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Chapter 2

Discrete-Time Signals and Systems

P2.1 Generate the following sequences using the bh&iaLaB signal functions and the basMaTLAB signal
operations discussed in this chapter. Plot signal samplag thestem function.

1. x1(nN) =35(n+2)+25(n) —8(n—3)+55(n—7),-5<n<15

% P0201a: x1(n) = 3*delta(n + 2) + 2*delta(n) - delta(n - 3) +
% 5xdelta(n - 7), -5 <= n <= 15.
clc; close all;

x1 = 3*impseq(-2,-5,15) + 2ximpseq(0,-5,15) - impseq(3,-5,15)

+ bximpseq(7,-5,15);
Hf_1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0201a’); nl = [-5:15];
Hs = stem(nl,x1,’filled’); set(Hs,’markersize’,2);
axis([min(n1)-1,max(n1)+1,min(x1)-1,max(x1)+1]);
xlabel(’n’,’FontSize’ ,LFS); ylabel(’x_1(n)’,’FontSize’,LFS);
title(’Sequence x_1(n)’,’FontSize’ ,TFS);
set(gca, ’XTickMode’,’manual’,’XTick’,nl, ’FontSize’,8);
print -deps2 ../EPSFILES/P0201a;

The plots ofx;(n) is shown in Figure 2.1.
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Figure 2.1: Problem P2.1.1 sequence plot

2006



2006

SOLUTIONS MANUAL FOR DSP USING MATLAB (2ND EDITION)

5
2. Xp(N) = Z e K§(n — 2k), —10 < n < 10.

k=-5

% P0201b: x2(n) = sum_{k = -5}"{5} e"{-|k|}*delta(n - 2k), -10 <= n <= 10
clc; close all;

n2 = [-10:10]; x2 = zeros(1l,length(n2));
for k = -5:5

x2 = x2 + exp(-abs(k))*impseq(2xk ,-10,10);
end
Hf 1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0201b’);
Hs = stem(n2,x2,’filled’); set(Hs,’markersize’,2);
axis([min(n2)-1,max(n2)+1,min(x2)-1,max(x2)+1]);
xlabel(’n’,’FontSize’ ,LFS); ylabel(’x_2(n)’,’FontSize’,LFS);
title(’Sequence x_2(n)’,’FontSize’ ,TFS);
set(gca, ’XTickMode’ , ’manual’,’XTick’,n2);
print -deps2 ../EPSFILES/P0201b;

The plots ofx,(n) is shown in Figure 2.2.
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Figure 2.2: Problem P2.1.2 sequence plot
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3. X3(n) = 10u(n) — 5u(n — 5) — 10u(n — 10) 4+ 5u(n — 15).

% P0201c: x3(n) = 10u(n) - 5u(n - 5) + 10u(n - 10) + 5u(n - 15).
clc; close all;

x3 = 10*stepseq(0,0,20) - Bxstepseq(5,0,20) - 10*stepseq(10,0,20)
+ B*stepseq(15,0,20);
n3 = [0:20];

Hf _1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0201c’);
Hs = stem(n3,x3,’filled’); set(Hs,’markersize’,2);
axis([min(n3)-1,max(n3)+1,min(x3)-1,max(x3)+2]);

ytick = [-6:2:12];

xlabel(’n’,’FontSize’ ,LFS); ylabel(’x_3(n)’,’FontSize’,LFS);
title(’Sequence x_3(n)’,’FontSize’ ,TFS);

set(gca, ’XTickMode’ , ’manual’,’XTick’,n3);
set(gca,’YTickMode’, ’manual’,’YTick’,ytick) ;

print -deps2 ../EPSFILES/P0201c;

The plots ofxz(n) is shown in Figure 2.3.

Sequence X 3(n)
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Figure 2.3: Problem P2.1.3 sequence plot
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4. x4(n) = 91" [u(n 4 20) — u(n — 10)].

% P0201d: x4(n) = e ~ {0.1n} [u(n + 20) - u(n - 10)].
clc; close all;

n4
x4

[-25:15] ;
exp(0.1*n4) . *(stepseq(-20,-25,15) - stepseq(10,-25,15));

Hf _1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0201d’);

Hs = stem(n4,x4,’filled’); set(Hs,’markersize’,2);
axis([min(n4)-2,max(n4)+2,min(x4)-1,max(x4)+1]);
xlabel(’n’,’FontSize’ ,LFS); ylabel(’x_4(n)’,’FontSize’,LFS);
title(’Sequence x_4(n)’,’FontSize’ ,TFS); ntick = [n4(1):5:n4(end)];
set(gca, ’XTickMode’,’manual’,’XTick’,ntick) ;

print -deps2 ../CHAP2_EPSFILES/P0201d; print -deps2 ../../Latex/P0201d;

The plots ofx4(n) is shown in Figure 2.4.
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Figure 2.4: Problem P2.1.4 sequence plot
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5. x5(n) = 5[c090.497n) + c090.517n)], —200 < n < 200. Comment on the waveform shape.

% P0201e: x5(n) = 5[cos(0.49%pi*n) + cos(0.51*pi*n)], -200 <= n <= 200.
clc; close all;

n5 = [-200:200]; x5 = 5*(cos(0.49*pi*nb) + cos(0.51*pi*nb));

Hf 1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0201le’);

Hs = stem(nb5,x5,’filled’); set(Hs,’markersize’,2);
axis([min(n5)-10,max(n5)+10,min(x5)-2,max(x5)+2]);
xlabel(’n’,’FontSize’ ,LFS); ylabel(’x_5(n)’,’FOntSize’,LFS);
title(’Sequence x_5(n)’,’FontSize’ ,TFS);

ntick = [n5(1): 40:n5(end)]; ytick = [-12 -10:5:10 12];

set(gca, ’XTickMode’,’manual’,’XTick’,ntick) ;

set(gca,’YTickMode’, ’manual’,’YTick’,ytick);

print -deps2 ../CHAP2_EPSFILES/P020le; print -deps2 ../../Latex/P0201le;

The plots ofxs(n) is shown in Figure 2.5.

Sequence X 5(n)
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Figure 2.5: Problem P2.1.5 sequence plot
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6. Xg(N) = 2sin(0.01rn) cog0.57n), —200< n < 200.

%P0201f: x6(n) = 2 sin(0.01*pi*n) cos(0.5%pi*n), -200 <= n <= 200.
clc; close all;

n6 = [-200:200]; x6 = 2*sin(0.01*pi*n6) .*cos(0.5*pi*n6) ;

Hf 1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0201f’);

Hs = stem(n6,x6,’filled’); set(Hs,’markersize’,2);
axis([min(n6)-10,max(n6)+10,min(x6)-1,max(x6)+1]);
xlabel(’n’,’FontSize’ ,LFS); ylabel(’x_6(n)’,’FontSize’,LFS);
title(’Sequence x_6(n)’,’FontSize’ ,TFS);

ntick = [n6(1): 40:n6(end)];

set(gca, ’XTickMode’,’manual’,’XTick’,ntick) ;

print -deps2 ../CHAP2_EPSFILES/P0201f; print -deps2 ../../Latex/P0201f;

The plots ofxg(n) is shown in Figure 2.6.

Sequence X 6(n)
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Figure 2.6: Problem P2.1.6 sequence plot
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7. X7(n) = €999 sin(0.17n + 7/3), 0 < n < 100.

% P0201g: x7(n) = e ~ {-0.05*%n}*sin(0.1*pi*n + pi/3), 0 <= n <=100.
clc; close all;

n7 = [0:100]; x7 = exp(-0.05*n7) .*sin(0.1*pi*n7 + pi/3);

Hf 1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0201g’);

Hs = stem(n7,x7,’filled’); set(Hs,’markersize’,2);
axis([min(n7)-5,max(n7)+5,min(x7)-1,max(x7)+1]);
xlabel(’n’,’FontSize’ ,LFS); ylabel(’x_7(n)’,’FontSize’,LFS);
title(’Sequence x_7(n)’,’FontSize’ ,TFS);

ntick = [n7(1): 10:n7(end)]; set(gca,’XTickMode’, ’manual’,’XTick’,ntick);
print -deps2 ../CHAP2_EPSFILES/P0201g;

The plots ofx7(n) is shown in Figure 2.7.

Sequence X 7(n)
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Figure 2.7: Problem P2.1.7 sequence plot
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8. Xg(n) = > sin(0.17n), 0 < n < 100.

% P0201h: x8(n) = e ~ {0.01*n}*sin(0.1*pi*n), O <= n <=100.
clc; close all;

n8 = [0:100]; x8 = exp(0.01*n8).*sin(0.1*pi*n8);

Hf _1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0201h’);

Hs = stem(n8,x8,’filled’); set(Hs,’markersize’,2);
axis([min(n8)-5,max(n8)+5,min(x8)-1,max(x8)+1]);
xlabel(’n’,’FontSize’ ,LFS); ylabel(’x_8(n)’,’FontSize’,LFS);
title(’Sequence x_8(n)’,’FontSize’ ,TFS);

ntick = [n8(1): 10:n8(end)]; set(gca,’XTickMode’, ’manual’,’XTick’,ntick);
print -deps2 ../CHAP2_EPSFILES/P0201h

The plots ofxg(n) is shown in Figure 2.8.

Sequence X 8(n)
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Figure 2.8: Problem P2.1.8 sequence plot
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P2.2 Generate the following random sequences and obtain theodram using thaist function with 100 bins.
Use thebar function to plot each histogram.

1. x1(n) is arandom sequence whose samples are independent anthiynddstributed ovefO, 2] interval.
Generate 100,000 samples.

% P0202a: x1(n) = uniform[0,2]
clc; close all;

nl = [0:100000-1]; x1 = 2*rand(1,100000);

Hf 1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0202a’);
[h1,xlout] = hist(x1,100); bar(xlout, hil);

axis([-0.1 2.1 0 1200]);

xlabel (’interval’,’FontSize’,LFS);

ylabel (’number of elements’,’FontSize’,LFS);

title(’Histogram of sequence x_1(n) in 100 bins’,’FontSize’,TFS);
print -deps2 ../CHAP2_EPSFILES/P0202a;

The plots ofx; (n) is shown in Figure 2.9.

Histogram of sequence x l(n) in 100 bins
1200 T T T T T T T T T T T

1000

800 |

600 |

400 |

number of elements

200 |

0 02 04 06 08 1 1.2 14 16 18 2
interval

Figure 2.9: Problem P2.2.1 sequence plot
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2. Xo2(n) is a Gaussian random sequence whose samples are indepuaitiermean 10 and variance 10.
Generate 10,000 samples.

% P0202b: x2(n) = gaussian{10,10}
clc; close all;

n2 = [1:10000]; x2 = 10 + sqrt(10)*randn(1,10000);

Hf _1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0202b’);
[h2,x20ut] = hist(x2,100); bar(x2out,h2);

xlabel (’interval’, ’FontSize’ ,LFS);

ylabel (’number of elements’,’FontSize’,LFS);

title(’Histogram of sequence x_2(n) in 100 bins’,’FontSize’,TFS);
print -deps2 ../CHAP2_EPSFILES/P0202b;

The plots ofxy(n) is shown in Figure 2.10.

Histogram of sequence x 2(n) in 100 bins
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100
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Figure 2.10: Problem P2.2.2 sequence plot
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3. x3(n) = x1(nN) + X1(n — 1) wherex;(n) is the random sequence given in part 1 above. Comment on the
shape of this histogram and explain the shape.

% P0202c: x3(n) = x1(n) + x1(n - 1) where x1(n) = uniform[O0,2]
clc; close all;

nl = [0:100000-1]; x1 = 2*rand(1,100000);

Hf _1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0202c’);
[x11,n11] = sigshift(x1l,nl,1);

[x3,n3] = sigadd(x1l,nl,x11,n11);

[h3,x30out] = hist(x3,100);

bar (x3out,h3); axis([-0.5 4.5 0 2500]);

xlabel (’interval’,’FontSize’,LFS);

ylabel (’number of elements’,’FontSize’,LFS);

title(’Histogram of sequence x_3(n) in 100 bins’,’FontSize’,TFS);
print -deps2 ../CHAP2_EPSFILES/P0202c;

The plots ofxz(n) is shown in Figure 2.11.

Histogram of sequence x 3(n) in 100 bins
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Figure 2.11: Problem P2.2.3 sequence plot



2006

SOLUTIONS MANUAL FOR DSP USING MATLAB (2ND EDITION) 15

4, X4(n) = Z‘k‘zl yk(n) where each random sequengén) is independent of others with samples uniformly

distributed ovef—0.5, 0.5]. Comment on the shape of this histogram.

%#P0202d: x4(n) = sum_{k=1} =~ {4} y_k(n), where each independent of others
% with samples uniformly distributed over [-0.5,0.5];
clc; close all;

yl = rand(1,100000) - 0.5; y2 = rand(1,100000) - 0.5;
y3 = rand(1,100000) - 0.5; y4 = rand(1,100000) - 0.5;
x4 =yl + y2 + y3 + y4;

Hf _1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P02024d’);
[h4,x4out] = hist(x4,100); bar(xd4out,hd);

xlabel (’interval’,’FontSize’,LFS);

ylabel (’number of elements’,’FontSize’,LFS);

title(’Histogram of sequence x_4(n) in 100 bins’,’FontSize’,TFS);
print -deps2 ../CHAP2_EPSFILES/P0202d;

The plots ofx4(n) is shown in Figure 2.12.

Histogram of sequence x 4(n) in 100 bins
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Figure 2.12: Problem P2.2.4 sequence plot
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P2.3 Generate the following periodic sequences and plot thempses (using thetem function) over the indicated
number of periods.

LX) ={..,-2,-10,1 2, .. }periodic Plot5 periods.
T

% P0203a: x1(n) = {...,-2,-1,0,1,2,-2,-1,0,1,2...} periodic. 5 periods
clc; close all;

ni [-12:12]; x1 = [-2,-1,0,1,2];
x1 = x1’%ones(1,5); x1 = (x1(:))’;

Hf 1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0203a’);
Hs = stem(nl,x1,’filled’); set(Hs,’markersize’,2);
axis([min(n1)-1,max(n1)+1,min(x1)-1,max(x1)+1]);
xlabel(’n’,’FontSize’ ,LFS); ylabel(’x_1(n)’,’FontSize’,LFS);
title(’Sequence x_1(n)’,’FontSize’ ,TFS);

ntick = [n1(1):2:n1(end)]; ytick = [min(x1l) - 1:max(x1l) + 1];
set(gca, ’XTickMode’,’manual’,’XTick’,ntick) ;
set(gca,’YTickMode’, ’manual’,’YTick’,ytick);

print -deps2 ../CHAP2_EPSFILES/P0203a

The plots of%y(n) is shown in Figure 2.13.

Sequence X 1(n)

Figure 2.13: Problem P2.3.1 sequence plot
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2. %2(n) = €*1"[u(n) — u(n — 20]periodic Plot 3 periods.

% P0203b: x2 = e ~ {0.1n} [u(n) - u(n-20)] periodic. 3 periods
clc; close all;

n2 [0:21]; x2 = exp(0.1#*n2) .*(stepseq(0,0,21)-stepseq(20,0,21));
x2 = x2’%ones(1,3); x2 = (x2(:))’; n2 = [-22:43];

Hf _1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0203b’);
Hs = stem(n2,x2,’filled’); set(Hs,’markersize’,2);
axis([min(n2)-2,max(n2)+4,min(x2)-1,max(x2)+1]);
xlabel(’n’,’FontSize’ ,LFS); ylabel(’x_2(n)’,’FontSize’,LFS);
title(’Sequence x_2(n)’,’FontSize’ ,TFS);

ntick = [n2(1):4:n2(end)-5 n2(end)];

set(gca, ’XTickMode’, ’manual’,’XTick’,ntick);

print -deps2 ../Chap2_EPSFILES/P0203b;

The plots of%,(n) is shown in Figure 2.14.

Sequence X 2(n)

X,(0)
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Figure 2.14: Problem P2.3.2 sequence plot
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3. X3(n) = sin(0.lrn)[u(n) — u(n — 10)]. Plot 4 periods.

% P0203c: x1(n) = {...,-2,-1,0,1,2,-2,-1,0,1,2...} periodic. 5 periods
clc; close all;

n3 = [0:11]; x3 = sin(0.1xpi*n3).*(stepseq(0,0,11)-stepseq(10,0,11));
x3 = x3’*ones(1,4); x3 = (x3(:))’; n3 = [-12:35];

Hf _1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0203c’);
Hs = stem(n3,x3,’filled’); set(Hs,’markersize’,2);
axis([min(n3)-1,max(n3)+1,min(x3)-0.5,max(x3)+0.5]);
xlabel(’n’,’FontSize’ ,LFS); ylabel(’x_3(n)’,’FontSize’,LFS);
title(’Sequence x_3(n)’,’FontSize’ ,TFS);

ntick = [n3(1):4:n3(end)-3 n3(end)];

set(gca, ’XTickMode’, ’manual’,’XTick’,ntick);

print -deps2 ../CHAP2_EPSFILES/P0203c;

The plots ofkz(n) is shown in Figure 2.15.

Sequence X 3(n)
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Figure 2.15: Problem P2.3.3 sequence plot



2006

SOLUTIONS MANUAL FOR DSP USING MATLAB (2ND EDITION) 19

4. X4 =1{...,1,2,3,.. Jperiodict+ {-- ., 1,2, 3,4, .. .Jperiodic 0 <N =< 24. What s the period afs(n)?
0 1

% P0203d x1(n) = {...,-2,-1,0,1,2,-2,-1,0,1,2...} periodic. 5 periods
clc; close all;

nd = [0:24]; x4a [1 2 3]; x4a = x4a’*ones(1,9); xd4a = (x4a(:))’;
x4b = [1 2 3 4]; x4b = x4b’*ones(1,7); x4b = (x4b(:))’;
x4 = x4a(1:25) + x4b(1:25);

Hf 1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0203d’);

Hs = stem(n4,x4,’filled’); set(Hs,’markersize’,2);
axis([min(n4)-1,max(n4)+1,min(x4)-1,max(x4)+1]);

xlabel(’n’, ’FontSize’, LFS); ylabel(’x_4(n)’,’FontSize’,LFS);
title(’Sequence x_4(n):Period = 12’,’FontSize’,TFS);

ntick = [n4(1) :2:n4(end)]; set(gca,’XTickMode’,’manual’,’XTick’,ntick);
print -deps2 ../CHAP2_EPSFILES/P0203d;

The plots of%4(n) is shown in Figure 2.16. From the figure, the fundamentabplenf X4(n) is 12.

Sequence X 4(n) . Period =12

x,,(n)

Figure 2.16: Problem P2.3.4 sequence plot
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P2.4 Letx(n) = {2,4,—-3,1, —5,4,7}. Generate and plot the samples (useghem function) of the following
sequences. f

1. X3 (n) = 2x(n — 3) + 3x(n + 4) — x(n)

% P0204a: x(n) = [2,4,-3,1,-5,4,7]; -3 <=n <= 3;
% x1(n) = 2x(n - 3) + 3x(n + 4) - x(n)
clc; close all;

n = [-3:3]; x=[2,4,-3,1,-5,4,7];

[x11,n11] = sigshift(x,n,3); % shift by 3
[x12,n12] = sigshift(x,n,-4); % shift by -4
[x13,n13] = sigadd(2*x11,n11,3*x12,n12); % add two sequences

[x1,n1] = sigadd(x13,n13,-x,n); % add two sequences

Hf _1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0204a’);
Hs = stem(nl,x1,’filled’); set(Hs,’markersize’,2);
axis([min(nl)-1,max(nl1)+1,min(x1)-3,max(x1)+1]);
xlabel(’n’,’FontSize’,LFS);

ylabel(’x_1(n)’,’FontSize’ ,LFS);

title(’Sequence x_1(n)’,’FontSize’ ,TFS); ntick = nil;

ytick = [min(x1)-3:5:max(x1)+1];

set(gca, ’XTickMode’, ’manual’,’XTick’,ntick);
set(gca,’YTickMode’,’manual’,’YTick’,ytick);

print -deps2 ../CHAP2_EPSFILES/P0204a;

The plots ofx;(n) is shown in Figure 2.17.

Sequence X l(n)
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Figure 2.17: Problem P2.4.1 sequence plot
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2. Xo(N) = 4X(4 + n) + 5x(n + 5) + 2x(n)

% P0204b: x(n) = [2,4,-3,1,-5,4,7]; -3 <=n <= 3;

% x2(@) = 4x(4 + n) + 5x(n + 5) + 2x(n)

clc; close all;

Hf _1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0204b’);
n = [-3:3]; x = [2,4,-3,1,-5,4,7];

[x21,n21] = sigshift(x,n,-4); % shift by -4
[x22,n22] = sigshift(x,n,-5); % shift by -5
[x23,n23] = sigadd(4xx21,n21,5*%x22,n22); % add two sequences
[x2,n2] = sigadd(x23,n23,2*x,n); % add two sequences

Hs = stem(n2,x2,’filled’); set(Hs,’markersize’,2);
axis([min(n2)-1,max(n2)+1,min(x2)-4,max(x2)+6]);
xlabel(’n’,’FontSize’ ,LFS); ylabel(’x_2(n)’,’FontSize’,LFS);
title(’Sequence x_2(n)’,’FontSize’ ,TFS); ntick = n2;

ytick = [-25 -20:10:60 65];

set(gca, ’XTickMode’, ’manual’,’XTick’,ntick);
set(gca,’YTickMode’,’manual’,’YTick’,ytick) ;

print -deps2 ../CHAP2_EPSFILES/P0204b;

The plots ofx,(n) is shown in Figure 2.18.

Sequence X 2(n)
65 T T T T T T T T T T T T

50 1
40t 1

30F b

T T L
L 1 | -

-20

Figure 2.18: Problem P2.4.2 sequence plot
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3. X3(N) =x(n+3)x(n —2) + X(L —n)x(n+ 1)

% P0204c: x(n) = [2,4,-3,1,-5,4,7]; -3 <=n <= 3;
% x3(n) = x(n + x(n - 2) + x(1 - n)x(n + 1)
clc; close all;

n = [-3:3]; x = [2,4,-3,1,-5,4,7]; % given sequence x(n)
[x31,n31] = sigshift(x,n,-3); % shift sequence by -3
[x32,n32] = sigshift(x,n,2); % shift sequence by 2
[x33,n33] = sigmult(x31,n31,x32,n32); % multiply 2 sequences
[x34,n34] = sigfold(x,n); % fold x(n)

[x34,n34] = sigshift(x34,n34,1); % shift x(-n) by 1
[x35,n35] = sigshift(x,n,-1); % shift x(n) by -1
[x36,n36] = sigmult(x34,n34,x35,n35); % multiply 2 sequences

[x3,n3] = sigadd(x33,n33,x36,n36); % add 2 sequences

Hf _1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0204c’);
Hs = stem(n3,x3,’filled’); set(Hs,’markersize’,2);
axis([min(n3)-1,max(n3)+1,min(x3)-10,max(x3)+10]);
xlabel(’n’,’FontSize’ ,LFS); ylabel(’x_3(n)’,’FontSize’,LFS);
title(’Sequence x_3(n)’,’FontSize’ ,TFS);

ntick = n3; ytick = [-30:10:60];

set(gca, ’XTickMode’,’manual’,’XTick’,ntick) ;
set(gca,’YTickMode’, ’manual’,’YTick’,ytick);

print -deps2 ../CHAP2_EPSFILES/P0204c;

The plots ofxz(n) is shown in Figure 2.19.

