lMI‘_’
(a)
e L =
(b)
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Polifazna dekompozicija

Q0
X(Z) = ZX[]/I] Z_n X[n]  FTR lz’VI — Xx,[n] = x[Mn]
L ' d li\/f — X [n]=x[Mn+1]
M -1 ; Z
X(Z) — ZZ_ Xk(ZM) ; lfW—’ Xy[n] = x[Mn+ 2]
k=0 grans

L | M| x,,,[n1= x(Mn+M 1]

Xp(2)= D xi[n]z™"

n=—a0

xp[n]=x[Mn+k], 0<k<M-1
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Direktna | transponovana
FIR realizacija

“I”Iﬁ_’ 1:()‘:;1.1) y[n] x|n]
=1

A
vy
'_A
&N
-
~
—

>
>

l'.‘()( :.U}

v

Vsln]

—1 E,(zM) N EyE@Y AC%
| . = i
i o 1
: ’ + 7 \
R Ey_ (M) Epy-1(zM) —
x[n] vyln] yyln] x|n|
= 2oy L poy LR
H _ —kE M (a)
(2)= 2z "Ex(z7)
x[n] va[n] yaln] x|n]
k=0 —»E] L —HD= =  —HE
Procesitanje_signal

1'4|11L

.\'3[”]

yalnl




Efikasne decimacione strukture

—*‘f

I".,‘l I(:

e

)

(a)

Fy Fr FrIM
l l l
— Bty |oe-fiu]
- |
g [ i) ol
,.:'l
" E,(zM)

FyIM

Procesiranje signala

Fr FriM
\J \J
— M E©
.
F M2 EiR)
- l
> l"” E,(z)
~ 1
s IM[— E,,_(2)
(b)
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Efikasne interpolacione strukture

S
-~
S~
-~
r-
S
~
™y
\: .
-~
~
i
"
-~

<}
E@ Pl —1 K@ B

1 E, 2 L _’é) oo - RokZ) T L

El(” | TL —bé — K32 > T 1 —’é
z
v

NE, @ 4L — — R, @ 1L o

(a) Procesiranje signala (b)



Efikasne FIR strukture

H(2) = h[0] + h{1]z™" + h[20z™2 + k(312> + h[4]c™* + hI5)e™> + A[S)e ™

Eo(z) = h[0] + h[3)z~" + h[5]z7% + A|

Ei1(2) = h[1] + hl4 e 4];:"2 + h
Ey(z) = h[2) + h[S)z™' + h[3]z % +h

Procesiranje signala
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Down-sampling sa ofsetom

X[n]

downsample (x,M, p)

x[9]
x[6]
x[3 T T
o‘?? )

0123456789
x[n] o130
=>1103.1
=132

Procesiranje signala

o X

° 40

° Ml

d2

X40 [m]

Xqp [m]

Xgp [m]

x[9]




Up-sampling sa ofsetom

x[9] x[9]
2| x[6] ' x[6
SRR T 1aeot] TTT
ee?ee o610 Q?? n
0123456780910 01234567809
xuO
{7 X0 =>113,0 y[n]
e x[4]
A[1] T
—o2eoloeloe- X
01234567

89 x, =131

x[8]
o x[5] upsample (x,L, p)
= X[Z] xu2
Xp =132
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Cascaded Integrator-Comb

CIC filtri

W
H(z)=HY () Y (2) = (-2)

Integrator Portion Coab Portiomn
O

Procesiranje signala
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DDC — digital down converter

»{lnpin
> n O .l Z 1
I'D- Sim
Filvex Hardware Latency
x_in I ;2 |——slriner_in  ModelSim. fier_ow »{HDL Co-Sim
Signal From Hardwar e Reset
Workspace La;ency VHOL Co-Skmulation Verification_Results
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Profesor dr Miroslav Lutovac
mlutovac@viser.edu.rs

Ova prezentacija je nekomercijalna.

Slajdovi mogu da sadrze materijale preuzete sa Interneta,
stru€ne i nauCne grade, koji su zasti¢eni Zakonom o
autorskim i srodnim pravima.

Ova prezentacija se moze Kkoristiti samo privremeno
tokom usmenog izlaganja nastavnika u cilju informisanja i
upucivanja studenata na dalji strucni, istrazivacki i naucni

rad i u druge svrhe se ne sme Koristiti —
Clan 44 - Dozvoljeno je bez dozvole autora i bez plaéanja
autorske naknade za nekomercijalne svrhe nastave:

(1) javno izvodenije ili predstavljanje objavljenih dela

u obliku neposrednog poucavanja na nastavi,

- ZAKON O AUTORSKOM | SRODNIM PRAVIMA

("Sl. glasnik RS", br. 104/2009 i 99/2011)
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