Sequence X 3(n)

60 f ]
50 F 1
40t 1
30t 1

20F b

10}F N -
i

X5(n)

Figure 2.19: Problem P2.4.3 sequence plot
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4. X4 (n) = 2e”"x (n) 4+ cos(0.17rn)x (N+2), —10<n < 10

% P02044d: x(n) = [2,4,-3,1,-5,4,7]; -3 <=n <= 3;
yA x4(n) = 2xe~{0.5n}*x(n)+cos(0.1xpi*n)*x(n+2), -10 <=n< =10
clc; close all;

n = [-3:3]; x = [2,4,-3,1,-5,4,7]; % given sequence x(n)
nd4 = [-10:10]; x41 = 2*exp(0.5*n4); x412 = cos(0.1*pi*nd);
[x42,n42] = sigmult(x41,n4,x,n);
[x43,n43] = sigshift(x,n,-2);
[x44,n44] = sigmult(x412,n42,x43,n43);

[x4,n4] = sigadd(x42,n42,x44,n44);

Hf _1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0204d’);
Hs = stem(n4,x4,’filled’); set(Hs,’markersize’,2);
axis([min(n4)-1,max(n4)+1,min(x4)-11,max(x4)+10]);
xlabel(’n’,’FontSize’ ,LFS); ylabel(’x_4(n)’,’FontSize’,LFS);
title(’Sequence x_4(n)’,’FontSize’ ,TFS);

ntick = n4; ytick = [ -20:10:70];

set(gca, ’XTickMode’, ’manual’,’XTick’,ntick) ;
set(gca,’YTickMode’, ’manual’,’YTick’,ytick);

print -deps2 ../CHAP2_EPSFILES/P0204d;

The plot ofx4(n) is shown in Figure 2.20.

Sequence X 4(n)

7of :

60 b

50 b

40} 1

30 b

x,,(n)

-20 1 1

Figure 2.20: Problem P2.4.4 sequence plot
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P2.5 The complex exponential sequergée” or the sinusoidal sequence qagn) are periodic if thenormalized
. . : K :
frequencyfy = ;)—0 is a rational number; that idy = N whereK andN are integers.
T

1. Analytical proof: The exponential sequence is perioflic i
e Zrfo+N) — gi2rfon gr @i2rfoN — 1 — f;N = K (an integer)

which proves the result.
2. Xy = exp(0.17rn), —100< n < 100.

% P0205b: x1(n) = e {0.1xj*pi*n} -100 <=n <=100
clc; close all;

nl = [-100:100]; x1 = exp(0.1*xj*pi*nl);

Hf _1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0205b’);
subplot(2,1,1); Hsl = stem(nl,real(xl),’filled’); set(Hsl, markersize’,2);
axis([min(n1)-5,max(n1)+5,min(real (x1))-1,max(real(x1))+1]);
xlabel(’n’,’FontSize’ ,LFS); ylabel(’Real(x_1(n))’,’FontSize’,LFS);
title([’Real part of sequence x_1(n) =’

’exp(0.1 \times j \times pi \times n) ’ char(10)

> Period = 20, K =1, N = 20’],’FontSize’,TFS);
ntick = [n1(1):20:n1(end)]; set(gca,’XTickMode’, ’manual’,’XTick’,ntick);

subplot(2,1,2); Hs2 = stem(nl,imag(xl),’filled’); set(Hs2, markersize’,2);
axis([min(n1)-5,max(n1)+5,min(real (x1))-1,max(real(x1))+1]);
xlabel(’n’,’FontSize’ ,LFS); ylabel(’Imag(x_1(n))’,’FontSize’,LFS);
title([’Imaginary part of sequence x_1(n) =’

’exp(0.1 \times j \times pi \times n) ’ char(10)

> Period = 20, K = 1, N = 20’],’FontSize’,TFS);
ntick = [n1(1):20:n1(end)]; set(gca,’XTickMode’, ’manual’,’XTick’,ntick);
print -deps2 ../CHAP2_EPSFILES/P0205b; print -deps2 ../../Latex/P0205b;

The plots ofx; (n) is shown in Figure 2.21. Sinck = 0.1/2 = 1/20 the sequence is periodic. From the
plot in Figure 2.21 we see that in one period of 20 samplg®) exhibits cycle. This is true whenever
K andN are relatively prime.

3. X, =c090.1n), —20<n < 20.

% P0205c: x2(n) = cos(0.1n), -20 <= n <= 20
clc; close all;

n2 = [-20:20]; x2 = cos(0.1*n2);

Hf 1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0205c’);
Hs = stem(n2,x2,’filled’); set(Hs,’markersize’,2);
axis([min(n2)-1,max(n2)+1,min(x2)-1,max(x2)+1]);
xlabel(’n’,’FontSize’ ,LFS); ylabel(’x_2(n)’,’FontSize’,LFS);
title([’Sequence x_2(n) = cos(0.1 \times n)’ char(10)
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Sequence X 2(n) =co0s(0.1 xn)
Not periodic since f 0- 0.1/ (2 x m) is not a rational number
2

15f

1.

Figure 2.21: Problem P2.5.2 sequence plots

’Not periodic since £_0 = 0.1 / (2 \times \pi)’

’ is not a rational number’], ’FontSize’,TFS);
ntick = [n2(1):4:n2(end)]; set(gca,’XTickMode’,’manual’,’XTick’,ntick);
print -deps2 ../CHAP2_EPSFILES/P0205c;

The plots ofx, (n) is shown in Figure 2.22. In this cadgis not a rational number and hence the sequence
X2 (n) is not periodic. This can be clearly seen from the plot.ofn) in Figure 2.22.
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Sequence X 2(n) =co0s(0.1 xn)
Not periodic since f 0= 0.1/ (2 x m) is not a rational number
2

15F

Figure 2.22: Problem P2.5.3 sequence plots
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P2.6 Using theevenodd function decompose the following sequences into their erehodd components.
these components using theem function.

SOLUTIONS MANUAL FOR DSP USING MATLAB (2ND EDITION)

1. x3(n) =1{0,1,2,3,4,5,6,7,8, 9}.
T

% P0206a: % Even odd decomposition of x1(n)
/A n

clc; close all;

[01 2345678 9];
0:9;

x1 =[0123456789]; ni = [0:9]; [xel,x0l,m1] = evenodd(x1l,nl);

Hf _1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0206a’);
subplot(2,1,1); Hs = stem(ml,xel,’filled’); set(Hs, ’markersize’,2);
axis([min(m1)-1,max(m1)+1,min(xel)-1,max(xel)+1]);
xlabel(’n’,’FontSize’ ,LFS); ylabel(’x_e(n)’,’FontSize’,LFS);
title(’Even part of x_1(n)’,’FontSize’,TFS);

ntick = [m1(1):mi(end)]; ytick = [-1:5];

set(gca, ’XTick’ ,ntick) ;set(gca,’YTick’,ytick);

subplot(2,1,2); Hs = stem(ml,xol,’filled’); set(Hs, ’markersize’,2);
axis([min(m1)-1,max(m1)+1,min(x01)-2,max(x01)+2]);
xlabel(’n’,’FontSize’ ,LFS); ylabel(’x_o(n)’,’FontSize’,LFS);
title(’0dd part of x_1(n)’,’FontSize’,TFS);

ntick = [m1(1):mi1(end)]; ytick = [-6:2:6];

set(gca, ’XTick’ ,ntick) ;set(gca,’YTick’,ytick);

print -deps2 ../CHAP2_EPSFILES/P0206a; print -deps2 ../../Latex/P0206a;

The plots ofx;(n) is shown in Figure 2.23.

Even part of x 1(n)

x ()
RPORPNWRAMO

—e
N F
NF e

—e

? ?
9-8-7-6-5-4-3-2-1 0 1
n

Odd part of x 1(n)

@og:lllllllso"TTTIIII:

-9-8-7-6-5-4-3-2-1 01 2 3 45 6 7 8 9

Figure 2.23: Problem P2.6.1 sequence plot
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2. Xo(n) = €%1"[u(n 4+ 5) — u(n — 10)].

% P0206b: Even odd decomposition of x2(n) = e ~ {0.1n} [u(n + 5) - u(n - 10)];
clc; close all;

n2 = [-8:12]; x2 = exp(0.1*n2).*(stepseq(-5,-8,12) - stepseq(10,-8,12));
[xe2,x02,m2] = evenodd(x2,n2);

Hf _1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0206b’);

subplot(2,1,1); Hs = stem(m2,xe2,’filled’); set(Hs, ’markersize’,2);

axis([min(m2)-1,max(m2)+1,min(xe2)-1,max(xe2)+1]);

xlabel(’n’,’FontSize’ ,LFS); ylabel(’x_e(n)’,’FontSize’,LFS);

title(’Even part of x_2(n) = exp(0.1n) [u(n + 5) - u(n - 10)]1’,...
’FontSize’ ,TFS) ;

ntick = [m2(1):2:m2(end)]; set(gca,’XTick’,ntick);

subplot(2,1,2); Hs = stem(m2,x02,’filled’); set(Hs, ’markersize’,2);

axis([min(m2)-1,max(m2)+1,min(x02)-1,max(x02)+1]);

xlabel(’n’,’FontSize’ ,LFS); ylabel(’x_o(n)’,’FontSize’,LFS);

title(’0dd part of x_2(n) = exp(0.1n) [u(n + 5) - u(n - 10)]°,...
’FontSize’ ,TFS) ;

ntick = [m2(1) :2:m2(end)]; set(gca,’XTick’,ntick);

print -deps2 ../CHAP2_EPSFILES/P0206b; print -deps2 ../../Latex/P0206b;

The plots ofx,(n) is shown in Figure 2.24.

Even part of x 2(n) = exp(0.1n) [u(n + 5) — u(n — 10)]

E; 0 . . ot ! T I I I
< [T

Figure 2.24: Problem P2.6.2 sequence plot
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3. Xz(n) = c090.27tn + 7 /4), —20<n < 20.

% P0206c: Even odd decomposition of x2(n) = cos(0.2*pi*n + pi/4);
% -20 <= n <= 20;
clc; close all;

n3 = [-20:20]; x3 = cos(0.2*pi*n3 + pi/4);
[xe3,x03,m3] = evenodd(x3,n3);

Hf _1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0206c’);

subplot(2,1,1); Hs = stem(m3,xe3,’filled’); set(Hs, ’markersize’,2);

axis([min(m3)-2,max(m3)+2,min(xe3)-1,max(xe3)+1]);

xlabel(’n’,’FontSize’ ,LFS); ylabel(’x_e(n)’,’FontSize’,LFS);

title(’Even part of x_3(n) = co0s(0.2 \times \pi \times n + \pi/4)’,...
’FontSize’,TFS);

ntick = [m3(1):4:m3(end)]; set(gca,’XTick’,ntick);

subplot(2,1,2); Hs = stem(m3,x03,’filled’); set(Hs, ’markersize’,2);

axis([min(m3)-2,max(m3)+2,min(x03)-1,max(x03)+1]);

xlabel(’n’,’FontSize’ ,LFS); ylabel(’x_o(n)’,’FontSize’,LFS);

title(’0dd part of x_3(n) = co0s(0.2 \times \pi \times n + \pi/4)’,...
’FontSize’ ,TFS) ;

ntick = [m3(1):4 :m3(end)]; set(gca,’XTick’,ntick);

print -deps2 ../CHAP2_EPSFILES/P0206c; print -deps2 ../../Latex/P0206c;

The plots ofxz(n) is shown in Figure 2.25.

Even part of x 3(n) = c0s(0.2 x 1% n + 174)

_l L -
—ZIO —1I6 —ll2 —EI3 —All (I) lll ;3 1I2 ll6 2IO
n
Odd part of x 3(n) = c0s(0.2 xtx n + 174)

1 L I I I I I I I I I I I -
S 1111 111y 1111 11
e LI LA C A S C AN OE _

—2I0 —1I6 —ll2 —é —:1 (I) éll EIS 1I2 1I6 2I0
n

Figure 2.25: Problem P2.6.3 sequence plot



SOLUTIONS MANUAL FOR DSP USING MATLAB (2ND EDITION) 2006

4. X4(n) = €90 gin(0.17n + 7/3), 0 < n < 100.

% P0206d: x4(n) = e = {-0.05*%n}*sin(0.1*pi*n + pi/3), 0 <= n <= 100
clc; close all;

nd4 = [0:100]; x4 = exp(-0.05%n4) .*sin(0.1*pi*nd + pi/3);
[xed,xo04,m4] = evenodd(x4,nd);

Hf _1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P02064’);
subplot(2,1,1); Hs = stem(méd,xe4,’filled’); set(Hs, ’markersize’,2);
axis([min(m4)-10,max(m4)+10,min(xe4)-1,max (xed)+1]);
xlabel(’n’,’FontSize’ ,LFS); ylabel(’x_e(n)’,’FontSize’,LFS);
title([’Even part of x_4(n) =’
’exp(-0.05 \times n) \times sin(0.1 \times \pi \times n + °’
’\pi/3)’],’FontSize’,TFS);
ntick = [m4(1):20:m4(end)]; set(gca,’XTick’,ntick);

subplot(2,1,2); Hs = stem(méd,xo04,’filled’); set(Hs, ’markersize’,2);
axis([min(m4)-10,max(m4)+10,min(x04)-1,max (x04)+1]) ;
xlabel(’n’,’FontSize’ ,LFS); ylabel(’x_o(n)’,’FontSize’,LFS);
title([’0dd part of x_4(n) =~
’exp(-0.05 \times n) \times sin(0.1 \times \pi \times n + °’
’\pi/3)’], ’FontSize’ ,TFS);
ntick = [m4(1):20 :m4(end)]; set(gca,’XTick’,ntick);
print -deps2 ../CHAP2_EPSFILES/P0206d; print -deps2 ../../Latex/P0206d;

The plots ofx; (n) are shown in Figure 2.26.
Even part of x 4(n) = exp(-0.05 x n) xsin(0.1 x 1tx n + 173)
_l L , , , , , , , , ,
-100 -80 -60 -40 -20 O 20 40 60 80 100
n

Odd part of x 4(n) = exp(-0.05 xn) xsin(0.1 x 1tx n + 10U3)

o

x ()

1 L -
<
vo 0 ___AW _—
x
_ 1 L -

-100 -80 -60 -40 -20 0 20 40 60 80 100
n

Figure 2.26: Problem P2.6.1 sequence plot



2006 SOLUTIONS MANUAL FOR DSP USING MATLAB (2ND EDITION) 31

P2.7 A complex-valued sequenog(n) is calledconjugate-symmetrid Xe(n) = x3(—n) and a complex-valued
sequence,(n) is calledconjugate-antisymmetrif X,(n) = —x’(—n). Then any arbitrary complex-valued
sequence(n) can be decomposed ingn) = Xe(N) + Xo(n) wherexs(n) andx,(n) are given by

Xe(N) = 3 [X(N) 4+ x*(—n)] and  Xo(n) = 3 [X(N) — X*(—n)] (2.1)
respectively.

1. Modify theevenodd function discussed in the text so that it accepts an arpisequence and decomposes
it into its conjugate-symmetric and conjugate-antisymimetomponents by implementing (2.1).

2. x(n) =10exg[-0.1+ ;0.27]n), 0<n<10

% P0207b: Decomposition of x(n) = 10*e ~ {(-0.1 + j*0.2%pi)*n},
% 0 <=n<=10

% into its conjugate symmetric and conjugate antisymmetric parts.
clc; close all;

n = [0:10]; x = 10%(-0.1+j*0.2*pi)*n; [xe,xo,neo] = evenodd(x,n);
Re_xe = real(xe); Im_xe = imag(xe); Re_xo = real(xo); Im_xo = imag(xo);

Hf _1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0207b’);
subplot(2,2,1); Hs = stem(neo,Re_xe); set(Hs, ’markersize’,2);
ylabel(’Re[x_e(n)]’,’FontSize’ ,LFS); xlabel(’n’,’FontSize’,LFS);
axis([min(neo)-1,max(neo)+1,min(Re_xe)-2,max(Re_xe)+2]);

ytick = [min(Re_xe)-2:2:max(Re_xe)+2]; set(gca,’YTick’,ytick);
title([’Real part of’ char(10) ’even sequence x_e(n)’],’FontSize’,TFS);

subplot(2,2,3); Hs = stem(neo,Im_xe); set(Hs, ’markersize’,2);
ylabel(’Im[x_e(n)]’,’FontSize’ ,LFS); xlabel(’n’,’FontSize’,LFS);
axis([min(neo)-1,max(neo)+1,-40,40]);

ytick = [-40:20:40]; set(gca,’YTick’,ytick);

title([’Imaginary part of’ char(10) ’even sequence x_e(n)’],’FontSize’,TFS);

subplot(2,2,2); Hs = stem(neo,Re_xo0); set(Hs, markersize’,2);

ylabel (’Re[x_o(n)]’,’FontSize’ ,LFS); xlabel(’n’,’FontSize’,LFS);
axis([min(neo)-1,max(neo)+1,min(Re_xo)-1,max(Re_xo)+1]);

ytick = [-6:2:6]; set(gca,’YTick’,ytick);

title([’Real part of’ char(10) ’odd sequence x_o(n)’],’FontSize’,TFS);

subplot(2,2,4); Hs = stem(neo,Im_xo); set(Hs, markersize’,2);
ylabel(’Im[x_o(n)]’,’FontSize’ ,LFS); xlabel(’n’,’FontSize’,LFS);
axis([min(neo)-1,max(neo)+1,min(Im_xo0)-10,max(Im_xo0)+10]);

ytick = [-10:10:40]; set(gca,’YTick’,ytick);

title([’Imaginary part of’ char(10) ’odd sequence x_o(n)’],’FontSize’,TFS);
print -deps2 ../CHAP2_EPSFILES/P0207b;print -deps2 ../../Latex/P0207b;

The plots ofx(n) are shown in Figure 2.27.
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Real part of Real part of
even sequence x e(n) odd sequence x o(n)
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Figure 2.27: Problem P2.7.2 sequence plot
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P2.8 The operation osignal dilation(or decimationor down-samplinyjis defined byy(n) = x(nM) in which the
sequence(n) is down-sampled by an integer factif.

1. MaTLAB function:
2. X1(n) = sin(0.1257n), —50 < n < 50. Decimation by a factor of 4.

% P0208b: x1(n) = sin(0.125%pi*n),-50 <= n <= 50
% Decimate x(n) by a factor of 4 to obtain y(n)
clc; close all;

nl = [-50:50]; x1 = sin(0.125%pi*nl); [yl,m1] = dnsample(x1l,nl,4);

Hf _1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0208b’);

subplot(2,1,1); Hs = stem(nl,x1); set(Hs, markersize’,2);

xlabel(’n’,’FontSize’ ,LFS); ylabel(’x(n)’,’FontSize’,LFS);

title(’Original sequence x_1(n)’,’FontSize’,TFS);

axis([min(n1)-5,max(n1)+5,min(x1)-0.5,max(x1)+0.5]);

ytick = [-1.5:0.5:1.5]; ntick = [n1(1):10:n1(end)];

set(gca, ’XTick’,ntick); set(gca,’YTick’,ytick);

subplot(2,1,2); Hs = stem(ml,yl); set(Hs,’markersize’,2);

xlabel(’n’,’FontSize’ ,LFS); ylabel(’y(n) = x(4n)’,’FontSize’,LFS);

title(’y_1(n) = Original sequence x_1(n) decimated by a factor of 47,...
’FontSize’,TFS);

axis([min(m1)-2,max(m1)+2,min(y1)-0.5,max(y1)+0.5]);

ytick = [-1.5:0.5:1.5]; ntick = [m1(1):2:m1(end)];

set(gca, ’XTick’,ntick); set(gca,’YTick’,ytick);

print -deps2 ../CHAP2_EPSFILES/P0208b;

The plots ofx;(n) and yi(n) are shown in Figure 2.28. Observe that the original signéat) can be
recovered.

3. x(n) =sin(0.57n), —50 < n < 50. Decimation by a factor of 4.

% P0208c: x2(n) = sin(0.5*pi*n),-50 <= n <= 50
YA Decimate x2(n) by a factor of 4 to obtain y2(n)
clc; close all;

n2 = [-50:50]; x2 = sin(0.5*%pi*n2); [y2,m2] = dnsample(x2,n2,4);

Hf _1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0208c’);
subplot(2,1,1); Hs = stem(n2,x2); set(Hs, ’markersize’,2);
xlabel(’n’,’FontSize’ ,LFS); ylabel(’x(n)’,’FontSize’,LFS);
axis([min(n2)-5,max(n2)+5,min(x2)-0.5,max(x2)+0.5]);
title(’Original sequence x_2(n)’,’FontSize’,TFS);

ytick = [-1.5:0.5:1.5]; ntick = [n2(1):10:n2(end)];

set(gca, ’XTick’ ,ntick); set(gca,’YTick’,ytick);

subplot(2,1,2); Hs = stem(m2,y2); set(Hs, markersize’,2);
xlabel(’n’,’FontSize’ ,LFS); ylabel(’y(n) = x(4n)’,’FontSize’,LFS);
axis([min(m2)-1,max(m2)+1,min(y2)-1,max(y2)+1]);
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Original sequence x 1(n)
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Figure 2.28: Problem P2.8.2 sequence plot

title(’y_2(n) = Original sequence x_2(n) decimated by a factor of 4’°,...
’FontSize’ ,TFS) ;

ntick = [m2(1):2:m2(end)]; set(gca,’XTick’,ntick);
print -deps2 ../CHAP2_EPSFILES/P0208c; print -deps2 ../../Latex/P0208c;

The plots ofx,(n) andy,(n) are shown in Figure 2.29. Observe that the downsampledIsgaaignal
with zero frequency. Thus the original signaln) is lost.

Original sequence x 2(n)

15 T
1 -

ot L LI LI
ST ITTTITITITITITIT

x(n)

-50 -40 -30 -20 -10 0 10 20 30 40 50
n
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Figure 2.29: Problem P2.8.3 sequence plot
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P2.9 The autocorrelation sequencg (¢) and the crosscorrelation sequemngg?) for the sequences:

X(n) =(0.9", 0<n<20 y(n)=(0.8", —-20<n<0

% P0209a: autocorrelation of sequence x(n) = 0.9 " n, 0 <=n <= 20
% using the conv_m function
clc; close all;

nx = [0:20]; x = 0.9 .” nx; [xf,nxf] = sigfold(x,nx);
[rxx,nrxx] = conv_m(x,nx,xf,nxf);

Hf _1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0209a’);

Hs = stem(nrxx,rxx); set(Hs,’markersize’,2);
xlabel(’n’,’FontSize’ ,LFS); ylabel(’r_x_x(n)’,’FontSize’,LFS);
title(’Autocorrelation of x(n)’,’FontSize’,TFS);
axis([min(nrxx)-1,max(nrxx)+1,min(rxx) ,max(rxx)+1]);

ntick = [nrxx(1):4:nrxx(end)]; set(gca,’XTick’,ntick);

print -deps2 ../CHAP2_EPSFILES/P0209a; print -deps2 ../../Latex/P0209a;

The plot of the autocorrelation is shown in Figure 2.30.

Autocorrelation of x(n)

rXX(n)

1-.?1'””” : HHTTTM

Figure 2.30: Problem P2.9 autocorrelation plot

% P0209b: crosscorrelation of sequence x(n) = 0.9 " n, 0 <=n <= 20
yA with sequence y = 0.8."n, -20 <=n <= 0 using the conv_m function
clc; close all;

nx = [0:20]; x = 0.9 .” nx; ny = [-20:0]; y = 0.8 .~ ny;
[yf,nyf] = sigfold(y,ny); [rxy,nrxy] = conv_m(x,nx,yf,nyf);
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Hf _1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0209b’);
Hs = stem(nrxy,rxy); set(Hs, ’markersize’,2);
xlabel(’n’,’FontSize’ ,LFS); ylabel(’r_x_y(n)’,’FontSize’,LFS);
title(’Crosscorrelation of x(n) and y(n)’,’FontSize’,TFS);
axis([min(nrxy)-1,max(nrxy)+1,min(rxy)-1,max(rxy)+20]) ;

ytick = [0:50:300 320]; ntick = [nrxy(1):2:nrxy(end)];
set(gca, ’XTick’,ntick); set(gca,’YTick’,ytick);

print -deps2 ../CHAP2_EPSFILES/P0209b;

The plot of the crosscorrelation is shown in Figure 2.31.

Crosscorrelation of x(n) and y(n)
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>
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0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40

n

Figure 2.31: Problem P2.9 crosscorrelation plot
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P2.10 In a certain concert hall, echoes of the original audio digiia) are generated due to the reflections at the
walls and ceiling. The audio signal experienced by theristg(n) is a combination ok(n) and its echoes.
Lety(n) = x(n) + ax(n — k) wherek is the amount of delay in samples andk its relative strength. We want

to estimate the delay using the correlation analysis.

1. Determine analytically the autocorrelatiog(¢) in terms of the autocorrelatian (¢).
2. Letx(n) = c090.27rn) + 0.5¢c090.6rn), « = 0.1, andk = 50. Generate 200 samples yf) and
determine its autocorrelation. Can you obtaiandk by observing yy(¢)?
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P2.11 Linearity of discrete-time systems.

System-1: Ti[x(n)] = x(n)u(n)
1. Analytic determination of linearity:

Ti[aix1(N) 4+ axX2(N)] = {@a1X1(N) + axX2(N)}u(n) = ayx1(Nu(n) + axxz(nNYu(n)
= Ti[x1(N)] + @ T1[X2(N)]

Hence the systenm [x(n)] is linear.
2. MATLAB script:

% P021la: To prove that the system Ti[x(n)] = x(n)u(n) is linear
clear; clc; close all;

n = 0:100; x1 = rand(1,length(n));
x2 sqrt (10)*randn(l,length(n)); u = stepseq(0,0,100);
yl = xl.%u; y2 = x2.%u; y = (x1 + x2).*u;
diff = sum(abs(y - (y1 + y2)));
if (diff < le-b)

disp(’ *** System-1 is Linear **x ’);
else

disp(’ *** System-1 is NonLinear *x** ’);
end
MATLAB Verification:
>> **xx System—1 is Linear **x*

System-2: T,[x(n)] = x(n) +nx(n + 1)
1. Analytic determination of linearity:

TolayX1(N) + axX2(N)] = {ayx1(N) + axX2(N)} + n{aixy(n + 1) 4+ axxo(n + 1)}
= ar{X¢(N) + N X (N + D} + ax{x2(n) + N X%(n + 1)}
= a1 To[X1(N)] + ax To[X2(N)]

Hence the system i&[x(n)] linear.
2. MATLAB Script:

% P0211b: To prove that the system T2[x(n)] = x(n) + n*x(n+l1) is linear
clear; clc; close all;

n = 0:100; x1 = rand(1,length(n)); x2 = sqrt(10)*randn(1l,length(n));
z = n; [x11,nx11] = sigshift(x1l,n,-1);
[x111,nx111] = sigmult(z,n,x11,nx11); [yl,nyl] = sigadd(xl,n,x111,nx111);

[x21,nx21] = sigshift(x2,n,-1); [x211,nx211] = sigmult(z,n,x21,nx21);
[y2,ny2] = sigadd(x2,n,x211,nx211);
xs = x1 + x2; [xsl,nxs1] = sigshift(xs,n,-1);
[xs11,nxs11] = sigmult(z,n,xsl,nxsl); [y,ny] = sigadd(xs,n,xsll,nxsll);
diff = sum(abs(y - (y1 + y2)));
if (diff < 1le-5)

disp(’ *** System-2 is Linear **x ’);
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else
disp(’ *** System-2 is NonLinear *x** ’);
end
MATLAB Verification:
>> **x*x System—-2 is Linear **x

System-3: T3[x(n)] = x(N) 4+ $X(N — 2) — £x(n — 3)x(2n)

1. Analytic determination of linearity:

TalawXa () + aX2(N)] = arx (N) + aXa(N) + F{aX1(n — 2) + aXp(n — 2)}
— H{axa(n — 3) + aXz(n — 3)Harxy (2n) + aX2(2n)}
= ay {x1(N) + 3X1(n — 2) — Tayxg (N — 3)x1(2n)}
+ & {X2(N) + 3%(N — 2) — FaXa(N — 3)%2(2n)}
+ F{arXa(n — 3)@X2(2n) + aXo(n — 3)agx1(2n)}

which clearly is not equal tay Ta[X1(n)]+ax T3[X2(n)]. The producttermin the input-output equation
makes the systeffg[x(n)] nonlinear.

. MATLAB script:

% P0211c: To prove that the system T3[x(n)] = x(n) + 1/2*x(n - 2)
b - 1/3*x(n - 3)*x(2n)
yA is linear

clear; clc; close all;

n = [0:100]; x1 = rand(1l,length(n)); x2 = sqrt(10)*randn(l,length(n));
[x11,nx11] = sigshift(x1,n,2); x11 = 1/2*x11; [x12,nx12] = sigshift(x1,n,3);
x12 = -1/3*x12; [x13,nx13] = dnsample(x1,n,2);
[x14,nx14] = sigmult(x12,nx12,x13,nx13);
[x15,nx15] = sigadd(x11l,nx11,x14,nx14);
[yl,nyl] = sigadd(x1l,n,x15,nx15); [x21,nx21] = sigshift(x2,n,2);
x21 = 1/2%x21; [x22,nx22] = sigshift(x2,n,3);
x22 = -1/3%x22; [x23,nx23] = dnsample(x2,n,2);
[x24,nx24] = sigmult(x22,nx22,x23,nx23);
[x25,nx25] sigadd(x21,nx21,x24,nx24); [y2,ny2] = sigadd(x2,n,x25,nx25);
xs = x1 + x2; [xsl,nxsl] = sigshift(xs,n,2);
xsl = 1/2xxsl; [xs2,nxs2] = sigshift(xs,n,3); xs2 = -1/3*xs2;
[xs3,nxs3] dnsample(xs,n,2); [xs4,nxs4] = sigmult(xs2,nxs2,xs3,nxs3);
[xs5,nxs5] sigadd(xsl,nxsl1,xs4,nxs4);
[y,ny] = sigadd(xs,n,xsb5,nxsb); diff = sum(abs(y - (y1 + y2)));
if (diff < 1le-5)
disp(’ *** System-3 is Linear **x ’);
else
disp(’ *** System-3 is NonLinear **x* ’);

end

MaTLAB Verification:
>> x%*x System-3 is NonLinear **x*

System-4: T4x(n)] = Y '° _ 2x(k)

k=—00
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1. Analytic determination of linearity:

n+5 n+5 n+5
Talapa(n) + axe(M] = Y 2(axak) + X)) =a Y 2a(K) +a Y 2xa(K)
k=—o0 k=—o0 k=—o00

= ag Ta[x1(M] + a2 Ta[X2(N)]

Hence the syster[x(n)] is linear.
2. MATLAB script:
% P0211d: To prove that the system T4[x(n)] = sum_{k=-infinity} {n+5}2xx (k)

% is linear
clear; clc; close all;

n = [0:100]; x1 = rand(1,length(n)); x2 = sqrt(10)*randn(1l,length(n));
yl = cumsum(x1); nyl = n - 5; y2 = cumsum(x2); ny2 = n - 5; xs = x1 + x2;
y = cumsum(xs); ny = n - 5; diff = sum(abs(y - (yl1 + y2)));
if (diff < le-b)
disp(’ *** System-4 is Linear **x ’);
else
disp(’ *** System-4 is NonLinear *x** ’);
end
MartLAB verification:
>> *x*x*x System—4 is Linear **x*

System-5: Ts[x(n)] = x(2n)

1. Analytic determination of linearity:
Ts[agx1(n) + axX2(N)] = a1 X1(2n) + axX2(2n) = a3 Ts[X1(N)] + @2 Ts[X2(N)]

Hence the systemis[x(n)] is linear.
2. MATLAB Script:

% P021le: To prove that the system T5[x(n)] = x(2n) is linear
clear; clc; close all;

n = 0:100; x1 = rand(1,length(n)); x2 = sqrt(10)*randn(1l,length(n));
[yl,nyl] = dnsample(xl,n,2); [y2,ny2] dnsample(x2,n,2); xs = x1 + x2;
[y,ny] = dnsample(xs,n,2); diff = sum(abs(y - (y1 + y2)));
if (diff < 1le-5)

disp(’ *** System-5 is Linear x*x ’);
else

disp(’ *** System-5 is NonLinear **x* ’);
end

MATLAB Verification:
>> x%*x System-5 is Linear **x*

System-6: Tg[x(n)] = roundx(n)]
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1. Analytic determination of linearity:

Te[arx1(N) 4 axx2(N)] = roundai X1 (N) + axXx2(N)] # a; roundxy(N)] 4 a; round x,(N)]

Hence the systerig[x(n)] is nonlinear.

. MATLAB script:

% P0O211f: To prove that the system T6[x(n)] = round(x(n)) is linear
clear; clc; close all;

n = 0:100; x1 = rand(1l,length(n)); x2 = sqrt(10)*randn(l,length(n));
y1 = round(x1); y2 = round(x2); xs = x1 + x2;
y = round(xs); diff = sum(abs(y - (y1 + y2)));
if (diff < 1le-5)
disp(’ *** System-6 is Linear x*x ’);
else
disp(’ *** System-6 is NonLinear *** ’);
end
MATLAB Verification:
>> *x*xx System—6 is NonLinear ***
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P2.12 Time-invariance of discrete-time systems.

System-1: Ti[x(n)] £ y(n) = x(nu(n)
1. Analytic determination of time-invariance:

T1[X(n — k)] = x(n — k)u(n) # x(n — k)u(h — k) = y(n — k)

Hence the systeri [x(n)] is time-varying.
2. MATLAB script:

% P0212a: To determine whether T1[x(n)] = x(n)u(n) is time invariant
clear; clc; close all;

n = 0:100; x = sqrt(10)*randn(l,length(n)); u = stepseq(0,0,100);
y = x.*u; [yl,nyl] = sigshift(y,n,1); [x1,nx1] = sigshift(x,n,1);
[y2,ny2] = sigmult(xl,nxl,u,n); [diff,ndiff] = sigadd(yl,nyl,-y2,ny2);
diff = sum(abs(diff));
if (diff < 1le-5)

disp(’ *** System-1 is Time-Invariant **x* ’);
else

disp(’ *** System-1 is Time-Varying *x** ’);
end
MATLAB Verification:
>> *x*xx System—1 is Time-Varying **x*

System-2: To[x(N)] £ y(n) = x(n) + nx(n + 1)
1. Analytic determination of time-invariance:

Tx(n—=K]=x(n—K +nx(h—k+1) #x(n—K +N -k x(h—k+1) =yh-—Kk)

Hence the system i§[x(n)] time-varying.
2. MATLAB script:
% P0212b: To determine whether the system T2[x(n)] = x(n) + n*x(n + 1) is
pA time-invariant
clear; clc; close all;

n = 0:100; x = sqrt(10)*randn(1l,length(n));
z = n; [x1,nx1] = sigshift(x,n,-1);
[x11,nx11] = sigmult(z,n,x1,nx1); [y,ny] = sigadd(x,n,x11,nx11);
[yl,nyl] = sigshift(y,ny ,1); [xs,nxs] = sigshift(x,n,1);
[xs1,nxs1] = sigshift(xs,nxs,-1); [xs11,nxs11] = sigmult(z,n,xsl,nxsl);
[y2,ny2] = sigadd(xs,nxs,xsl1l,nxsl11); [diff,ndiff] = sigadd(yl,nyl,-y2,ny2);
diff = sum(abs(diff));
if (diff < 1e-5)
disp(’ *** System-2 is Time-Invariant **x* ’);
else
disp(’ *** System-2 is Time-Varying *x** ’);
end
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MaTtLAB verification:
>> *xx System-1 is Time-Varying ***

System-3: Ta[x(M)] £ y(n) = x(n) + 3X(N — 2) — 3X(n — 3)X(2n)

1. Analytic determination of time-invariance:
1 1
Ta[x(n — K)] = x(n — k) + Ex(n —k-2) — éx(n —k —-3)x(2n — k)
1 1
;éx(n—k)+§x(n—k—2)— §x(n—k—3)x(2n—2k) =y(n —Kk)

Hence the system ig[x(n)] time-varying.
2. MATLAB Script:

% P0212c: To find whether the system T3[x(n)] = x(n) + 1/2*x(n - 2)
yA - 1/3%x(n - 3)*x(2n)
YA is time invariant

clear; clc; close all;

n = 0:100; x = sqrt(10)*randn(l,length(n)); [x1,nx1] = sigshift(x,n,2);
x1 = 1/2*x1; [x2,nx2] = sigshift(x,n,3); x2 = -1/3*x2;

[x3,nx3] = dnsample(x,n,2); [x4,nx4] = sigmult(x2,nx2,x3,nx3);

[x5,nx5] sigadd(x1,nx1,x4,nx4); [y,ny] = sigadd(x,n,x5,nx5);

[yl,nyl] = sigshift(y,ny,1); [xs,nxs] = sigshift(x,n,1);

[xs1,nxs1] = sigshift(xs,nxs,2); xsl = 1/2xxs1;

[xs2,nxs2] sigshift(xs,nxs,3); xs2 = -1/3*xs2;

[xs3,nxs3] dnsample(xs,nxs,2); [xs4,nxs4] = sigmult(xs2,nxs2,xs3,nxs3);
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[xs5,nxs5] = sigadd(xsl,nxsl,xs4,nxs4); [y2,ny2] = sigadd(xs,nxs,xsb,nxs5);

[diff,ndiff] = sigadd(yl,nyl,-y2,ny2); diff = sum(abs(diff));
if (diff < 1e-5)
disp(’ *** System-3 is Time-Invariant **x* ’);
else
disp(’ *** System-3 is Time-Varying *** ’);
end
MATLAB Verification:
>> *x*xx System—3 is Time-Varying **x*

System-4: Ty[x(M)] 2 y(n) = S0 2x(k)

k=—00

1. Analytic determination of time-invariance:

n+5 n—¢+5
Tixn—0l= > Axk-0= > 2K =yn-1)
k=—o0 k=—o0

Hence the systeri[x(n)] is time-invariant.
2. MATLAB Script:

% P0212d: To find whether the system T4[x(n)]=sum_{k=-infinity} {n+5}2x*x(k)

% is time-invariant
clear; clc; close all;

n = 0:100; x = sqrt(10)*randn(l,length(n)); y = cumsum(x); ny = n - 5;
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[yl,ny1] = sigshift(y,ny,-1); [xs,nxs] = sigshift(x,n,-1); y2 = cumsum(xs);
ny2 = nxs - 5; [diff,ndiff] = sigadd(yl,nyl,-y2,ny2); diff = sum(abs(diff));

if (diff < le-5)
disp(’ *** System-4 is Time-Invariant **x ’);
else
disp(’ *** System-4 is Time-Varying *x* ’);
end
MATLAB Verification:
>> *xxx System—4 is Time-Invariant **x*
System-5: Ts[x(n)] £ y(n) = x(2n)
1. Analytic determination of time-invariance:

Ts[x(n — k)] = x(2n — k) # x[2(n — K)] = y(n — k)

Hence the systeris[x(n)] is time-varying.
2. MATLAB Script:

% P0212e: To determine whether the system T5[x(n)]
clear; clc; close all;

n = 0:100; x = sqrt(10)*randn(1l,length(n)); [y,ny] = dnsample(x,n,2);
[yl,nyl] = sigshift(y,ny,1); [xs,nxs] = sigshift(x,n,1);
[y2,ny2] = dnsample(xs,nxs,2); [diff,ndiff] = sigadd(yl,nyl,-y2,ny2);
diff = sum(abs(diff));
if (diff < 1le-5)
disp(’ *** System-5 is Time-Invariant **x ’);
else
disp(’ *** System-5 is Time-Varying *x* ’);
end
MATLAB verification:
>> *x*xx System—5 is Time-Varying **x*
System-6: Te[x(N)] £ y(n) = roundx(n)]
1. Analytic determination of time-invariance:

Te[x(n — K)] = roundx(n — k)] = y(n — k)

Hence the systerig[x(n)] is time-invariant.
2. MATLAB script:

x(2n) is time-invariant

% P0212f: To determine if the system T6[x(n)]=round(x(n)) is time-invariant

clear; clc; close all;

n = 0:100; x = sqrt(10)*randn(1,length(n)); y = round(x); ny = n;
[yl,ny1] = sigshift(y,ny,1); [xs,nxs] = sigshift(x,n,1); y2

round (xs) ;

ny2 = nxs; [diff,ndiff] = sigadd(yl,nyl,-y2,ny2); diff = sum(abs(diff));

if (diff < 1e-5)

disp(’ *** System-6 is Time-Invariant *** ’);
else

disp(’ *** System-6 is Time-Varying *x** ’);
end
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MarTLAB Verification:
>> x%*% System-6 is Time-Invariant
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P2.13 Stability and Causality of Discrete-time Systems

System-1: Ti[x(n)] £ y(n) = x(n)u(n): This system istable since|y(n)| = |x(n)|. It is alsocausal since
the output depends only on the present value of the input.

System-2: To[x(n)] £ y(n) = x(n) + n x(n + 1): This system isinstable since
ly(m| < [X(M)| + [n] [x(n+ 1)| / coasn / oo for [x(n)| < oo

It is alsononcausal since the outpuy(n) depends on the future input valdén + 1) for n > 0.
System-3: T3[x(n)] £ y(n) = X(n) + 3X(n — 2) — 1x(n — 3)x(2n): This system istable since

ly()| < [x(N)] + 3Ix(n = 2)| + 2]x(n — 3)| [x(2n)| < oo for [x(N)| < oo

It is however isnoncausal sincey(1) needsx(2) which is a future input value.
System-4: T4[x(n)] £ y(n) = Y0 2x(k): This system isinstable since

k=—00

n+5
Yyl <2 ) [x(K)| 7 coasn 7 oo for x(n)] < oo
k=—o0
It is alsononcausal since the outpuy(n) depends on the future input valdén + 5) for n > 0.

System-5: Ts[x(n)] £ y(n) = x(2n): This system istable since|y(n)| = |x(2n)| < oo for [x(nN)| < co. It
is howevemoncausal sincey(1) needsx(2) which is a future input value.

System-6: Tg[x(nN)] £ y(n) = roundx(n)]: This system istable andcausal.
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P2.14 Properties of linear convolution.

X1 (M xXo(N) = Xo(N)xXq(N) : Commutation
[X1 (N) X (M)] % X3(N) = X1 (N) *[X2(N) * X3 (N)] . Association
X1 (N) % [X2(N) +X3(N)] = Xy (N)*Xx(N)+ Xy (N) *X3(n) : Distribution
XxX(M*x8(N—ng = X(N—ng) . ldentity
1. Commutation
X1 () %X (N) = k_z X1 (K) X2(n — k) = m_Z X1 (N — M) Xz (M)
= D X (m)xg(n—m) =X (N) *Xg (N)

Association

[X1 () Xz (M)] X3 (N) = [Z xl<k)x2<n—k>}*x3<n)

k=—00

- Z le(k)xZ(m—k)X3<n—m)

M=—00 k=—00

= Y xu®| > xe(m—Kxsn - m)}
k=—00 | m=—00 "y
= Y xk| Y xe®Oxn- k—m}
k=—oc0 LM=—00
= Y xR e =k X3 = K] =X () [Xz () * X3 ()]
k=—o0
Distribution:
X * [Xo (M +x3M] = Y X1 ()P —K) + X3 (n—K)]
k=—o0
= Y xa@xen0-Kk+ Y x®xsn-k
k=—o00 k=—o0
= X1 (N) * X2 (N) + X1 (N) * X3 (N)
Identity:
x(M#8M—ng)= Y x(K)&(M—ny—Kk)=x(n-np)
k=—o00

sinced (n — ng — k) = 1 fork = n — ng and zero elsewhere.
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2. Verification USINQMIATLAB:

Commutation MATLAB Script:
% P0214a: To prove the Commutation property of convolution
% i.e. conv(xl(n),x2(n)) = conv(x2(n), x1(n))
clear; clc; close all;

nl = -10:30; n2 = 0:25; n3 = -10:10; x11 = cos(pi*nl / 4);

nill = nl; [x12,n12] = stepseq(-5,-10,30); [x13,n13] = stepseq(25,-10,30);
[x14,n14] = sigadd(x12,n12,-x13,n13); x1 = x11.*x14;

x21 = 0.9 .” -n2; [x22,n22] = stepseq(0,0,25); [x23,n23] = stepseq(20,0,25);
x24 = x22 - x23; x2 = x21.%*x24;

x3 = round((rand(1,21)*2 - 1)*5);

% Commutative property
[yl,ny1] = conv_m(x1,n1,x2,n2); [y2,ny2] = conv_m(x2,n2,x1,nl);
ydiff = max(abs(yl - y2)), ndiff = max(abs(nyl - ny2)),
MATLAB Verification:
ydiff =
0
ndiff =
0
Association MATLAB script:
% P0214b: To prove the Association property of convolution
% i.e. conv(conv(x1l(n),x2(n)),x3(n)) = conv(xi(n),conv(x2(n),x3(n)))
clear; clc; close all;

nl = -10:30; n2 = 0:25; n3 = -10:10; x11 = cos(pi*nl / 4); nll = ni;
[x12,n12] = stepseq(-5,-10,30); [x13,n13] = stepseq(25,-10,30);

[x14,n14] = sigadd(x12,n12,-x13,n13); x1 = x11.*x14;

x21 = 0.9 .7 -n2; [x22,n22] = stepseq(0,0,25); [x23,n23] = stepseq(20,0,25);
x24 = x22 - x23; x2 = x21.%x24; x3 = round((rand(1,21)*2 - 1)*5);

% Association property
[yl,ny1] = conv_m(x1,n1,x2,n2); [yl,nyl] conv_m(yl,ny1,x3,n3);
[y2,ny2] conv_m(x2,n2,x3,n3); [y2,ny2] conv_m(x1,nl,y2,ny2);
ydiff = max(abs(yl - y2)), ndiff = max(abs(nyl - ny2)),
MATLAB verification:
ydiff =
0
ndiff =
0
Distribution MATLAB Script:
% P0214c: To prove the Distribution property of convolution
% i.e. conv(xl(n), (x2(n)+x3(n)))=conv(xl(n),x2(n))+conv(xl(n),x3(m))
clear; clc; close all;
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nl = -10:30; n2 = 0:25; n3 = -10:10; x11
[x12,n12]
[x14,n14] = sigadd(x12,n12,-x13,n13); x1
[x22,n22] = stepseq(0,0,25); [x23,n23] =

= cos(pi*nl / 4); nll = ni;

= stepseq(-5,-10,30); [x13,n13] = stepseq(25,-10,30);

= x11.*x14; x21 = 0.9 .~ -n2;
stepseq(20,0,25); x24 = x22 - x23;

x2 = x21.*x24; x3 = round((rand(1,21)*2 - 1)*5);

% Distributive property
[yl,nyl] = sigadd(x2,n2,x3,n3); [yl,nyl]
[y2,ny2] = conv_m(x1,n1,x2,n2); [y3,ny3]
[y4,ny4]
ndiff = max(abs(nyl - ny4)),
MATLAB verification:
ydiff =
0
ndiff =
0
Identity MATLAB Script:
% P0214d: To prove the Identity property
% i.e. conv(x(n),delta(n - n0))
clc; close all;

clear;

nl = -10:30; n2 = 0:25; n3 = -10:10; x11
[x12,n12] = stepseq(-5,-10,30); [x13,n13
[x14,n14] = sigadd(x12,n12,-x13,n13); x1
[x22,n22] = stepseq(0,0,25); [x23,n23] =
x2 = x21.*x24; x3 = round((rand(1,21)*2

% Identity property

n0 = fix(100*rand(1,1)-0.5); [dl,ndl] =
[y11,ny11] = conv_m(xl,n1,dl,ndl); [y12,
yldiff = max(abs(yll - y12)), nyldiff =

[y21,ny21] = conv_m(x2,n2,dl,ndl); [y22,
y2diff = max(abs(y21 - y22)), ny2diff =

[y31,ny31] = conv_m(x3,n3,d1l,ndl); [y32,
y3diff = max(abs(y31 - y32)), ny3diff =

MATLAB verification:
ydiff =

0
ndiff =

0

= conv_m(x1l,nl,yl,nyl);
= conv_m(x1,n1,x3,n3);

sigadd(y2,ny2,y3,ny3); ydiff = max(abs(yl - y4)),

of convolution
= x(n - n0)

= cos(pi*nl / 4); nll = ni;
] = stepseq(25,-10,30);

= x11.*x14; x21 = 0.9 .~ -n2;
stepseq(20,0,25); x24 = x22 - x23;
- 1)%5);

impseq(n0,n0,n0);
nyl2] = sigshift(x1l,n1,n0);
max (abs(nyll - nyl12)),

ny22] = sigshift(x2,n2,n0);
max (abs(ny21 - ny22)),

ny32] = sigshift(x3,n3,n0);
max (abs (ny31 - ny32)),
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P2.15 Convolutions usingonv_m function.

1. x(n) =1{2,—-4,5,3,—1,-2,6}, h(n) = {1, —1,1, —1, 1}: MATLAB Script:
0 0

nl =-3:3; x=[2-453-1-26];n2=-1:3; h=1_[1-11-11];
[y,n] = conv_m(x,nl1,h,n2); y, n
y =

2 -6 11 -8 7 =7 9 -4 7 -8 6
n =

-4 -3 -2 -1 0 1 2 3 4 5 6

2. x(n) =1{1,1,0,1, 1}, h(n) = {1, —2, —3, 4}: MATLAB Script:
1 1

nl =-3:3; x=[11011]; n2 =-3:0; h = [1 -2 -3 4];
[y,n] = conv_m(x,nl,h,n2); y, n,
y =
1 -1 -5 2 3 -5 1 4
n =
-6 -5 -4 -3 -2 -1 0 1

3. x(n) = (1/4 "[u(n + 1) —u(n — 4], h(n) = u(n) — u(n — 5): MATLAB Script:

nl = -2:5; [x11,nx11] = stepseq(-1,-2,5); [x12,nx12] = stepseq(4,-2,5);
[x13,n13] = sigadd(x11l,nx11,-x12,nx12); x14 = 0.25 .~ -nl; nl4 = nl;

x = x14 .x x13;

n2 = 0:6; [h11,nh11] = stepseq(0,0,6); [h12,nh12] = stepseq(5,0,6); h=h11-h12;
[y,n] = conv_m(x,nl,h,n2); y, n,

y= 0 0.2500 1.2500 5.2500 21.2500 85.2500 85.0000 84.0000

80.0000 64.0000 0 0 0 0
n=-2 -1 0 1 2 3 4 5 6 7 8 9 10
11

4. x(n) = n/4[u(n) — u(n — 6)], h(n) = 2[u(n + 2) — u(n — 3)]: MATLAB Script:

nl = 0:7; [x11,nx11] = stepseq(0,0,7); [x12,nx12] = stepseq(6,0,7);

[x13,n13] = sigadd(x11,nx11,-x12,nx12); x14 = n1/4; nl4 = nl; x = x14 .* x13;
n2 = -3:4; [h11,nh11] = stepseq(-2,-3,4); [h12,nh12] = stepseq(3,-3,4);

h =2 % (hll - h12); [y,n] = conv_m(x,nl,h,n2); y, n,

y=20 0 0.5000 1.5000 3.0000 5.0000 7.5000 7.0000
6.0000 4.5000 2.5000 0 0 0 0
n=-3 -2 -1 0 1 2 3 4 5 6 7 8 9

10 11
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P2.16 Letx(n) = (0.8)"u(n), h(n) = (—0.9)"u(n), andy(n) = h(n) * x(n).

1. Convolutiony(n) = h(n) * x(n):

ym = > hdox(n -k =Y (-0.90.8)"*umn — k)

k=—o00 k=0
_ g k n —k _ n - 9 “
_ [Z(—o.g) (0.8)"(0.8) }u(n) = (0.8) [Z (—§> }u(n)
k=0 k=0
B 0.8n+l _ (_0.9)n+1
- 1.7

MATLAB Script:

clc; close all;run defaultsettings;
n = [0:50]; x = 0.8."n; h = (-0.9)."n;
Hf 1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0216°);

% (a) Plot of the analytical convolution

yl = ((0.8).7(n+1) - (-0.9).7(n+1))/(0.8+0.9);

subplot(1,3,1); Hsl = stem(n,yl,’filled’); set(Hsl, ’markersize’,2);
title(’Analytical’); xlabel(’n’); ylabel(’y(n)’);

2. Computation using convolution of truncated sequenbgsrLaB script

% (b) Plot using the conv function and truncated sequences

x2 = x(1:26); h2 = h(1:26); y2 = conv(h2,x2);

subplot(1,3,2); Hs2 = stem(n,y2,’filled’); set(Hs2, ’markersize’,2);
title(’Using conv function’); xlabel(’n’); %ylabel(’y(n)’);

3. TousethdaTLAB's filter functionwe haveto representthén) sequence by coefficients an equivalent
difference equationMATLAB Script:

% (c) Plot of the convolution using the filter function

y3 = filter([1],[1,0.9]1,x);

subplot(1,3,3); Hs3 = stem(n,y3,’filled’); set(Hs3, ’markersize’,2);
title(’Using filter function’); xlabel(’n’); %ylabel(’y(n)’);

The plots of this solution are shown in Figure 2.32. The aiedy/solution to the convolution in 1 is the exact
answer. In thefilter function approach of 2, the infinite-duration sequerc¢e) is exactly represented by
coefficients of an equivalent filter. Therefore, the filtelusion should be exact except that it is evaluated up to
the length of the input sequence. The truncated-sequemsputation in 3 is correct up to the first 26 samples
and then it degrades rapidly.
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Analytical Using conv function Using filter function
1.2 1.2 1.2
1 1t 1
0.8 0.8} 0.8
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0.4 0.4} 0.4

0.2 0.2} 0.2
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i A e

-0.2 -0.2 -0.2
0 50 0 50 0 50

n n n

Figure 2.32: Problem P2.16 convolution plots
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P2.17 Linear convolution as a matrix-vector multiplication. Gaiter the sequences
x(n)=1{12 3,45 andh(n)={6,7, 8, 9}
1. The linear convolution of the above two sequences is
y (n) = {6, 19, 40, 70, 100, 94, 76, 45}

2. The vector representation of the above operation is:

- 6 _
19
40
70
100
94
76
45

———
y

OO OO WOoK~NO®
OO O0OwWwOow~NOO
OO0 wVWwmw~NOOOo
O LVWow~NoO”$OOoOOo
©O© oo ~NO OO OO

X{U‘I-bool\)l—‘

T

(a) Note that the matriid has an interesting structure. Each diagondfl @ontains the same number. Such
a matrix is called a Toeplitz matrix. It is characterized bg following property

[H]i; = [H]i-;

which is similar to the definition of time-invariance.

(b) Note carefully that the first column éf contains the impulse response vedign) followed by number
of zeros equal to the number »fn) values minus one. The first row contains the first elemeit(of
followed by the same number of zeros as in the first column.ndJghis information and the above
property we can generate the whole Topelitz matrix.
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P2.18 MATLAB function conv_tp:

(a) TheMatLaB function conv_tp:

(b)

function [y,H]=conv_tp(h,x)

% Linear Convolution using Toeplitz Matrix

Y
% [y,H] = conv_tp(h,x)

output sequence in column vector form

Toeplitz matrix corresponding to sequence h so that y = Hx
Impulse response sequence in column vector form

input sequence in column vector form

by
% H
% h
% x
yA

Nx =

length(x); Nh

length(h);
hc = [h; zeros(Nx-1, 1)]; hr = [h(1),zeros(1,Nx-1)];

H = toeplitz(hc,hr); y = Hx*x;

MATLAB verification:

X = [1,2,3,4,5]); h = [6’7’8’9],;

ly,H]

y:

H:

O O O O W 0w NO

= conv_tp(h,x); y = y’, H

19

O O O W W ~N O O

40

O O ©W W N O O O

70

O ©W 00N O O O O

100

© 00 N O O O O O

94

76

45
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P2.19 A linear and time-invariant system is described by the diffiee equation
y(n) — 0.5y(n — 1) + 0.25y(n — 2) = x(n) + 2x(n — 1) + x(n — 3)
(&) Impulse response using the Using thié ter function.

% P0219a: System response using the filter function
clc; close all;

b
h

[1 20 1]; a=[1 -0.50.25]; [delta,n] = impseq(0,0,100);
filter(b,a,delta);

Hf _1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0219a’);
Hs = stem(n,h,’filled’); set(Hs, markersize’,2);
axis([min(n)-5,max(n)+5,min(h)-0.5,max(h)+0.5]);
xlabel(’n’,’FontSize’ ,LFS); ylabel(’h(n)’,’FontSize’,LFS);
title(’ Impulse response’,’FontSize’,TFS);

print -deps2 ../EPSFILES/P0219a.eps;

The plots of the impulse responkén) is shown in Figure 2.33.

Impulse response

25F b

15F b

h(n)

05F i

T

0 10 20 30 40 50 60 70 80 90 100

Figure 2.33: Problem P2.19.1 impulse response plot

(b) Clearly from Figure 2.33 the system is stable.
(c) Responseg/(n) when the input ix(n) = [5 + 3¢0g0.27n) + 4 sin(0.6:zn)] u(n):

% P0219c: Output response of a system using the filter function.
clc; close all;

b
X

[1201]; a=1[1 -0.50.25]; n = 0:200;
5xones (size(n))+3*cos(0.2+pi*n)+4*sin(0.6%pi*n); y = filter(b,a,x);
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Hf _1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0219c’);

Hs = stem(n,y,’filled’); set(Hs, ’markersize’,2); axis([-10,210,0,50]);
xlabel(’n’,’FontSize’ ,LFS); ylabel(’y(n)’,’FontSize’,LFS);
title(’Output response’,’FontSize’,TFS);

print -deps2 ../EPSFILES/P0219c.eps;

The plots of the responsgn) is shown in Figure 2.34.

Output response
50 T T T T T T T T T T T
30

25F R
20

15

0 ”

0 20 40 60 80 100 120 140 160 180 200
n

40

35

y(n)

6]
T

Figure 2.34: Problem P2.19.3 response plot
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P2.20 A “simple” digital differentiator y(n) = x(n) — x(n — 1)
(a) Response to a rectangular putsa) = 5[u(n) — u(n — 20)]:

% P0220a: Simple Differentiator response to a rectangular pulse
clc; close all;

a=1; b=1[1-1]; n1 = 0:22;
[x11,nx11] = stepseq(0,0,22); [x12,nx12] = stepseq(20,0,22);
x1 = bx(x11 - x12); y1 = filter(b,a,x1);

Hf _1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0220a’);

Hs = stem(nl,yl,’filled’); set(Hs,’markersize’,2); axis([-1,23,-6,6]);
xlabel(’n’,’FontSize’ ,LFS); ylabel(’y(n)’,’FontSize’,LFS); ytick = [-6:6];
title(’Output response for rectangular pulse ’,’FontSize’,TFS);
set(gca,’YTickMode’, ’manual’,’YTick’,ytick);

print -deps2 ../EPSFILES/P0220a.eps;

The plots of the responsgn) is shown in Figure 2.35.

Output response for rectangular pulse

y(n)

Figure 2.35: Problem P2.20.1 response plot

57
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(b) Response to a triangular pubsé) = n[u(n) — u(n — 10)] + (20— n) [u(n — 10) — u(n — 20)]:

% P0220b: Simple Differentiator response to a triangular pulse
clc; close all;

a=1; b=1[1-1]; n2 = 0:21; [x11,nx11] = stepseq(0,0,21);
[x12,nx12] = stepseq(10,0,21); [x13,nx13] = stepseq(20,0,21);
x2 = n2.*x(x11 - x12) + (20 - n2).*x(x12 - x13); y2 = filter(b,a,x2);

Hf _1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0220b’);
Hs = stem(n2,y2,’filled’); set(Hs, ’markersize’,2);
axis([min(n2)-1,max(n2)+1,min(y2)-0.5,max(y2) + 0.5]);
xlabel(’n’,’FontSize’ ,LFS); ylabel(’y(n)’,’FontSize’,LFS);
title(’Output response for triangular pulse’,’FontSize’,TFS);
print -deps2 ../EPSFILES/P0220b.eps;

The plots of the responsgn) is shown in Figure 2.36.

Output response for triangular pulse
1.5 T T T T T T T T T T T

05F i

y(n)

_05 - -

-15 1 1 1 1 1 1 1 1 1 1 1

Figure 2.36: Problem P2.20.2 response plot
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. . . /7N
(c) Response to a sinusoidal pulsg) = sin (£> [u(n) — u(n —100)]:
% P0220cSimple Differentiator response to a sinusoidal pulse

clc; close all;

a=1; b=1[1-1]; n3 = 0:101; [x11,nx11] = stepseq(0,0,101);
[x12,nx12] = stepseq(100,0,101); x13 = x11-x12; x3 = sin(pi*n3/25).*x13;
y3 = filter(b,a,x3);

Hf 1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0220c’);
Hs = stem(n3,y3,’filled’); set(Hs, ’markersize’,2);
axis([-5,105,-0.15,0.15]); ytick = [-0.15:0.05:0.15];
xlabel(’n’,’FontSize’ ,LFS); ylabel(’y(n)’,’FontSize’,LFS);
title(’Output response for sinusoidal pulse’,’FontSize’,TFS);
set(gca,’YTickMode’, ’manual’,’YTick’,ytick);

print -deps2 ../EPSFILES/P0220c.eps;

The plots of the responsgn) is shown in Figure 2.37.

Output response for sinusoidal pulse
0.15 T T T T T T T T T T T

M 1

"l

-0.05

y(n)

-0.15
0 10 20 30 40 50 60 70 80 90 100

Figure 2.37: Problem P2.20.3 response plot
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Chapter 3

Discrete-Time Fourier Transform

P3.1 MatLAB Function[X] = dtft(x,n,w)

function [X] = dtft(x,n,w)
% Computes Discrete-time Fourier Transform
% [X] = dtft(x,n,w)

A

% X = DTFT values computed at w frequencies

% x = finite duration sequence over n (row vector)
% n = sample position row vector

% w = frequency row vector

X = x*xexp(-j*n’*w) ;

61
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1. x(n) = (0.6)" [u(n 4+ 10) — u(n — 11)].

% P0301a: DTFT of x1(n) = 0.6 ~ |n|l*(u(n+10)-u(n-11))

clc; close all;

pA

[x11,n11] = stepseq(-10,-11,11); [x12,n12] = stepseq(l1l,-11,11);
[x13,n13] sigadd(x11,n11,-x12,n12); nl = n13; x1 = (0.6 .” abs(nl)).*x13;
wl = linspace(-pi,pi,201); X1 = dtft(xl,nl,wl);

magX1l = abs(X1); phaXl = angle(X1);

yA

Hf _1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0301a’);
subplot(2,1,1); plot(wl/pi,magXl,’LineWidth’,1.5);

axis([-1 1 0 4.5]); wtick = [-1:0.2:1]; magtick = [0:0.5:4.5];
xlabel(’\omega/\pi’ ,FNTSZ,LFS);

ylabel(’ |X|’,FNTSZ,LFS) ;

title(’Magnitude response’ ,FNTSZ,TFS);

set(gca, ’XTick’ ,wtick);

set(gca,’YTick’ ,magtick);

subplot(2,1,2); plot(wl/pi,phaX1*180/pi,’LineWidth’,1.5);
axis([-1,1,-180,180]); phatick = [-180 0 180];
xlabel(’\omega/\pi’ ,FNTSZ,LFS); ylabel(’Degrees’,FNTSZ,LFS);
title(’Phase Response’ ,FNTSZ,TFS);

set(gca, ’XTick’ ,wtick);

set(gca, ’YTick’,phatick);

print -deps2 ../EPSFILES/P0301a;

The magnitude and phase plotsXfe!®) are shown in Figure 3.1.
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Figure 3.1: Problem P3.1.1 DTFT plots
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2. x(n) =n(0.9"[u(n) — u(n — 2D)].

% P0301b: % DTFT of x2(n) = n.*(0.9 "~ n)
clc; close all;

yA
[x21,n21]
[x23,n23]

stepseq(0,0,22); [x22,n22] =
sigadd(x21,n21,-x22,n22); n2

k(u(n)-u(n-21))

stepseq(21,0,22);

n23; x2

w2 = linspace(-pi,pi,201); X2 = dtft(x2,n2,w2);

magX2 = abs(X2); phaX2 = angle(X2);
YA

n2.%(0.9

Hf 1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0301b’);
subplot(2,1,1); plot(w2/pi,magX2,’LineWidth’,1.5);

wtick = [-1:0.2:1]; magtick = [0:10:60];

xlabel(’\omega/\pi’ ,FNTSZ,LFS); ylabel(’|X|’,FNTSZ,LFS);

title(’Magnitude response’ ,FNTSZ,TFS);
set(gca, ’XTick’ ,wtick) ;
set(gca,’YTick’ ,magtick) ;

subplot(2,1,2); plot(w2/pi,phaX2x180/pi,’LineWidth’,1.5);
axis([-1,1,-200,200]); phatick = [-180:60:180] ;
xlabel (’\omega/\pi’ ,FNTSZ,LFS); ylabel(’Degrees’ ,FNTSZ,LFS);

title(’Phase Response’ ,FNTSZ,TFS);
set(gca, ’XTick’,wtick);
set(gca,’YTick’ ,phatick);

print -deps2 ../EPSFILES/P0301b;

The magnitude and phase plotsXfe!®) are shown in Figure 3.2.
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3. x(n) = [cos(0.57n) + j sin(0.57n)][u(n) — u(n — 51)].

% P0301c: % DTFT of x3(n) = (cos(0.5*pi*n)+j*sin(0.5%pix*n)) .*(u(n)-u(n-51))
clc; close all;

yA

[x31,n31] stepseq(0,0,52); [x32,n32] = stepseq(51,0,52);
[x33,n33] sigadd(x31,n31,-x32,n32); n3 = n33;

x3 = (cos(0.5*%pi*n3)+j*sin(0.5%pi*n3)) .*x33;

w3 = linspace(-pi,pi,201); X3 = dtft(x3,n3,w3);

magX3 = abs(X3); phaX3 = angle(X3);

yA

Hf _1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0301c’);
subplot(2,1,1); plot(w3/pi,magX3,’LineWidth’,1.5);

wtick = [-1:0.2:1]; magtick = [0:10:60];

xlabel(’\omega/\pi’ ,FNTSZ,LFS); ylabel(’|X|’,FNTSZ,LFS);
title(’Magnitude response’ ,FNTSZ,TFS);

set(gca, ’XTick’ ,wtick);

set(gca,’YTick’ ,magtick);

subplot(2,1,2,’LineWidth’,1.5); plot(w3/pi,phaX3*180/pi);
axis([-1,1,-200,200]); phatick = [-180:60:180];
xlabel(’\omega/\pi’ ,FNTSZ,LFS); ylabel(’Degrees’,FNTSZ,LFS);
title(’Phase Response’ ,FNTSZ,TFS);

set(gca, ’XTick’ ,wtick);

set(gca, ’YTick’,phatick);

print -deps2 ../EPSFILES/P0301c;

The magnitude and phase plotsXfe!®) are shown in Figure 3.3.

M agnitude response
60 T T T T T T T T T
50
40
30
20

10

0 -k - o Py i~ -

-1 -08 -06 -04 -0.2 0 02 04 06 08 1
w/ T

Phase Response

IX]

180
120
60

-60
-120
_180 L L L L L L 1 1 1 -

Degrees
o

w/ T

Figure 3.3: Problem P3.1.3 DTFT plots
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4. x(n) =1{4,3,2,1,1,2,3,4}.
T

% P0301d: % DTFT of x4(n) = [43211234] ; n=0:7;
clc; close all;

yA

x4 =[43211234]; nd = [0:7];

w4 = linspace(-pi,pi,201); X4 = dtft(x4,nd,wd);

magX4 = abs(X4); phaX4 = angle(X4);

yA

Hf _1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0301d’);
subplot(2,1,1); plot(w4/pi,magX4,’LineWidth’,1.5);
axis([-1,1,0,25]); wtick = [-1:0.2:1]; magtick = [0:5:25];
xlabel (’\omega/\pi’ ,FNTSZ,LFS); ylabel(’|X|’,FNTSZ,LFS);
title(’Magnitude response’ ,FNTSZ,TFS);

set(gca, ’XTick’ ,wtick) ;

set(gca,’YTick’ ,magtick) ;

subplot(2,1,2); plot(w4/pi,phaX4*180/pi,’LineWidth’,1.5);
axis([-1,1,-200,200]); phatick = [-180:60:180];
xlabel(’\omega/\pi’ ,FNTSZ,LFS); ylabel(’Degrees’,FNTSZ,LFS);
title(’Phase Response’ ,FNTSZ,TFS);

set(gca, ’XTick’,wtick);

set(gca,’YTick’,phatick);

print -deps2 ../EPSFILES/P0301d;

The magnitude and phase plotsXfe!®) are shown in Figure 3.4.
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5. x(n) = {4,3,2,1, -1, -2, -3, —4}.
T

% P0301e: % DTFT of x5(n) = [43 21 -1 -2 -3 -4] ; n=0:7;
clc; close all;

yA

x5 =0[4321-1-2-3-4]; n5 = [0:7];

w6 = linspace(-pi,pi,201); X5 = dtft(x5,n5,w5);

magX5 = abs(X5); phaX5 = angle(X5);

yA

Hf _1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0301le’);
subplot(2,1,1); plot(w5/pi,magX5,’LineWidth’,1.5);

wtick = [-1:0.2:1]; magtick = [0:5:20]; axis([-1 1 0 20]);
xlabel (’\omega/\pi’ ,FNTSZ,LFS); ylabel(’|X|’,FNTSZ,LFS);
title(’Magnitude response’ ,FNTSZ,TFS);

set(gca, ’XTick’ ,wtick) ;

set(gca,’YTick’ ,magtick) ;

subplot(2,1,2); plot(w5/pi,phaX5%180/pi,’LineWidth’,1.5);
axis([-1,1,-200,200]); phatick = [-180:60:180];
xlabel(’\omega/\pi’ ,FNTSZ,LFS); ylabel(’Degrees’,FNTSZ,LFS);
title(’Phase Response’ ,FNTSZ,TFS);

set(gca, ’XTick’,wtick);

set(gca,’YTick’,phatick);

print -deps2 ../EPSFILES/P0301le;

The magnitude and phase plotsXfe!®) are shown in Figure 3.5.
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P3.2 Letxi(n) = {1, 2, 2, 1}. A new sequencg,(n) is formed using
T

X1(N), 0<n<3
Xo(N) = x(n—4), 4<n<7,; (3.1)
0, Otherwise.

1. Clearly,x2(n) = x1(n) + x1(n — 4). Hence
X2(e1?) = X1(el®) + Xy (e19)e 1% = 26712 cog2w) X1 (e]?)

Thus the magnitudeX,(el®)| is scaled by 2 and changed bgos(2w)| while the phase ofX1(el®)| is
changed by @.

2. MaTLAB Verification:

% P0302b: x1(n) = [1 2 2 1],n = [0:3];
% x2(n) = x1(n) ,n = [0:3];
% =x1(n-4) ,n = [4:7];

clc; close all;

nil [0:3]; x1 = [1 22 1]; n2 = [0:7]; x2 = [x1 x1];

w2 = linspace(-pi,pi,201); X1 = dtft(x1l,n1,w2); X2 = dtft(x2,n2,w2);
magXl = abs(X1); phaXl = angle(X1); magX2 = abs(X2); phaX2 = angle(X2);
wtick = [-1:0.5:1]; phatick = [-180:60 :1801];

Hf _1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0302b’);
subplot(2,2,1); plot(w2/pi,magXl,’LineWidth’,1.5);

axis([-1 1 0 8]); magtickl = [0:2:8];
xlabel(’\omega/\pi’,FNTSZ,LFS); ylabel(’|X_1|’,FNTSZ,LFS);
title([’Magnitude response’ char(10) ’signal x_1’],FNTSZ,TFS);
set(gca, ’XTick’ ,wtick);

set(gca,’YTick’ ,magtickl);

subplot(2,2,3); plot(w2/pi,phaX1*180/pi,’LineWidth’,1.5); axis([-1 1 -200 200]);
xlabel(’\omega/\pi’ ,FNTSZ,LFS); ylabel(’Degrees’ ,FNTSZ,LFS);
title([’Phase response’ char(10) ’signal x_1’],FNTSZ,TFS);
set(gca, ’XTick’ ,wtick);

set(gca,’YTick’,phatick);

subplot(2,2,2); plot(w2/pi,magX2,’LineWidth’,1.5);

axis([-1 1 0 16]); magtick2 = [0:4:16];
xlabel(’\omega/\pi’,FNTSZ,LFS); ylabel(’|X_2|’,FNTSZ,LFS);
title([’Magnitude response’ char(10) ’signal x_2’],FNTSZ,TFS);
set(gca, ’XTick’ ,wtick);

set(gca,’YTick’ ,magtick2) ;

subplot(2,2,4); plot(w2/pi,phaX2x180/pi,’LineWidth’,1.5); axis([-1 1 -200 200]);
xlabel(’\omega/\pi’ ,FNTSZ,LFS); ylabel(’Degrees’,FNTSZ,LFS);
title([’Phase response’ char(10) ’signal x_2’],FNTSZ,TFS);
set(gca, ’XTick’ ,wtick);

set(gca,’YTick’,phatick);

print -deps2 ../EPSFILES/P0302b;
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The magnitude and phase plots %f(e!®) and X,(e!®) are shown in Figure 3.6 which confirms the
observation in part 1. above.
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Figure 3.6: Problem P3.2.2 DTFT plots
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P3.3 Analytical computation of the DTFTs and plotting of their gmitudes and angles.

1. x(n) = 2(0.5"u(n + 2).

X(el?) = ZZ 0.5"u(n + 2)e N — 22 0.5"e In® — 2(0.5) 2% Z 0.5"e v — 8
—00 -2

0

MATLAB Verification:

% P0303a: DTFT of x1(n) = 2x((0.5) n)*u(n+2) = 8xexp(j*2xw)/(1-0.5*%exp(-j*w))

clc; close all;

wl = linspace(0,pi,501); X1 = 8%exp(j*2*wl)./(1-0.5%exp(-j*wl));

magXl = abs(X1); phaXl = angle(X1);

Hf _1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0303a’);
subplot(2,1,1); plot(wl/pi,magXl,’LineWidth’,1.5);

wtick = [0:0.2:1]; magtick = [0:4:20]; axis([0,1,0,20]);
xlabel (’\omega/\pi’ ,FNTSZ,LFS); ylabel(’|X|’,FNTSZ,LFS);
title(’Magnitude response’ ,FNTSZ,TFS);

set(gca, ’XTick’ ,wtick); set(gca,’YTick’,magtick);
subplot(2,1,2); plot(wl/pi,phaX1*180/pi,’LineWidth’,1.5);
axis([0,1,-200,200]); phatick = [-180:60:180];
xlabel(’\omega/\pi’ ,FNTSZ,LFS); ylabel(’Degrees’,FNTSZ,LFS);
title(’Phase Response’ ,FNTSZ,TFS);

set(gca, ’XTick’ ,wtick); set(gca,’YTick’,phatick);

print -deps2 ../EPSFILES/P0303a;

The magnitude and phase plotsXfe!®) are shown in Figure 3.7.

Magnitude response

20 T T
16
— 12 \
X 4
4 -
0 ) ) ) )
0 0.2 0.4 0.6 08
w/ T
Phase Response
180F T T T T

Degrees

-180

0.2 0.4 0.6 0.8
w/ T

Figure 3.7: Problem P3.3.1 DTFT plots

ej 2w

69

1-0.5eie



70

SOLUTIONS MANUAL FOR DSP USING MATLAB (2ND EDITION)

2. x(n) = (0.6)" [u(n + 10) — u(n — 11)].

00 10
X(e”) => 06" [un+10 —u(n —1h] e /™ = > "0.6"Me I
—00 -10

2006

0 10
- - 0.64 — 2(0.6) cog11w) + 2(0.6)2 coq10w
=ZO.G‘”e‘J”“’+Zo_6ne—an_1= (0.6)"" cog11w) + 2(0.6) S10w)

i - 1.36— 1.2 coSw)

MaATLAB Verification:

% P0303b: DTFT of x2(n) = (0.6) ~ |n|*[u(n+10)-u(n-11)]
clc; close all;

w2 = linspace(0,pi,501);

X2
magX2 = abs(X2); phaX2 = angle(X2);

Hf _1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0303b’);
subplot(2,1,1); plot(w2/pi,magX2,’LineWidth’,1.5);

axis([0,1,0,5]); wtick = [0:0.2:1]; magtick = [0:1:5];

xlabel (’\omega/\pi’,’FontSize’,LFS); ylabel(’|X|’,’FontSize’,LFS);
title(’Magnitude response’,’FontSize’,TFS);

set(gca, ’XTick’ ,wtick); set(gca,’YTick’ ,magtick);

subplot(2,1,2); plot(w2/pi,phaX2*180/pi,’LineWidth’,1.5);
axis([0,1,-200,200]); phatick = [-180:60:180];
xlabel(’\omega/\pi’,’FontSize’ ,LFS); ylabel(’Degrees’,’FontSize’ ,LFS);
title(’Phase Response’,’FontSize’,TFS); set(gca,’XTick’,wtick);
set(gca,’YTick’ ,phatick); print -deps2 ../EPSFILES/P0303b;

The magnitude and phase plotsXfe!“) are shown in Figure 3.8.
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Figure 3.8: Problem P3.3.2 DTFT plots
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3. X(nN) =n(0.9"u(n + 3).

X(€”)=>"n09"un+3e ™ =3 "n0.9"e "
e -3

= —3(0.9) %% — 2(0.9%e/* — (0.9) ¢ + > "n(0.9)"e 1"
0

. . . 0.9e 1@ —4.115%i% 4 4938312
= 411523 —2469% — 1.111%/ = : :
+ (1—0.9e"i»)2 1—1.8ei® +0.8le i

MATLAB Verification:

% P0303c: DTFT of x3(n) = n*x((0.9) ~ n)*u(n+3);

clc; close all;

w3 = linspace(0,pi,501); X3_num = (-4.1151*exp(j*3*w3)+4.9383*exp (j*2*w3));
X3_den = 1-1.8%exp(-j*w3)+0.81xexp(-j*2*w3); X3 = X3_num./X3_den;
magX3 = abs(X3); phaX3 = angle(X3);

Hf 1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0303c’);
subplot(2,1,1); plot(w3/pi,magX3,’LineWidth’,1.5);

axis([0,1,0,100]); wtick = [0:0.2:1]; magtick = [0:20:100];

xlabel (’\omega/\pi’,’FontSize’,LFS); ylabel(’|X|’,’FontSize’,LFS);
title(’Magnitude response’,’FontSize’,TFS);

set(gca, ’XTick’ ,wtick); set(gca,’YTick’ ,magtick);

subplot(2,1,2); plot(w3/pi,phaX3*180/pi,’LineWidth’,1.5);
axis([0,1,-200,200]); phatick = [-180:60:180];
xlabel(’\omega/\pi’,’FontSize’ ,LFS); ylabel(’Degrees’,’FontSize’,LFS);
title(’Phase Response’,’FontSize’,TFS); set(gca,’XTick’,wtick);
set(gca, ’YTick’ ,phatick); print -deps2 ../EPSFILES/P0303c;

The magnitude and phase plotsXfe!®) are shown in Figure 3.9.
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4. x(n) =3"°_(n+3)(0.89" tun —2).

X(e”)=>"(n+3) 08" un—2e" =>"(n+5) 0.8 " unye "2

= (0.8)g7 1% Z n(0.8)"e 1"® 4 4g~12 Z(O.S)“e*j"‘”
0 0
0.64e13 fe~i20 de~i20 _ 2 B5pei%

(11— 0.8e i)’ T 1081 ~ 1-16e 1o 1 06de 12

MaTtLAB Verification:

% P0303d: DTFT of x4(n) = (@+3)*((0.8) ~ (n-1))*u(n-2);

clc; close all;

w4 = linspace(0,pi,501); X4_num = 4*exp(-2%j*wd)-2.56xexp(-3*j*wd) ;
X4_den = 1-1.6%exp(-1%j*w4)+0.64*exp(-2*%j*w4); X4 = X4_num./X4_den;
magX4 = abs(X4); phaX4 = angle(X4);

Hf _1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0303d’);
subplot(2,1,1); plot(w4/pi,magX4,’LineWidth’,1.5);

axis([0 1 0 40]); wtick = [0:0.2:1]; magtick = [0:5:40];
xlabel(’\omega/\pi’,’FontSize’,LFS); ylabel(’|X|’,’FontSize’,LFS);
title(’Magnitude response’,’FontSize’ ,TFS);

set(gca, ’XTick’ ,wtick); set(gca,’YTick’,magtick);

subplot(2,1,2); plot(w4/pi,phaX4*180/pi,’LineWidth’,1.5);
axis([0,1,-200,200]); phatick = [-180:60:180];
xlabel(’\omega/\pi’,’FontSize’ ,LFS); ylabel(’Degrees’,’FontSize’ ,LFS);
title(’Phase Response’,’FontSize’,TFS); set(gca,’XTick’,wtick);
set(gca,’YTick’ ,phatick); print -deps2 ../EPSFILES/P0303d;

The magnitude and phase plotsXge!®) are shown in Figure 3.10.
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SOLUTIONS MANUAL FOR DSP USING MATLAB (2ND EDITION) 73

5. X(n) = 4(—0.7)" c0g0.257n)u(n).

X(e1”) = > " 4(-0.7)"cog0.25Tnu(n)e 1" = 4 " (—0.7)" cog0.257n)e "
o 0

1 — (—0.7) cog0.257)e1® 1+ 0.495 1

1—-2(-0.7)e i 4+ (—=0.7)%e"i2» 14 1.4e-i® 4+ 0.4% 2

MaATLAB Verification:

% P0303e: DTFT of x5(n) = 4x((-0.7) ~ n)*cos(0.25*pi*n)*u(n)

clc; close all;

w5 = [0:500]*pi/500; X51 = 4*(ones(size(wb5))+0.7*cos(0.25%pi)*exp(-j*wb));
X52 = ones(size(w5))+1.4xcos(0.25%pi)*exp(-j*w5)+0.49*exp (-j*2*w5) ;

X5 = X51./X52; magX5 = abs(X5); phaX5 = angle(X5);

Hf _1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0303e’);
subplot(2,1,1); plot(w5/pi,magX5,’LineWidth’,1.5);

axis([0 1 0 10]); wtick = [0:0.2:1]; magtick = [0:2:10];

xlabel (’\omega/\pi’,’FontSize’,LFS); ylabel(’|X|’,’FontSize’,LFS);
title(’Magnitude response’,’FontSize’,TFS);

set(gca, ’XTick’ ,wtick); set(gca,’YTick’ ,magtick);

subplot(2,1,2); plot(w5/pi,phaX5*180/pi,’LineWidth’,1.5);
axis([0,1,-200,200]); phatick = [-180:60:180];

xlabel (’\omega/\pi’,’FontSize’ ,LFS); ylabel(’Degrees’,’FontSize’,LFS);
title(’Phase Response’,’FontSize’,TFS); set(gca,’XTick’,wtick);
set(gca, ’YTick’ ,phatick); print -deps2 ../EPSFILES/P0303e;

The magnitude and phase plotsXge!®) are shown in Figure 3.11.
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P3.4 Window function DTFTs:

Rectangular Window: Ry (n) = u(n) —u(n — M)
MATLAB Script:
% P0304a: DTFT of a Rectangular Window, M = 10,25,50,101
clc; close all;
Hf 1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0304a’);
w = linspace(-pi,pi,501); wtick = [-1:0.5:1]; magtick = [0:0.5:1.1];
%M =10
M = 10; n = 0:M; x = ones(1l,length(n));
X = dtft(x,n,w); magX = abs(X); magX = magX/max(magX);
subplot(2,2,1); plot(w/pi,magX,’LineWidth’,1.5); axis([-1 1 0 1.1]);
ylabel(’ |X|’,’FontSize’ ,LFS); title([’M = 10’],’FontSize’,TFS);
set(gca, ’XTick’ ,wtick, ’YTick’ ,magtick) ;
%M =25
M =25; n=0:M; x = ones(1,length(n));
X = dtft(x,n,w); magX = abs(X); magX = magX/max(magX);
subplot(2,2,2); plot(w/pi,magX,’LineWidth’,1.5); axis([-1 1 0 1.1]);
title([’M = 25°],’FontSize’,TFS); set(gca,’XTick’,wtick,’YTick’ ,magtick);
% M = 50
M =50; n = 0:M; x = ones(1,length(n));
X = dtft(x,n,w); magX = abs(X); magX = magX/max(magX);
subplot(2,2,3); plot(w/pi,magX,’LineWidth’,1.5); axis([-1 1 0 1.1]1);
xlabel(’\omega/\pi’, ’FontSize’,LFS); ylabel(’|X|’,’FontSize’,LFS);
title([’M = 50°],’FontSize’,TFS); set(gca,’XTick’,wtick,’YTick’ ,magtick);
% M = 101
M = 101; n = 0:M; x = ones(l,length(n));
X = dtft(x,n,w); magX = abs(X); magX = magX/max(magX);
subplot(2,2,4); plot(w/pi,magX,’LineWidth’,1.5); axis([-1 1 0 1.1]);
xlabel(’\omega/\pi’,’FontSize’ ,LFS); title([’M = 101’],’FontSize’,TFS);
set(gca, ’XTick’,wtick,’YTick’,magtick); print -deps2 ../EPSFILES/P0304a;
The magnitude plots of the DTFTs are shown in Figure 3.12.
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Figure 3.12: Problem P3.4 Rectangular window DTFT plots
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IM —1—2n|

Tri lar Window: 7, =1
riangular Window: 7y (n) [ VI

] Rm(n)

MATLAB Script:

% P0304b: DTFT of a Triangular Window,M = 10,25,50,101

clc; close all;

Hf _1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0304b’);

w = linspace(-pi,pi,501); wtick = [-1:0.5:1]; magtick = [0:0.5:1.1];

% M =10

M=10; n = 0:M; x = (1-(abs( M-1-(2*n) )/(M+1)) );

X = dtft(x,n,w); magX = abs(X); magX = magX/max(magX);

subplot(2,2,1); plot(w/pi,magX,’LineWidth’,1.5); axis([-1 1 0 1.1]);
ylabel(’ |X|’,’FontSize’ ,LFS); title([’M = 10°’],’FontSize’,TFS);

set(gca, ’XTick’,wtick,’YTick’ ,magtick) ;

% M= 25

M=25; n=0:M; x = (1-(abs( M-1-(2%n) )/(M+1)) );

X = dtft(x,n,w); magX = abs(X); magX = magX/max(magX);

subplot(2,2,2); plot(w/pi,magX,’LineWidth’,1.5); axis([-1 1 0 1.1]);
title([’M = 25°],’FontSize’,TFS); set(gca,’XTick’,wtick,’YTick’,magtick);
% M = 50

M =50; n=0:M; x = (1-(abs( M-1-(2%n) )/(M+1)) );

X = dtft(x,n,w); magX = abs(X); magX = magX/max(magX);

subplot(2,2,3); plot(w/pi,magX,’LineWidth’,1.5); axis([-1 1 0 1.1]);
xlabel (’\omega/\pi’,’FontSize’,LFS); ylabel(’|X|’,’FontSize’,LFS);
title([’M = 50°],’FontSize’,TFS); set(gca,’XTick’,wtick,’YTick’,magtick);
% M= 101

M= 101; n = 0:M; x = (1-(abs( M-1-(2%n) )/(M+1)) );

X = dtft(x,n,w); magX = abs(X); magX = magX/max(magX);

subplot(2,2,4); plot(w/pi,magX,’LineWidth’,1.5); axis([-1 1 0 1.1]);
xlabel(’\omega/\pi’,’FontSize’ ,LFS); title([’M = 101’],’FontSize’,TFS);
set(gca, ’XTick’ ,wtick,’YTick’ ,magtick); print -deps2 ../EPSFILES/P0304b;

The magnitude plots of the DTFTs are shown in Figure 3.13.
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Figure 3.13: Problem P3.4 Triangular window DTFT plots
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27n
M—-1

Hann Window: Cn(n) = 0.5 [1 — Ccos ] Rm((n)

MATLAB Script:

% P0304c: DTFT of a Hann Window,M = 10,25,50,101

clc; close all;

Hf _1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0304c’);

w = linspace(-pi,pi,501); wtick = [-1:0.5:1]; magtick = [0:0.5:1.1];

% M =10

M =10; n = 0:M; x = 0.5%(1-cos((2*pi*n)/(M-1)) );

X = dtft(x,n,w); magX = abs(X); magX = magX/max(magX);

subplot(2,2,1); plot(w/pi,magX,’LineWidth’,1.5); axis([-1 1 0 1.1]);
ylabel(’ |X|’,’FontSize’ ,LFS); title([’M = 10°’],’FontSize’,TFS);

set(gca, ’XTick’,wtick,’YTick’ ,magtick) ;

% M= 25

M =25; n=0:M; x =0.5%x(1-cos((2*pi*n)/(M-1)) );

X = dtft(x,n,w); magX = abs(X); magX = magX/max(magX);

subplot(2,2,2); plot(w/pi,magX,’LineWidth’,1.5); axis([-1 1 0 1.1]1);
title([’M = 25°],’FontSize’,TFS); set(gca,’XTick’,wtick,’YTick’,magtick);
% M = 50

M =50; n=0:M; x=0.5%(1-cos((2*pi*n)/(M-1)) );

X = dtft(x,n,w); magX = abs(X); magX = magX/max(magX);

subplot(2,2,3); plot(w/pi,magX,’LineWidth’,1.5); axis([-1 1 0 1.1]);
xlabel (’\omega/\pi’,’FontSize’,LFS); ylabel(’|X|’,’FontSize’,LFS);
title([’M = 50°],’FontSize’,TFS); set(gca,’XTick’,wtick,’YTick’,magtick);
% M= 101

M = 101; n = 0:M; x = 0.5%(1-cos((2*pi*n)/(M-1)) );

X = dtft(x,n,w); magX = abs(X); magX = magX/max(magX);

subplot(2,2,4); plot(w/pi,magX,’LineWidth’,1.5); axis([-1 1 0 1.1]1);
xlabel(’\omega/\pi’,’FontSize’ ,LFS); title([’M = 101’],’FontSize’,TFS);
set(gca, ’XTick’ ,wtick,’YTick’ ,magtick); print -deps2 ../EPSFILES/P0304c;

The magnitude plots of the DTFTs are shown in Figure 3.14.
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Figure 3.14: Problem P3.4 Hann window DTFT plots
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2rn
Hamming Window: Hy (n) = [0.54 —0.46 cosﬁ} R ()

MATLAB Script:

% P0304d: DTFT of a Hamming Window,M = 10,25,50,101

clc; close all;

Hf _1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0304d’);

w = linspace(-pi,pi,501); wtick = [-1:0.5:1]; magtick = [0:0.5:1.1];

% M =10

M =10; n = 0:M; x = (0.54-0.46*cos((2*pi*n)/(M-1)) );

X = dtft(x,n,w); magX = abs(X); magX = magX/max(magX);

subplot(2,2,1); plot(w/pi,magX,’LineWidth’,1.5); axis([-1 1 0 1.1]);
ylabel(’ |X|’,’FontSize’ ,LFS); title([’M = 10°’],’FontSize’,TFS);

set(gca, ’XTick’,wtick,’YTick’ ,magtick) ;

% M= 25

M =25; n=0:M; x = (0.54-0.46%cos((2*pi*n)/(M-1)) );

X = dtft(x,n,w); magX = abs(X); magX = magX/max(magX);

subplot(2,2,2); plot(w/pi,magX,’LineWidth’,1.5); axis([-1 1 0 1.1]);
title([’M = 25°],’FontSize’,TFS); set(gca,’XTick’,wtick,’YTick’,magtick);
% M = 50

M =50; n=0:M; x = (0.54-0.46*cos((2*pi*n)/(M-1)) );

X = dtft(x,n,w); magX = abs(X); magX = magX/max(magX);

subplot(2,2,3); plot(w/pi,magX,’LineWidth’,1.5); axis([-1 1 0 1.1]);
xlabel (’\omega/\pi’,’FontSize’,LFS); ylabel(’|X|’,’FontSize’,LFS);
title([’M = 50°],’FontSize’,TFS); set(gca,’XTick’,wtick,’YTick’,magtick);
% M= 101

M = 101; n = 0:M; x = (0.54-0.46%cos((2*pi*n)/(M-1)) );

X = dtft(x,n,w); magX = abs(X); magX = magX/max(magX);

subplot(2,2,4); plot(w/pi,magX,’LineWidth’,1.5); axis([-1 1 0 1.1]);
xlabel(’\omega/\pi’,’FontSize’ ,LFS); title([’M = 101’],’FontSize’,TFS);
set(gca, ’XTick’ ,wtick,’YTick’ ,magtick); print -deps2 ../EPSFILES/P0304d;
The magnitude plots of the DTFTs are shown in Figure 3.15.
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Figure 3.15: Problem P3.4 Hamming window DTFT plots
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P3.5 Inverse DTFTs using the definition of the DTFT:

1. X (e/*) = 3+ 2cogw) + 4 cog2w): Using the Euler identity

elepelo @2y g

X (el*) =3+2 + 4 =20y el® 4 3410 4 2e7 1%

2 2
Hencex(n) = {2, 1,3, 1, 2}.
T

. X (e!*) = [1 — 6cog3w) + 8 cog5w)] e 13 Using the Euler identity

] ej 3w efj3a) ej5w efj5a) )
X(ejw) — |:1—6 + + :|e—JSw

2 + 2
— 4e/% _ 34 g 13 _3e710 | geite

Hencex(n) = {4,0,-3,0,0,1,0,0, —3, 0, 4}.
T

. X (e)®) = 2+ j4sin(2w) — 5cog4w): Using the Euler identity

ej2a)_e—j2w :ej4w+e—j4w

X(e“)=2+j4 : -5 = —Sel% | 2el20 4 2 _ 7120 _ S

2j 2 2

Hencex(n) = {_g’ 07 27 Oa 27 Oa _2, 0, _g}
T

. X (e1”) = [1 + 2cogw) + 3cog2w)] cos(w/2)e~15/2; Using the Euler identity

jo e tele eyellei el o,
X(Ee)y=|1+2 5 +3 5 5 e
g2 4 gmi%
2

=34 2elep el gl Sty gt

__[3a]2w jw —jo 342w
=[3e* +e“+1+e1” + 3671

Hencex(n) = {3,2,1,1, 2, 3}.
T

. X (e1*) = j [3+ 2cogw) + 4 cog2w)] sin(w)e~13: Using the Euler identity

) ) ejw_i_efja) ej2a)+efj2w ejw_efja) )
X(e°)=j|3+2 4 g )3
() =] [ L 2 ] 2]

=24elopel gl g% _ gl

Hencex(n) ={2,1,1,0, -1, -1, —2}.
T

2006
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P3.6 Inverse DTFTs using the definition of the IDTFT::
| 1 O0=<lowl=n/3;
jo)
l'X(e )_{0, /3 < |w| <.
Solution: Consider

1 b4 ) ) 1 /3 ejna)
X(n) = — X (e!?)el" d =—/ e dw = -
( ) 2r -7 ( ) “ —/3 “ J27Tn

B sin(z) 1

—7[/3_ n 3

- 0, 0<|w| <3n/4
jo) —
Z'X(e ) i 1, 3n/4<|w| <.
Solution: Consider

x(n) = 1 /nX(ejw)eJ”“)d _1 73N/4ej”‘”d + L[ el d
_27[ -7 w_zn -7 @ 2r 3r/4 ©

™ 1 sin(nw)|” 3. 3n
coShw) dw = — = §(N) — =sinc| —
T 37/4 4 4

21 J3ra

2, 0<|w| <nm/8;
3. X(elv) = [ 1, 7/8< |w| < 3r/4.
0, 3n/d<|w| <m.
Solution: Consider

/8 3/4 .
x(n) = 2 [/ 2 cognw) dw +/ cosNw) da)i| _ % [2 sin(nw)
0 T

™8 sin(nw)

0 n

2 p .
B % |:2 Siﬂ(%) sin <3nTn) —sin (n%>:| = % |:Sin <%T) -+ sin (?:I’ITJI>:|
= %sinc(%) + Zsinc(%)

0, —m<w<mn/4
4. X (elv) = [ 1, n/4<|w|<3m/4.
0, 3n/d<|w| <m.
Solution: Consider
2 3 /4 Sin(na)) 3r/4 B Sm(?;nTn) _ Sin(n
/7, nm B

= — d = =
x(n) coSnw) dw » o 7

21

/4

5. X (el?) = wel /2710,
Solution: Consider

1 T . . 1 T )
x(n) = E/ wel (1/2-10) ginoy ﬁ wel 1004,

-7 -

j a)ej (n—10)w
T [ j(n— 10

» 1(n—10) 7(n — 10)2

= —Sinc

3r/4
/8

T b4 j (n—10)w i o
_/ e ] _ cod(n — 10)7] — sin[(n — 10)x]
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P3.7 A complex-valued sequencgn) can be decomposed into a conjugate symmetricxpan) and an conjugate
anti-symmetric park,(n) as

1 . 1 «
Xe() = 5 [X(N) +x*(=m];  X(n) = > [x(n) — x*(=n)]
Consider
C —jnw C 1 nw 1 nw nw
]—'[xe(n)]:Xo.;xe(n)eJ :Xo.; [x(n) + x*(—m)] e”! :E[X:Xm)eJ +Zx( nye }
= 2 IX(E) + X ()] = Xn (€)
Similarly,
= —jnw = 1 nw 1 nw nw
F[Xo(M] = _Xo;xo(n)e no _20; [x(n) — x*(—m)] e 1" = > [Z x(nye”! Zx (—n)e”) }

=X @) - X @) = i (@)

MartLaB Verification usingx(n) = 2(0.9)~" [cos(0.1zn) + j sin(0.97n)] [u(n) — u(n — 10)]:

% P0307: DTFT after even and odd part decomposition of x(n)
% x(m) = 2%(0.9) " (-n)*(cos(0.1xpi*n)+j*sin(0.9*pi*n)) (u(n)-u(n-10))
clc; close all;
pA
[x1,n1] = stepseq(0,0,10); [x2,n2] = stepseq(10,0,10);
[x3,n3] sigadd(x1,n1,-x2,n2);
n =n3; x = 2%x(0.9 .7 (-n)).*(cos(0.1*pi*n)+j*sin(0.9*pi *n)) .*x3;
[xe,x0,m] = evenodd(x,n);

= [-500:500]*pi/500; X = dtft(x,n,w); realX = real(X); imagX = imag(X);
Xe = dtft(xe,m,w); Xo = dtft(xo,m,w);
diff_e = max(abs(realX-Xe)); diff_o = max(abs(j*imagX-Xo));
yA
Hf _1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0307°);
subplot(2,2,1); plot(w/pi,real(Xe),’LineWidth’,1.5);
axis([-1 1 -30 20]); wtick = sort([-1:0.4:1 0]); magtick = [-30:10:20];
xlabel(’\omega/\pi’,’FontSize’,LFS); ylabel(’X_e’,’FontSize’,LFS);
title (’DTFT of even part of x(n)’,’FontSize’,TFS);
set(gca,’XTick’ ,wtick); set(gca,’YTick’,magtick);
subplot(2,2,3); plot(w/pi,realX,’LineWidth’,1.5); axis([-1 1 -30 20]);
wtick = sort([-1:0.4:1 0] ); magtick = [-30:10:20];
xlabel (’\omega/\pi’,’FontSize’,LFS); ylabel(’X_R’,’FontSize’,LFS);
title(’Real part:DTFT of x(n)’,’FontSize’,TFS);
set(gca, ’XTick’ ,wtick); set(gca,’YTick’,magtick);
subplot(2,2,2); plot(w/pi,imag(Xo),’LineWidth’,1.5); axis([-1 1 -30 20]);
wtick = sort([-1:0.4:1 0]); magtick = [-30:10:20];
xlabel (’\omega/\pi’,’FontSize’,LFS); ylabel(’X_o’,’FontSize’,LFS);
title (’DTFT of odd part of x(n)’,’FontSize’,TFS);
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set(gca, ’XTick’ ,wtick); set(gca,’YTick’,magtick);

subplot(2,2,4); plot(w/pi,imagX,’LineWidth’,1.5); axis([-1 1 -30 20]);
wtick = sort([-1:0.4:1 0]); magtick = [-30:10:20];

xlabel (’\omega/\pi’, ’FontSize’,LFS); ylabel(’X_I’,’FontSize’,LFS);
title(’Imaginary part:DTFT of x(n)’,’FontSize’,TFS);

set(gca, ’XTick’,wtick); set(gca,’YTick’,magtick);

print -deps2

. ./EPSFILES/P0307;

The magnitude plots of the DTFTs are shown in Figure 3.16.
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Figure 3.16: Problem P3.7 DTFT plots
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P3.8 Acomplex-valued DTFTX (e/) can be decomposed into its conjugate symmetricXafe!) and conjugate
anti-symmetric park, (€/*), as

X (65) = Xe €)+Xo () Xe(&) = §[X () 4 X" (7], Xo(e) = 3[X(€") - X" (¢7")]

Consider

F1 [Xe (eiw)] = %/ Xe (ejw) eino do = %/ %[X (ejw) + X* (efjw)] ein® 4o

—TT T

= 1[x(n) + X*(—n)] = Xr(N)
Similarly,
i s
27 J 5
= 1[x(n) = x* (=] = jx; (n)

Fi [Xo (ejw)] = X, (ejw) el 4o = %/ % [X (ejw) _X* (e—ja))] el" o

MatLAB Verification usingx(n) = €% [u(n) — u (n — 20)]:

% P0308: x(n) = exp(0.1xj*pi*n)*(u(n)-u(n-20));

clc; close all; set(0,’defaultfigurepaperposition’,[0,0,6,6]);

pA

[x1,n1] stepseq(0,0,20); [x2,n2] = stepseq(20,0,20);

[x3,n3] = sigadd(x1,n1,-x2,n2); n = n3; x = exp(0.1*j*pix*n).*x3;

wl = [-500:500]*pi/500; X = dtft(x,n,wl); [Xe,Xo,w2] = evenodd(X, [-500:500]);
w2 = w2xpi/500; xr = real(x); xi = imag(x); Xr = dtft(xr,n,wl);

Xi = dtft(j*xi,n,wl); diff_r = max(abs(Xr-Xe)); diff_i = max(abs(Xi-Xo0));
yA

Hf 1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0308°);
subplot(4,2,1); plot(wl/pi,abs(Xr),’LineWidth’,1.5);

ylabel(’ |X_r|’,’FontSize’,LFS);

title(’Magnitude response of x_R’,’FontSize’,TFS);

subplot(4,2,2); plot(wl/pi,angle(Xr)*180/pi,’LineWidth’,1.5);

axis([-1 1 -200 200]); magtick = [-180:90:180];

ylabel (’Degrees’,’FontSize’ ,LFS);

title(’Phase response of x_R’,’FontSize’,TFS); set(gca,’YTick’,magtick);
subplot(4,2,3); plot(wl/pi,abs(Xe),’LineWidth’,1.5); axis([-1 1 0 15]);
ytick = [0:5:15]; ylabel(’|X_el|’,’FontSize’,LFS);

title([ ’Magnitude part of X_e’ ],’FontSize’,TFS); set(gca,’YTick’,ytick);
subplot(4,2,4); plot(wl/pi,angle(Xe)*180/pi,’LineWidth’,1.5);

axis([-1 1 -200 200]); magtick = [-180:90:180]; ylabel(’Degrees’,’FontSize’ ,LFS);
title([ ’Phase part of X_e’ ],’FontSize’,TFS); set(gca,’YTick’,magtick);
subplot(4,2,5); plot(wl/pi,abs(Xi),’LineWidth’,1.5);

ytick = [0:5:15]; axis([-1 1 0 15]); ylabel(’|X_il|’,’FontSize’,LFS);
title([ ’Magnitude response of j*x_I’ ],’FontSize’,TFS);
set(gca,’YTick’,ytick);

subplot(4,2,6); plot(wl/pi,angle(Xi)*180/pi,’LineWidth’,1.5);

axis([-1 1 -200 200]); magtick = [-180:90:180];

ylabel (’Degrees’,’FontSize’ ,LFS);
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title([ ’Phase response of j*x_I’ ],’FontSize’,TFS); set(gca,’YTick’,magtick);
subplot(4,2,7); plot(wl/pi,abs(Xo),’LineWidth’,1.5);

ytick = [0:5:15]; axis([-1 1 0 15]);

xlabel (’\omega/\pi’, ’FontSize’,LFS); ylabel(’|X_ol|’,’FontSize’,LFS);
title([’Magnitude part of X_o’],’FontSize’,TFS); set(gca,’YTick’,ytick);
subplot(4,2,8); plot(wl/pi,angle(Xo)*180/pi,’LineWidth’,1.5);

axis([-1 1 -200 200]); magtick = [-180:90:180];

xlabel (’\omega/\pi’, ’FontSize’ ,LFS); ylabel(’Degrees’,’FontSize’,LFS);
title([’Phase part of X_o’],’FontSize’,TFS); set(gca,’YTick’,magtick);

print -deps2 ../EPSFILES/P0308;

The magnitude plots of the DTFTs are shown in Figure 3.17.
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Figure 3.17: Problem P3.8 DTFT plots
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P3.9 The real-part of the DTFT of a sinusoidal pubs@) = (coswgn) Rm (N):
First note that if the sequenaén) is a real-valued sequence, then the real part of its DXI‘{@'“’) is given by

Xr (€9) = > x(n) cosnw)
Hence for the given sinusoidal pulse, we have
. M-1 1 M-1 1 M-1
Xg (€/°) = 20: coswon) cosNw) = = 20: cod (@ — wo)n] + 5 20: cog(w + wo)n] (3.2)

Consider the first sum in (3.2),

M-1 M-1 . .
ZE: 1 . . 11— eil@—wM 1 _ g=j(@-wgM
COS{(a) — a)o)n] — E E {e] (w—wo)n + e*](a)fa)o)n} — E i }

0 0

(l — co9w — wg) — cog (w — wg)M] + cog(w — wp)(M — 1)])

1 — el (w—wo) + 1— e i(@—wo)

NI =

1 - coSw — wp)
1 [ 2sirf[(w — w0) /2] + 2 siN(w — wo) /2] SiN[(® — we)(M — 3)]
B ( 2 Sinz[(a) — wp)/2] )
(sin[(a) — w0)/2] + sin[( — wo)(M — %)]>
sin[(w — wg) /2]
_ cod(w — w)(M — D] sin[(w — wo)M/2]

NI NI

sin[(w — wo) /2] (33)
Similarly,
M-1 M-1
D cod(@ +won] = ) cod{w — (27 — wp)in
0 0
_ codfw — (27 — wo)}(M — D]sinlfow — (27 — w0)}M/2] (3.4)

sinf{w — (27 — wo)}/2]
Substituting (3.3) and (3.4) in (3.2), we obtain the desiesillt.
MarLas Computation and plot 0K (€/) for wp = /2 andM = 5, 15, 25, 100:

% P0309: DTFT of sinusoidal pulse for different values of M

clc; close all; set(0,’defaultfigurepaperposition’,[0,0,6,9]);

hh M =5

M =5; wO = pi/2; w = [-500:500]*pi/500;

X = 0.5%(exp(~j*(w-w0)*((M-1)/2)) .*sin((w-w0)*M/2) . /sin((w-wO+eps)/2)) + ...
0.5% (exp(—j*(w+w0)*((M-1)/2)) .*sin((w+w0)*M/2) ./sin((w+wO+eps)/2));

magX = abs(X); phaX = angle(X);

yA

Hf _1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0309°);

subplot(4,2,1); plot(w/pi,magX,’LineWidth’,1.5); axis([-1 1 0 4]1);

xlabel (’\omega/\pi’,’FontSize’,LFS); ylabel(’|X|’,’FontSize’,LFS);

title([’Magnitude Response M = 5°],’FontSize’,TFS);
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subplot(4,2,2); plot(w/pi,phaX*180/pi,’LineWidth’,1.5); axis([-1 1 -200 200]);

xlabel (’\omega/\pi’,’FontSize’ ,LFS); ylabel(’Degrees’,’FontSize’,LFS);

title([’Phase Response M = 5°],’FontSize’,TFS);

ytick = [-180 0 180]; set(gca,’YTickmode’,’manual’,’YTick’,ytick);

%% M = 15

M = 15; w0 = pi/2; w = [-500:500]*pi/500;

X = 0.5%(exp(=j*(w-w0)*((M-1)/2)) .*sin((w-w0)*M/2) . /sin((w-wO+eps)/2)) + ...
0.5% (exp(—j*(w+w0)*((M-1)/2)) .*sin((w+w0)*M/2) ./sin((w+wO+eps)/2));

magX = abs(X); phaX = angle(X);

yA

subplot(4,2,3); plot(w/pi,magX,’LineWidth’,1.5); axis([-1 1 0 10]);

xlabel (’\omega/\pi’,’FontSize’,LFS); ylabel(’|X|’,’FontSize’,LFS);

title([char(10) ’Magnitude Response M = 15’ char(10)],’FontSize’,TFS);

subplot(4,2,4); plot(w/pi,phaX*180/pi,’LineWidth’,1.5); axis([-1 1 -200 200]);

xlabel (’\omega/\pi’,’FontSize’ ,LFS); ylabel(’Degrees’,’FontSize’,LFS);

title([char(10) ’Phase Response M = 15’ char(10)],’FontSize’,TFS);

ytick = [-180 0 180]; set(gca,’YTickmode’,’manual’,’YTick’,ytick);

%% M = 25

M = 25; w0 = pi/2; w = [-500:500]*pi/500;

X = 0.5%(exp(=j*(w-w0)*((M-1)/2)) .*sin((w-w0)*M/2) ./sin((w-wO+eps)/2)) + ...
0.5% (exp(—j*(w+w0)*((M-1)/2)) .*sin((w+w0)*M/2) ./sin((w+wO+eps)/2));

magX = abs(X); phaX = angle(X);

pA

subplot(4,2,5); plot(w/pi,magX,’LineWidth’,1.5); axis([-1 1 0 15]);

xlabel (’\omega/\pi’,’FontSize’,LFS); ylabel(’|X|’,’FontSize’,LFS);

title([char(10) ’Magnitude Response M = 25’ char(10)],’FontSize’,TFS);

subplot(4,2,6); plot(w/pi,phaX*180/pi,’LineWidth’,1.5); axis([-1 1 -200 200]);

xlabel(’\omega/\pi’,’FontSize’,LFS); ylabel(’Degrees’,’FontSize’,LFS);

title([char(10) ’Phase Response M = 25’ char(10)],’FontSize’,TFS);

ytick = [-180 0 180];set(gca,’YTickmode’, ’manual’,’YTick’,ytick);

%M = 101

M = 101; w0 = pi/2; w = [-500:500]*pi/500;

X = 0.5%(exp(—j*(w-w0)*((M-1)/2)) .*sin((w-w0)*M/2) . /sin((w-wO+eps)/2)) + ...
0.5% (exp(—j*(w+w0)*((M-1)/2)) .*sin((w+w0)*M/2) ./sin((w+wO+eps)/2));

magX = abs(X); phaX = angle(X);

subplot(4,2,7); plot(w/pi,magX,’LineWidth’,1.5); axis([-1 1 0 75]);

xlabel (’\omega/\pi’,’FontSize’,LFS); ylabel(’|X|’,’FontSize’,LFS);
title([char(10) ’Magnitude Response M = 101’ char(10)], ’FontSize’,TFS);

ytick = [0 50 75];set(gca,’YTickmode’,’manual’,’YTick’,ytick);

subplot(4,2,8); plot(w/pi,phaX*180/pi,’LineWidth’,1.5); axis([-1 1 -200 200]);
xlabel(’\omega/\pi’,’FontSize’ ,LFS); ylabel(’Degrees’,’FontSize’ ,LFS);
title([char(10) ’Phase Response M = 101’ char(10)],’FontSize’,TFS);

ytick = [-180 0 180];set(gca,’YTickmode’, ’manual’,’YTick’,ytick);

print -deps2 ../EPSFILES/P0309;

The plots ofXg (€!*) are shown in Figure 3.18.
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Figure 3.18: Problem P3.9 plots
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P3.10 x(n) = 730(n) is a triangular pulse given in Problem P4.3. DTFT calcutatiand plots using properties of
the DTFT:

1. x(n) = T1o(—n):

X (€1°) = FIx(M)] = F[Tro(—-M] = F[T10M]l,ros o,
= F[T10(M]* (. real signal

MATLAB Script:

% P0310a: DTFT of x(n) = T_10(-n)

clc; close all; set(0,’defaultfigurepaperposition’,[0,0,7,4]);

yA

% Triangular Window T_10(n) & its DTFT

M=10; n = 0:M; Tn = (1-(abs(M-1-2%n)/(M+1)));

w = linspace(-pi,pi,501); Tw = dtft(Tn,n,w); magTw = abs(Tw);

magTw = magTw/max(magTw); phaTw = angle(Tw)*180/pi;

% x(n) & its DTFT

[x,n] = sigfold(Tn,n); X = dtft(x,n,w); magX = abs(X);

magX = magX/max(magX); phaX = angle(X)*180/pi;

% DTFT of x(n) from the Property

Y = fliplr(Tw); magY = abs(Y)/max(abs(Y)); phaY = angle(Y)*180/pi;

yA

Hf _1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0310a’);
subplot(2,2,1); plot(w/pi,magX,’LineWidth’,1.5); axis([-1 1 0 1.2]);
wtick = sort([-1:0.5:1]); magtick = [0:0.2:1.2];

xlabel (’\omega/\pi’,’FontSize’,LFS); ylabel(’|X|’,’FontSize’,LFS);
title([’Scaled Magnitude of X’],’FontSize’,TFS);

set(gca, ’XTick’ ,wtick); set(gca,’YTick’ ,magtick);

subplot(2,2,2); plot(w/pi,phaX,’LineWidth’,1.5); axis([-1 1 -200 200]);
wtick = sort([-1:0.5:1]); magtick = [-180:60:180];
xlabel(’\omega/\pi’,’FontSize’,LFS); ylabel(’Degrees’,’FontSize’ ,LFS);
title([’Phase of X’],’FontSize’,TFS);

set(gca, ’XTick’ ,wtick); set(gca,’YTick’ ,magtick);

subplot(2,2,3); plot(w/pi,magy¥,’LineWidth’,1.5); axis([-1 1 0 1.2]);
wtick = sort([-1:0.5:1]); magtick = [0:0.2:1.2];

xlabel(’\omega/\pi’, ’FontSize’,LFS); ylabel(’|X|’,’FontSize’,LFS);
title([’Scaled Magnitude from the Property’],’FontSize’,TFS);

set(gca, ’XTick’ ,wtick); set(gca,’YTick’,magtick);

subplot(2,2,4); plot(w/pi,pha¥,’LineWidth’,1.5); axis([-1 1 -200 200]);
wtick = sort([-1:0.4:1]); magtick = [-180:60:180];
xlabel(’\omega/\pi’,’FontSize’ ,LFS); ylabel(’Degrees’,’FontSize’ ,LFS);
title([’Phase from the Property’],’FontSize’,TFS);

set(gca, ’XTick’ ,wtick, ’YTick’ ,magtick); print -deps2 ../EPSFILES/P0310a;

The property verification using plots of (ej‘”) is shown in Figure 3.19.
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Figure 3.19: Problem P3.10a plots
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2. X(n) = T10(N) — T10(n — 10):

X (1) = FIx(M] = F[T1o(n) = Tao(n — 10)] = F[T10(M)] — F[Tio(m)Je~ 1
= (1—e1%) FTio(m)]

MATLAB Script:

% P0310b: DTFT of T_10(n)-T_10(n-10);

/A T_10(n) = [1-(abs(M-1-2%n)/(M+1)) I1*R_M(n), M = 10

clc; close all; set(0,’defaultfigurepaperposition’,[0,0,7,4]);

pA

% Triangular Window T_10(n) & its DTFT

M =10; n = 0:M; Tn = (1-(abs(M-1-2*n)/(M+1)));

w = linspace(-pi,pi,501); Tw = dtft(Tn,n,w); magTw = abs(Tw);

magTw = magTw/max(magTw); phaTw = angle(Tw)*180/pi;

% x(n) & its DTFT

[x1,n1] = sigshift(Tn,n,10); [x,n] = sigadd(Tn,n,-x1,nl);

X = dtft(x,n,w); magX = abs(X);

magX = magX/max(magX); phaX = angle(X)*180/pi;

% DTFT of x(n) from the Property

Y = Tw-exp(-j*w*10) .*Tw; magY = abs(Y)/max(abs(Y)); phaY = angle(Y)*180/pi;
yA

Hf 1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0310b’);
subplot(2,2,1); plot(w/pi,magX,’LineWidth’,1.5); axis([-1 1 0 1.2]);
wtick = sort([-1:0.5:1]); magtick = [0:0.2:1.2];

xlabel (’\omega/\pi’,’FontSize’,LFS); ylabel(’|X|’,’FontSize’,LFS);
title([’Scaled Magnitude of X’],’FontSize’,TFS);

set(gca, ’XTick’ ,wtick); set(gca,’YTick’ ,magtick);

subplot(2,2,2); plot(w/pi,phaX,’LineWidth’,1.5); axis([-1 1 -200 200]);
wtick = sort([-1:0.5:1]); magtick = [-180:60:180];
xlabel(’\omega/\pi’,’FontSize’,LFS); ylabel(’Degrees’,’FontSize’ ,LFS);
title([’Phase of X’],’FontSize’,TFS);

set(gca, ’XTick’ ,wtick); set(gca,’YTick’ ,magtick);

subplot(2,2,3); plot(w/pi,magy¥,’LineWidth’,1.5); axis([-1 1 0 1.2]);
wtick = sort([-1:0.5:1]); magtick = [0:0.2:1.2];
xlabel(’\omega/\pi’,’FontSize’,LFS); ylabel(’|X|’,’FontSize’,LFS);
title([’Scaled Magnitude from the Property’],’FontSize’,TFS);

set(gca, ’XTick’ ,wtick); set(gca,’YTick’,magtick);

subplot(2,2,4); plot(w/pi,phaY,’LineWidth’,1.5); axis([-1 1 -200 200]);
wtick = sort([-1:0.4:1]); magtick = [-180:60:180];
xlabel(’\omega/\pi’,’FontSize’ ,LFS); ylabel(’Degrees’,’FontSize’ ,LFS);
title([’Phase from the Property’],’FontSize’,TFS);

set(gca, ’XTick’ ,wtick,’YTick’ ,magtick); print -deps2 ../EPSFILES/P0310b;

The property verification using plots of (ej‘“) is shown in Figure 3.20.
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Figure 3.20: Problem P3.10b plots
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3. X(n) = T10(N) * T10(—N):

X (e1?) = FIx(M)] = F[T10(n) * Tio(—n)] = F[T1o(M)] * F[T10(N)]*
= | F[T1o(M]|?

MATLAB Script:

% P0310c: DTFT of T_10(n) Conv T_10(-n)

/A T_10(n) = [1-(abs(M-1-2%n)/(M+1)) I1*R_M(n), M = 10

clc; close all; set(0,’defaultfigurepaperposition’,[0,0,7,4]);

yA

% Triangular Window T_10(n) & its DTFT

M=10; n = 0:M; Tn = (1-(abs(M-1-2%n)/(M+1)));

w = linspace(-pi,pi,501); Tw = dtft(Tn,n,w); magTw = abs(Tw);

magTw = magTw/max(magTw); phaTw = angle(Tw)*180/pi;

% x(n) & its DTFT

[x1,n1] = sigfold(Tn,n); [x,n] = conv_m(Tn,n,x1,nl);

X = dtft(x,n,w); magX = abs(X);

magX = magX/max(magX); phaX = angle(X)*180/pi;

% DTFT of x(n) from the Property

Y = Tw.*fliplr(Tw); magY = abs(Y)/max(abs(Y)); phaY = angle(Y)*180/pi;
yA

Hf _1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0310c’);
subplot(2,2,1); plot(w/pi,magX,’LineWidth’,1.5); axis([-1 1 0 1.2]);
wtick = sort([-1:0.5:1]); magtick = [0:0.2:1.2];

xlabel(’\omega/\pi’, ’FontSize’,LFS); ylabel(’|X|’,’FontSize’,LFS);
title([’Scaled Magnitude of X’],’FontSize’,TFS);

set(gca, ’XTick’ ,wtick); set(gca,’YTick’ ,magtick);

subplot(2,2,2); plot(w/pi,phaX,’LineWidth’,1.5); axis([-1 1 -200 200]);
wtick = sort([-1:0.5:1]); magtick = [-180:60:180];

xlabel (’\omega/\pi’,’FontSize’ ,LFS); ylabel(’Degrees’,’FontSize’,LFS);
title([’Phase of X’],’FontSize’,TFS);

set(gca, ’XTick’ ,wtick); set(gca,’YTick’,magtick);

subplot(2,2,3); plot(w/pi,magY,’LineWidth’,1.5); axis([-1 1 0 1.2]);
wtick = sort([-1:0.5:1]); magtick = [0:0.2:1.2];

xlabel (’\omega/\pi’,’FontSize’,LFS); ylabel(’|X|’,’FontSize’,LFS);
title([’Scaled Magnitude from the Property’],’FontSize’,TFS);

set(gca, ’XTick’ ,wtick); set(gca,’YTick’ ,magtick);

subplot(2,2,4); plot(w/pi,phaY,’LineWidth’,1.5); axis([-1 1 -200 200]);
wtick = sort([-1:0.4:1]); magtick = [-180:60:180];
xlabel(’\omega/\pi’,’FontSize’ ,LFS); ylabel(’Degrees’,’FontSize’ ,LFS);
title([’Phase from the Property’],’FontSize’,TFS);

set(gca, ’XTick’ ,wtick,’YTick’ ,magtick); print -deps2 ../EPSFILES/P0310c;

The property verification using plots of (e/) is shown in Figure 3.21.
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Figure 3.21: Problem P3.10c plots
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4. x(n) = Tip(n)el™:

X (61?) = FIx(n)] = F[Tio(n)e'™"]
= f[ﬂO(n)]lw%(wfﬂ)

MATLAB Script:

% P0310d: DTFT of T_10(n)*exp(j*pi*n)

A T_10(n) = [1-(abs(M-1-2%n)/(M+1)) I1*R_M(n), M = 10

clc; close all; set(0,’defaultfigurepaperposition’,[0,0,7,4]);

yA

% Triangular Window T_10(n) & its DTFT

M=10; n = 0:M; Tn = (1-(abs(M-1-2%n)/(M+1)));

w = linspace(-pi,pi,501); Tw = dtft(Tn,n,w); magTw = abs(Tw);

magTw = magTw/max(magTw); phaTw = angle(Tw)*180/pi;

% x(n) & its DTFT

x = Tn.*exp(j*pi*n); X = dtft(x,n,w); magX = abs(X);

magX = magX/max(magX); phaX = angle(X)*180/pi;

% DTFT of x(n) from the Property

Y = [Tw(251:501),Tw(1:250)]; magY = abs(Y)/max(abs(Y)); phaY = angle(Y)*180/pi;
pA

Hf 1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0310d4’);
subplot(2,2,1); plot(w/pi,magX,’LineWidth’,1.5); axis([-1 1 0 1.2]);
wtick = sort([-1:0.5:1]); magtick = [0:0.2:1.2];

xlabel (’\omega/\pi’,’FontSize’,LFS); ylabel(’|X|’,’FontSize’,LFS);
title([’Scaled Magnitude of X’],’FontSize’,TFS);

set(gca, ’XTick’ ,wtick); set(gca,’YTick’,magtick);

subplot(2,2,2); plot(w/pi,phaX,’LineWidth’,1.5); axis([-1 1 -200 200]);
wtick = sort([-1:0.5:1]); magtick = [-180:60:180];
xlabel(’\omega/\pi’,’FontSize’ ,LFS); ylabel(’Degrees’,’FontSize’ ,LFS);
title([’Phase of X’],’FontSize’,TFS);

set(gca, ’XTick’ ,wtick); set(gca,’YTick’ ,magtick);

subplot(2,2,3); plot(w/pi,magy¥,’LineWidth’,1.5); axis([-1 1 0 1.2]);
wtick = sort([-1:0.5:1]); magtick = [0:0.2:1.2];
xlabel(’\omega/\pi’,’FontSize’,LFS); ylabel(’|X|’,’FontSize’,LFS);
title([’Scaled Magnitude from the Property’],’FontSize’,TFS);

set(gca, ’XTick’ ,wtick); set(gca,’YTick’ ,magtick);

subplot(2,2,4); plot(w/pi,phaY,’LineWidth’,1.5); axis([-1 1 -200 200]);
wtick = sort([-1:0.4:1]); magtick = [-180:60:180];
xlabel(’\omega/\pi’,’FontSize’ ,LFS); ylabel(’Degrees’,’FontSize’,LFS);
title([’Phase from the Property’],’FontSize’,TFS);

set(gca, ’XTick’,wtick,’YTick’,magtick); print -deps2 ../EPSFILES/P0310d;

The property verification using plots of (ej‘“) is shown in Figure 3.22.
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Figure 3.22: Problem P3.10d plots
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5. x(n) = co090.17n)7Z15(N):

X (e1) = F[x(n)] = Flcog0.1rn) Tyo(n)] = F [% [el01mn 4 gmi0dmn} Tlo(n)]
1 1
=5 FITioM ]l w-017) + > FIT10M ]l s (w+0.17)

MATLAB Script:

% P0310e: DTFT of x(n) = T_10(-n)

clc; close all; set(0,’defaultfigurepaperposition’,[0,0,7,4]);

yA

% Triangular Window T_10(n) & its DTFT

M =10; n = 0:M; Tn = (1-(abs(M-1-2*n)/(M+1)));

w = linspace(-pi,pi,501); Tw = dtft(Tn,n,w); magTw = abs(Tw);

magTw = magTw/max(magTw); phaTw = angle(Tw)*180/pi;

% x(n) & its DTFT

x = cos(0.1*pix*n) .*xTn; X = dtft(x,n,w); magX = abs(X);

magX = magX/max(magX); phaX = angle(X)*180/pi;

% DTFT of x(n) from the Property

Y = 0.5%x([Tw(477:501) ,Tw(1:476)]1+[Tw(26:501) ,Tw(1:25)1);

magY = abs(Y)/max(abs(Y)); phaY = angle(Y)*180/pi;

yA

Hf _1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0310e’);
subplot(2,2,1); plot(w/pi,magX,’LineWidth’,1.5); axis([-1 1 0 1.2]);
wtick = sort([-1:0.5:1]); magtick = [0:0.2:1.2];

xlabel (’\omega/\pi’,’FontSize’,LFS); ylabel(’|X|’,’FontSize’,LFS);
title([’Scaled Magnitude of X’],’FontSize’,TFS);

set(gca, ’XTick’ ,wtick); set(gca,’YTick’ ,magtick);

subplot(2,2,2); plot(w/pi,phaX,’LineWidth’,1.5); axis([-1 1 -200 200]);
wtick = sort([-1:0.5:1]); magtick = [-180:60:180];

xlabel (’\omega/\pi’,’FontSize’ ,LFS); ylabel(’Degrees’,’FontSize’,LFS);
title([’Phase of X’],’FontSize’,TFS);

set(gca, ’XTick’ ,wtick); set(gca,’YTick’,magtick);

subplot(2,2,3); plot(w/pi,magy¥,’LineWidth’,1.5); axis([-1 1 0 1.2]);
wtick = sort([-1:0.5:1]); magtick = [0:0.2:1.2];
xlabel(’\omega/\pi’,’FontSize’,LFS); ylabel(’|X|’,’FontSize’,LFS);
title([’Scaled Magnitude from the Property’],’FontSize’,TFS);

set(gca, ’XTick’ ,wtick); set(gca,’YTick’,magtick);

subplot(2,2,4); plot(w/pi,pha¥,’LineWidth’,1.5); axis([-1 1 -200 200]);
wtick = sort([-1:0.4:1]); magtick = [-180:60:180];
xlabel(’\omega/\pi’,’FontSize’ ,LFS); ylabel(’Degrees’,’FontSize’ ,LFS);
title([’Phase from the Property’],’FontSize’,TFS);

set(gca, ’XTick’ ,wtick, ’YTick’ ,magtick); print -deps2 ../EPSFILES/P0310e;

The property verification using plots of (/) is shown in Figure 3.23.
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Scaled Magnitude of X Phase of X
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Figure 3.23: Problem P3.10e plots
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P3.11 Determination and plots of the frequency response fundﬂc(lej“’).

1. h(n) = (0.9)"

o0 -1 00 o0 o0
H (el°) = Z (nye~ i — Z 9 g ine 4 Z Qe ine _ Z Qelne 14 Z Qe ine
h=—o0 0=—00 0=0 0=0 0=0
1 n 1
1-09i® 1-009e i
0.19
1.81 — 1.8 cogw)

MATLAB SCript:

% P0311a: h(n) = (0.9) " Inl; H(w) = 0.19/(1.81-1.8%cos(w));

clc; close all; set(O,’defaultfigurepaperposition’,[0,0,6,3]);

w = [-300:300]1*pi/300; H = 0.19*ones(size(w))./(1.81-1.8*cos(w));

magH = abs(H); phaH = angle(H)*180/pi;

Hf _1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0311a’);
subplot(2,1,1); plot(w/pi,magH,’LineWidth’,1.5); axis([-1 1 0 20]);
wtick = [-1:0.2:1]; magtick = [0:5:20];

xlabel(’\omega / \pi’,’FontSize’,LFS); ylabel(’|H|’,’FontSize’,LFS);
title(’Magnitude response of h(n) = (0.9)"{Inl|}’,’FontSize’ ,TFS);
set(gca,’XTick’ ,wtick); set(gca,’YTick’,magtick);

subplot(2,1,2); plot(w/pi,phaH,’LineWidth’,1.5); axis([-1 1 -180 180]);
wtick = [-1:0.2:1]; magtick = [-180:60:180];

xlabel(’\omega / \pi’,’FontSize’,LFS); ylabel(’Degrees’,’FontSize’,LFS);
title(’Phase response of h(n) = (0.9)"{|nl}’,’FontSize’,TFS);

set(gca, ’XTick’,wtick,’YTick’,magtick); print -deps2 ../EPSFILES/P0311a;

The magnitude and phase response plotd Qéj“’) are shown in Figure 3.24.

M agnitude response of h(n) = (0.9)"
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15} .
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w/ T
Phase response of h(n) = (0.9)"
180 T T T T T T T T T
120} .
§ oo} .
5 0
o
D _60 - N
-120} .
_180 1 1 1 1 1 1 1 1 1
- -08 -06 -04 -02 0 02 04 06 08 1
w/ T

Figure 3.24: Problem P3.11a plots
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2. h(n) = sinc(0.2n) [u (n + 20) — u (n — 20)] , where sinc 0= 1.

MATLAB ScCript:

% P0311b: h(n) = sinc(0.2#*n)*[u(n+20)-u(n-20)]

clc; close all;set(0,’defaultfigurepaperposition’,[0,0,6,3]);

[h1,n1] = stepseq(-20,-20,20); [h2,n2] = stepseq(20,-20,20);

[h3,n3] = sigadd(hl,nl1,-h2,n2); n = n3; h = sinc(0.2*n).*h3;

w = [-300:300]*pi/300; H = dtft(h,n,w); magH = abs(H); phaH = angle(H)*180/pi;

Hf 1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0311b’);

subplot(2,1,1); plot(w/pi,magH,’LineWidth’,1.5); axis([-1 1 0 6]);

wtick = [-1:0.2:1]; magtick = [0:1:6];

xlabel(’\omega / \pi’,’FontSize’,LFS); ylabel(’|H|’,’FontSize’,LFS);

title([’Magnitude response of h(n) = sinc(0.2 \times n)\times’
’[u(n+20)-u(n-20)]°]1,’FontSize’ ,TFS);

set(gca, ’XTick’,wtick); set(gca,’YTick’ ,magtick);

subplot(2,1,2); plot(w/pi,phaH,’LineWidth’,1.5); axis([-1 1 -200 200]);

wtick = [-1:0.2:1]; magtick = [-180:60:180];

xlabel (’\omega / \pi’,’FontSize’,LFS); ylabel(’Degrees’,’FontSize’,LFS);

title([’Phase response of h(n) = sinc(0.2 n)’
’\times[u(n+20)-u(n-20)]1’],’FontSize’ ,TFS);

set(gca, ’XTick’ ,wtick,’YTick’ ,magtick); print -deps2 ../EPSFILES/P0311b;

The magnitude and phase response plotd tééj‘”) are shown in Figure 3.25.

Magnitude response of h(n) = sinc(0.2 x n)x[u(n+20)—u(n—20)]

e e ™ 1 1 1 i ke e

-0.8 -06 -04 -0.2 0 02 04 06 08 1
w/ T

Phase response of h(n) = sinc(0.2 n)x[u(n+20)-u(n-20)]
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[y

-1 -08 -06 -04 -02 0 02 04 06 08 1
w/m

Figure 3.25: Problem P3.11b plots
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3. h(n) = sinc(0.2n) [u(n) — u (n — 40)]

MATLAB ScCript:

% P0311c: h(n) = sinc(0.2*n)*[u(n)-u(n-40)]

clc; close all; set(0,’defaultfigurepaperposition’,[0,0,6,3]);
[h1,n1] = stepseq(0,0,40); [h2,n2] = stepseq(40,0,40);

[h3,n3] = sigadd(hl,nl,-h2,n2); n = n3; h = sinc(0.2#*n).*h3;

99

w = [-300:300]*pi/300; H = dtft(h,n,w); magH = abs(H); phaH = angle(H)*180/pi;

Hf 1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0311c’);
subplot(2,1,1); plot(w/pi,magH,’LineWidth’,1.5); axis([-1 1 0 5]);
wtick = [-1:0.2:1]; magtick = [0:1:5];
xlabel(’\omega / \pi’,’FontSize’,LFS); ylabel(’|H|’,’FontSize’,LFS);
title([’Magnitude response of h(n) = sinc(0.2n)\times’
’[u(n)-u(n-40)]°]1, ’FontSize’ ,TFS);
set(gca,’XTick’ ,wtick); set(gca,’YTick’,magtick);
subplot(2,1,2); plot(w/pi,phaH,’LineWidth’,1.5); axis([-1 1 -180 180]);
wtick = [-1:0.2:1]; magtick = [-180:60:180];
xlabel(’\omega / \pi’,’FontSize’,LFS); ylabel(’Degrees’,’FontSize’,LFS);
title([’Phase response of h(n) = sinc(0.2)\times’
’[u(n)-u(n-40)]°], ’FontSize’ ,TFS) ;
set(gca, ’XTick’ ,wtick,’YTick’ ,magtick); print -deps2 ../EPSFILES/P031l1lc;

The magnitude and phase response plotd Qéj‘”) are shown in Figure 3.26.

Magnituderesponse of h(n) = sinc(0.2n)x[u(n)—u(n-40)]

5 T T T T
4F -
— 3F -
.l i
l - -
0 1 1 1 1 1 1 1 1 1
-1 -08 -06 -04 -02 0 0.2 0.4 0.6 0.8 1
w/ T
Phase response of h(n) = sinc(0.2)x[u(n)-u(n-40)]
180 T T T T T T T T T
120f -
§ oo -
5 0
§ -60f -
-120f -
_180 1 1 1 1 1 1 1 1 1
-1 -08 -06 -04  -02 0 0.2 0.4 0.6 0.8 1
w/ T

Figure 3.26: Problem P3.11c plots
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4. h(n) = [(0.5" + (0.49"] u(n)

o]

_ _ 00 _ 00 . 1 1
Jo\ __ —JNw __ N~—|Nw N—JNw __
H (€)= )" (e _OEZO.Se +OE:O.4e =1 05T T 1T 04e%

h=—0c0

_ 2-09
 1-009eio 4 0.2e" %

MATLAB ScCript:

% P0311d: h(n) ((0.5)"n+(0.4)"n) u(n);

yA H(w) (2-0.9%exp(=j*w)) ./ (1-0.9%exp (- j*w) +0.2xexp (- j*2*w) )
clc; close all; set(O,’defaultfigurepaperposition’,[0,0,6,3]);

w = [-300:300]*pi/300; H = (2-0.9%exp(-j*w))./(1-0.9%exp(-j*w)+0.2%exp (-j*2*w)) ;
magH = abs(H); phaH = angle(H)*180/pi;

Hf _1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0311d’);
subplot(2,1,1); plot(w/pi,magH,’LineWidth’,1.5); axis([-1 1 1 4]);

wtick = [-1:0.2:1]; magtick = [0:0.5:4];

xlabel(’\omega / \pi’,’FontSize’,LFS); ylabel(’|H|’,’FontSize’,LFS);
title(’Magnitude response:h(n) = [(0.5) " n+(0.4)"n] u(n)’,’FontSize’,TFS);
set(gca, ’XTick’ ,wtick); set(gca,’YTick’ ,magtick);

subplot(2,1,2); plot(w/pi,phaH,’LineWidth’,1.5); axis([-1 1 -180 180]);
wtick = [-1:0.2:1]; magtick = [-180:60:180];

xlabel(’\omega / \pi’,’FontSize’,LFS); ylabel(’Degrees’,’FontSize’,LFS);
title(’Phase response:h(n) = [(0.5)"n+(0.4)"n] u(n)’,’FontSize’,TFS);
set(gca, ’XTick’,wtick,’YTick’,magtick); print -deps2 ../EPSFILES/P0311d;

The magnitude and phase response plotd Qéj“’) are shown in Figure 3.27.

M agnitude response:h(n) = [(0.5)"+(0.4)"] u(n)

180 T T

=
DN
o O
T 1
[ |

Degrees
S o

-120

_180 1 1 1 1 1 1 1 1 1
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

w/m

Figure 3.27: Problem P3.11d plots
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5. h(n) = (0.5 cos(0.17n) = $0.5"el 01" 4 10 5Nlg-i01mn

o0

H (ejw) _ Z (nyeino — % |: i BiNlg-i@-01on i .5|n|ej(cu+0.1n)ni|
O=—00

h=—00 0=—00

___05x075  05x075
~ 1.25-cojw —0.1r) ' 125- cosw + 0.17)

MATLAB Script:

% P031le: h(n) (0.5)" Inl|*cos(0.1*pi*n);

% H(w) = 0.5%0.75%ones(size(w)) ./(1.25-cos(w-(0.1*pi)))+

% 0.5%0.75%ones (size(w)) ./(1.25-cos(w+(0.1xpi)))

clc; close all; set(0,’defaultfigurepaperposition’,[0,0,6,3]);

w = [-300:300]*pi/300; H = 0.5*%0.75%ones(size(w))./(1.25-cos(w-(0.1%pi)))+...
0.5%0.75%ones (size(w))./(1.25-cos(w+(0.1*pi)));

magH = abs(H); phaH = angle(H)*180/pi;

Hf_1 figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0311e’);

subplot(2,1,1); plot(w/pi,magH,’LineWidth’,1.5); axis([-1 1 0 3]);

wtick = [-1:0.2:1]; magtick = [0:0.5:3];

xlabel(’\omega / \pi’,’FontSize’,LFS); ylabel(’|H|’,’FontSize’,LFS);

title([’Magnitude response’],’FontSize’,TFS);

set(gca, ’XTick’ ,wtick); set(gca,’YTick’,magtick);

subplot(2,1,2); plot(w/pi,phaH,’LineWidth’,1.5); axis([-1 1 -180 180]);

wtick = [-1:0.2:1]; magtick = [-180:60:180];

xlabel(’\omega / \pi’,’FontSize’,LFS); ylabel(’Degrees’,’FontSize’,LFS);

title([’Phase response’],’FontSize’,TFS);

set(gca, ’XTick’ ,wtick,’YTick’ ,magtick); print -deps2 ../EPSFILES/P031lle;

The magnitude and phase response plotd ¢é!’) are shown in Figure 3.28.

Magnituderesponse:h(n) = (0.5)|n| x cos(0.1 1tn)
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Figure 3.28: Problem P3.11e plots
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P3.12 Letx(n) = AcoSwon + 6p) be an input sequence to an LTI system described by the impegg@nsdi(n).
Then the output sequenggn) is given by

y(n) = h(n) = x(n) = A > (K) codwo(n — k) + o]

h=—0c0

AL _ AL :
=5 D explios =K +0] + 5 > (K expl-jwo(n —k) — o]

h=—0c0 h=—0c0

= gei% { Z (k)e_ja)ok:| ejwon + ge—jeo |: Z (k)e]wok} e—j(x)on

h=—00 h=—c0
A A o
— EeJ@oH (elwo) gleon Ee*J@oH* (ero) @ lwon
— gej00| H (eja)o) |ejéH(ej‘”o)ejwon + g\e—j90| H (ejwo) |e—j4H(ej“’0)e—jw0n

= 5 IH (&) I [exp{] [won + jbo + ] £H (¢"*°) ]} + exp{—] [won + jéo + ] ZH () ]}]
= AlH (€10} | cos[won + jfo+ ] ZH (€/)]
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P3.13 Sinusoidal steady-state responses

1. The input to the systeim(n) = (0.9)/" is x(n) = 3 cos(0.57n + 60°) + 2 sin(0.37n). The steady-state
responsey/(n) is computed USINIATLAB.

% P0313a: x(n)

3*cos (0.5*pi*n+pi/3)+2%sin(0.3*pi*n); i.e.

% x(n) = 3*cos(0.5*pi*n+pi/3)+2*cos(0.3*pi*n-pi/2)

yA h(n) (0.9) " Inl

clc; close all; set(0,’defaultfigurepaperposition’,[0,0,6,3]);
YA

n = [-20:20]; x

3*cos (0.5*pi*n+pi/3)+2*sin(0.3*pi*n);
wl = 0.5%pi; H1 = 0.19*%w1/(1.81-1.8*cos(wl));
w2 = 0.3*%pi; H2 = 0.19*w2/(1.81-1.8*cos(w2));
magHl = abs(H1); phaHl = angle(H1); magH2 = abs(H2); phaH2 = angle(H2);
y = 3*magHl*cos(wl*n+pi/3+phaHi)+. ..
2*xmagH2*cos (w2*n-pi/2+phaH2) ;

yA

Hf _1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0313a’);

subplot(2,1,1); Hs = stem(n,x,’filled’); set(Hs, ’markersize’,2);

xlabel(’n’,’FontSize’ ,LFS); ylabel(’x(n)’,’FontSize’,LFS); axis([-22 22 -5 5]);

title([’Input sequence x(n): 3*cos(0.5{\pi}n + \pi/3) + 2sin(0.3{\piltn)’],...
’FontSize’,TFS);

subplot(2,1,2); Hs = stem(n,y,’filled’); set(Hs, ’markersize’,2);

xlabel(’n’,’FontSize’ ,LFS); ylabel(’y(n)’,’FontSize’,LFS); axis([-22 22 -5 5]);

title(’Output sequence y(n) for h(n) = (0.9)"{Inl}’,’FontSize’,TFS);

print -deps2 ../EPSFILES/P0313a;

The magnitude and phase response plotd Qéj‘”) are shown in Figure 3.29.

I nput sequence x(n): 3*cos(0.5m + 173) + 2sin(0.31)
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Figure 3.29: Problem P3.13a plots
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2. The input to the systerin(n) = sinc(0.2n) [u (n 4+ 20) — u (n — 20)], where sinc0= 1. The steady-
state responsg(n) is computed usSindyIATLAB.

% P0313b: x(n) = 3*cos(0.5*pi*n+pi/3)+2*sin(0.3*pi*n); i.e.

yA x(n) = 3*cos(0.5*pi*n+pi/3)+2*cos(0.3*pi*n-pi/2)

A h(n) = sinc(0.2*n)*[u(n+20)-u(n-20)]

clc; close all; set(O,’defaultfigurepaperposition’,[0,0,6,3]);

yA

n = [-20:20]; x = 3*cos(0.5*pi*n+pi/3)+2*sin(0.3*pi*n);

[h1,n1] = stepseq(-20,-20,20); [h2,n2] = stepseq(20,-20,20);

[h3,n3] = sigadd(hl,nl,-h2,n2); n = n3; h = sinc(0.2%*n).*h3;

wl = 0.5%pi; H1 = dtft(h,n,wl); w2 = 0.3*pi; H2 = dtft(h,n,w2);

magHl = abs(H1); phaHl = angle(H1); magH2 = abs(H2); phaH2 = angle(H2);

y = 3*magHl*cos(wl*n+pi/3+phaH1)+2xmagH2*cos (w2*n-pi/2+phal2) ;

yA

Hf 1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0313b’);

subplot(2,1,1); Hs = stem(n,x,’filled’); set(Hs, ’markersize’,2);

xlabel(’n’,’FontSize’ ,LFS); ylabel(’x(n)’,’FontSize’,LFS); axis([-22 22 -5 5]);

title([’Input sequence x(n): 3*cos(0.5{\pi}n + \pi/3) + 2sin(0.3{\piltn)’],...
’FontSize’,TFS);

subplot(2,1,2); Hs = stem(n,y,’filled’); set(Hs, ’markersize’,2);

xlabel(’n’,’FontSize’ ,LFS); ylabel(’y(n)’,’FontSize’ ,LFS); axis([-22 22 -5 5]);

title(’Output sequence y(n) for h(n) = sinc(0.2 n) [u(n+20) - u(n-20)]17,...
’FontSize’,TFS); print -deps2 ../EPSFILES/P0313b;

The magnitude and phase response plotd t@éj‘”) are shown in Figure 3.30.

I nput sequence x(n): 3*cos(0.5™ + 173) + 2sin(0.31)
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Figure 3.30: Problem P3.13b plots
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3. The input to the systerh(n) = sinc(0.2n) [u(n) — u(n — 40)]. The steady-state respongén) is
computed usindQyIATLAB.

% P0313c: x(n)

3*xcos(0.5*pi*n+pi/3)+2*sin(0.3*pi*n); i.e.

yA x(n) = 3*cos(0.5*pi*n+pi/3)+2*cos(0.3*pi*n-pi/2)

% h(n) sinc(0.2*n)* [u(n)-u(n-40)]

clc; close all; set(O,’defaultfigurepaperposition’,[0,0,6,3]);

yA

n = [-20:20]; x = 3*cos(0.5*pi*n+pi/3)+2*sin(0.3*pi*n);

[h1,n1] = stepseq(0,0,40); [h2,n2] = stepseq(40,0,40);

[h3,n3] = sigadd(hl,nl1,-h2,n2); h = sinc(0.2*n3).*h3;

wl = 0.5%pi; w2 = 0.3%pi; H1 = dtft(h,n3,wl); H2 = dtft(h,n3,w2);

magHl = abs(H1); phaHl = angle(H1); magH2 = abs(H2); phaH2 = angle(H2);

y = 3*magHl*cos(wl*n+pi/3+phaH1l)+2*xmagH2*cos (w2*n-pi/2+phal2) ;

pA

Hf _1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0313c’);

subplot(2,1,1); Hs = stem(n,x,’filled’); set(Hs, ’markersize’,2);

xlabel(’n’,’FontSize’ ,LFS); ylabel(’x(n)’,’FontSize’,LFS); axis([-22 22 -5 5]);

title([’Input sequence x(n): 3*cos(0.5{\pi}n + \pi/3) + 2sin(0.3{\piltn)’],...
’FontSize’,TFS);

subplot(2,1,2); Hs = stem(n,y,’filled’); set(Hs, ’markersize’,2);

xlabel(’n’,’FontSize’ ,LFS); ylabel(’y(n)’,’FontSize’ ,LFS); axis([-22 22 -5 5]);

title(’Output sequence y(n) for h(n) = sinc(0.2 n) [u(n) - u(n-40)]17,...
’FontSize’,TFS); print -deps2 ../EPSFILES/P0313c;

The magnitude and phase response plotd t@éj‘”) are shown in Figure 3.31.

I nput sequence x(n): 3*cos(0.5m + 173) + 2sin(0.31)
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Figure 3.31: Problem P3.13c plots
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4. Theinputtothe systetmn) = [(0.5)n + (0.4)”] u(n). The steady-state respong@) is computed using
MATLAB.

% P0313d: x(n) = 3*cos(0.5*pi*n+pi/3)+2*sin(0.3*pi*n); i.e.

yA x(n) = 3*cos(0.5*pi*n+pi/3)+2*cos(0.3*pi*n-pi/2)

) h(n) = ((0.5)"(n)+(0.4)"(n)) .*u(n)

clc; close all; set(0,’defaultfigurepaperposition’,[0,0,6,3]);

A

n = [-20:20]; x = 3*cos(0.5*pi*n+pi/3)+2*sin(0.3*pi*n);

wl = 0.5%pi; H1 = (2-0.9%exp(-j*wl))./(1-0.9%exp(-j*wl)+0.2%exp(-j*2*wl));

w2 = 0.3*%pi; H2 = (2-0.9%exp(-j*w2))./(1-0.9%exp(-j*w2)+0.2%exp (-j*2*w2)) ;

magHl = abs(H1); phaHl = angle(H1); magH2 = abs(H2); phaH2 = angle(H2);

y = 3*magHl*cos(wl*n+pi/3+phaHl)+2*magH2*cos(w2*n-pi/2+phal2) ;

/A

Hf _1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0313d’);

subplot(2,1,1); Hs = stem(n,x,’filled’); set(Hs, ’markersize’,2);

xlabel(’n’,’FontSize’ ,LFS); ylabel(’x(n)’,’FontSize’ ,LFS); axis([-22 22 -10 10]);

title([’Input sequence x(n): 3*cos(0.5{\pitn + \pi/3) + 2sin(0.3{\piln)’],...
’FontSize’ ,TFS) ;

subplot(2,1,2); Hs = stem(n,y,’filled’); set(Hs, ’markersize’,2);

xlabel(’n’,’FontSize’ ,LFS); ylabel(’y(n)’,’FontSize’ ,LFS); axis([-22 22 -10 10]);

title(’Output sequence y(n) for h(n) = [(0.5)"n+(0.4)"n] u(n)]’,...
’FontSize’,TFS); print -deps2 ../EPSFILES/P0313d;

The magnitude and phase response plotd Qéj‘”) are shown in Figure 3.32.

I nput sequence x(n): 3*cos(0.5™ + 173) + 2sin(0.31)
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Figure 3.32: Problem P3.13d plots
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5. The input to the systeim(n) = (0.5)"" cos(0.1n). The steady-state responge) is computed using
MATLAB.

% P0313e: x(n) = 3*cos(0.5*pi*n+pi/3)+2*sin(0.3*pi*n); i.e.

yA x(n) = 3*cos(0.5*pi*n+pi/3)+2*cos(0.3*pi*n-pi/2)

b h(n) = (0.5)"Inl*cos(0.1*pi*n);

clc; close all; set(0,’defaultfigurepaperposition’,[0,0,6,3]);

b

n = [-20:20]; x = 3*cos(0.5*pi*n+pi/3)+2*sin(0.3*pi*n);

wl = 0.5%pi; H1 = 0.5%0.75%wl/(1.25-cos(wl-(0.1xpi)))+...
0.5%0.75%w1/(1.25-cos(w1+(0.1*pi)));

w2 = 0.3%pi; H2 = 0.5%0.75*%w2/(1.25-cos(w2-(0.1xpi)))+...
0.5%0.75%w2/(1.25-cos(w2+(0.1xpi)));

magHl = abs(H1); phaHl = angle(H1); magH2 = abs(H2); phaH2 = angle(H2);

y = 3*magHl*cos(wl*n+pi/3+phaHl)+2*magH2*cos(w2*n-pi/2+phal2) ;

/A

Hf _1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0313e’);

subplot(2,1,1); Hs = stem(n,x,’filled’); set(Hs, ’markersize’,2);

xlabel(’n’,’FontSize’ ,LFS); ylabel(’x(n)’,’FontSize’ ,LFS); axis([-22 22 -6 6]);

title([’Input sequence x(n): 3*cos(0.5{\pitn + \pi/3) + 2sin(0.3{\piln)’],...
’FontSize’ ,TFS) ;

subplot(2,1,2); Hs = stem(n,y,’filled’); set(Hs, ’markersize’,2);

xlabel(’n’,’FontSize’ ,LFS); ylabel(’y(n)’,’FontSize’,LFS); axis([-22 22 -6 6]);

title(’Output sequence y(n) for h(n) = (0.5)"{Inl}cos(0.1{\pitn)] u(n)]’,...
’FontSize’,TFS); print -deps2 ../EPSFILES/P0313e;

The magnitude and phase response plotd Qéj‘”) are shown in Figure 3.33.

I nput sequence x(n): 3*cos(0.5m + 173) + 2sin(0.31m)
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Figure 3.33: Problem P3.13e plots
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P3.14 An ideal lowpass filter is described in the frequency-donisin

) l.e*jo“”, ol < w
Hd(eja)) — | | — C
0, we < o] =7

wherewy is called the cutoff frequency andis called the phase delay.

1. The ideal impulse responbkg(n) using the IDTFT relation (3.2):

_ 1 [ S 1 [fe 1 [ .
h — —1 H jo - H jo and - —jow and N J(nfot)cud
a(n) = F[Hq(e!)] 27[/—00 1(€@)e"dw > _wce e"dw Zn/_wce a)
1 em@e 1 ® sinfp(n — a)]
27 jn—a)|_, — m(h—a)
2. Plot of the truncated impulse response:
sin n—
hen) {hd(n), O<n<N-1 w, 0O<n<N-1
= . = T —
0, otherwise 0, otherwise

for N = 41,a = 20, andw, = 0.57. MATLAB Script: MATLAB Script:

% P0314b: Truncated Ideal Lowpass Filter; h(n) = h_d(n) ,0 <= n <= N-1
% =0 ,otherwise
clc; close all; set(0,’defaultfigurepaperposition’,[0,0,5,2]);

pA

n = [0:40]; alpha = 20; wc = 0.5%pi;

fc = wec/(2%pi); h = 2xfc*ksinc(2*fcx(n-alpha));

yA

Hf 1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0314b’);

Hs = stem(n,h,’filled’); set(Hs, ’markersize’,2); axis([-2 42 -0.2 0.6]1);
xlabel(’n’,’FontSize’ ,LFS); ylabel(’h(n)’,’FontSize’,LFS);
title(’Truncated Impulse Response h(n)’,’FontSize’,TFS);
set(gca,’YTick’,[-0.2:0.1:0.6]); print -deps2 ../EPSFILES/P0314b;

The truncated impulse response plohgtn) is shown in Figure 3.34.

Truncated Impulse Response h(n)
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Figure 3.34: Problem P3.14b plot
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3. Plot of the frequency response functibh(ej“’) and comparison with the ideal lowpass filter response
Hq (e!): MATLAB Script:

% PO314c: Freq Resp of truncated and ideal impulse responses for lowpass filter
clc; close all; set(0,’defaultfigurepaperposition’,[0,0,6,3]);

yA

K = 500; w = [-K:K]*pi/K; H = dtft(h,n,w); magH = abs(H); phaH = angle(H);
H_d = zeros(1,length(w)); H_d(K/2+1:3%K/2+1) = exp(-j*alpha*w(K/2+1:3*K/2+1));
magH_d = abs(H_d); phaH_d = angle(H_d); wtick = sort([-1:0.4:1 0]);

Hf _1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0314c’);
subplot(2,2,1); plot(w/pi,magH,’LineWidth’,1.5); axis([-1 1 0 1.2]);
xlabel(’\omega / \pi’,’FontSize’,LFS); ylabel(’|H|’,’FontSize’,LFS);
title(’Magnitude of H(e"{j\omega})’,’FontSize’,TFS); set(gca,’XTick’,wtick);
subplot(2,2,2); plot(w/pi,phaH*180/pi, ’LineWidth’,1.5);

xlabel(’\omega / \pi’,’FontSize’,LFS); ylabel(’Degrees’,’FontSize’,LFS);
title(’Phase of H(e"{j\omegal})’,’FontSize’,TFS);

set(gca,’XTick’ ,wtick); magtick = [-180:60:180];

set(gca,’YTick’ ,magtick); set(gca,’XTick’,wtick);

subplot(2,2,3); plot(w/pi,magH_d,’LineWidth’,1.5); axis([-1 1 0 1.2]);
xlabel(’\omega / \pi’,’FontSize’,LFS); ylabel(’|H_d|’,’FontSize’,LFS);
title(’Magnitude of H_d(e"{j\omegal})’,’FontSize’,TFS);

set(gca, ’XTick’ ,wtick); ytick = [0:0.2:1.2]; set(gca,’YTick’,ytick);
subplot(2,2,4); plot(w/pi,phaH_d*180/pi,’LineWidth’,1.5);

xlabel(’\omega / \pi’,’FontSize’,LFS); ylabel(’Degrees’,’FontSize’,LFS);
title(’Phase of H_d(e"{j\omega})’,’FontSize’,TFS);

set(gca, ’XTick’ ,wtick); magtick = [-180:60:180]; set(gca,’YTick’,magtick);
print -deps2 ../EPSFILES/P0314c;

The frequency responses are shown in Figure 3.35 from whe&hbhsgerve that the truncated response is
a smeared or blurred version of the ideal response.
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Figure 3.35: Problem P3.14c plots
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P3.15 An ideal highpass filter is described in the frequency-dontei

l-elee gpo<lol<n
0, lo| < wc

Hdé%={
wherewy is called the cutoff frequency andis called the phase delay.

1. The ideal impulse responbkg(n) using the IDTFT relation (3.2):

. 1 [ S 1 [we 1 0 .
hg(n) = 7+ [Ha(e')] = o /oo Hq(e'“)e!"dw = el e 1*2el"dy + > /wc e 1*@el"dgy
_ i b4 ej (n_a)wda) B i @ ej (n—a)wdw _ Sin[]'[(n — a)] _ Sin[a)c(n - a)]
27 J_, 2w ) o (N —a) (N —a)

2. Plot of the truncated impulse response:

ha), 0<n<N-1 sinfz(n— )] _ sinfwe(n — )]

h(n) = { 0, otherwise  — 7(h—a) 0 - otherwise

, 0<n<N-1

for N = 31, = 15, andw. = 0.57. MATLAB Script: MATLAB Script:

% P0315b: Ideal Highpass Filter; h(n) = h_d(n) ,0 <= n <= N-1
% =0 ,otherwise

clc; close all; set(0,’defaultfigurepaperposition’,[0,0,5,2]);
yA
n
h
yA
Hf _1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0315b’);

Hs = stem(n,h,’filled’); set(Hs, ’markersize’,2); axis([-2 42 -0.4 0.6]);
xlabel(’n’,’FontSize’ ,LFS); ylabel(’h(n)’,’FontSize’,LFS);
title(’Truncated Impulse Response h(n)’,’FontSize’,TFS);
set(gca,’YTick’,[-0.4:0.1:0.6]); print -deps2 ../EPSFILES/P0315b;

[0:40]; alpha = 20; wc = 0.5*pi; fc = wc/(2*pi);
sinc(n-alpha)-2*fc*sinc(2*fcx(n-alpha));

The truncated impulse response plohgtn) is shown in Figure 3.36.
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Figure 3.36: Problem P3.15b plot
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3. Plot of the frequency response functibh(ej“’) and comparison with the ideal lowpass filter response
Hq (e!): MATLAB Script:

% P0315c: Freq Resp of truncated and ideal impulse responses for highpass filter
clc; close all; set(0,’defaultfigurepaperposition’,[0,0,6,3]);

K = 500; w = [-K:K]*pi/K; H = dtft(h,n,w); magH = abs(H); phaH = angle(H);
H_d = zeros(1,length(w)); H_d(1:K/2+1) = exp(-j*alpha*w(1:K/2+1));
H_d(3%K/2+1:end) = exp(-j*alphaxw(3*K/2+1:end));

magH_d = abs(H_d); phaH_d = angle(H_d); wtick = sort([-1:0.4:1 0]);

Hf _1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0315c’);
subplot(2,2,1); plot(w/pi,magH,’LineWidth’,1.5); axis([-1 1 0 1.2]);
xlabel(’\omega / \pi’,’FontSize’,LFS); ylabel(’|H|’,’FontSize’,LFS);
title(’Magnitude of H(e"{j\omegal})’,’FontSize’,TFS);

set(gca, ’XTick’,wtick); set(gca,’XTick’,wtick);

subplot(2,2,2); plot(w/pi,phaH*180/pi,’LineWidth’,1.5);

xlabel(’\omega / \pi’,’FontSize’,LFS); ylabel(’Degrees’,’FontSize’,LFS);
title(’Phase of H(e"{j\omegal})’,’FontSize’,TFS);

set(gca, ’XTick’ ,wtick); magtick = [-180:60:180]; set(gca,’YTick’,magtick);
subplot(2,2,3); plot(w/pi,magH_d,’LineWidth’,1.5); axis([ -1 1 0 1.2]);
xlabel(’\omega / \pi’,’FontSize’,LFS); ylabel(’|H_d|’,’FontSize’,LFS);
title(’Magnitude of H_d(e"{j\omegal})’,’FontSize’,TFS);
set(gca,’YTick’,ytick); ytick = [0:0.2:1.2];set(gca,’XTick’,wtick);
subplot(2,2,4); plot(w/pi,phaH_d*180/pi,’LineWidth’,1.5);

xlabel(’\omega / \pi’,’FontSize’,LFS); ylabel(’Degrees’,’FontSize’,LFS);
title(’Phase of H_d(e"{j\omega})’,’FontSize’,TFS);

set(gca, ’XTick’ ,wtick); magtick = [-180:60:180]; set(gca,’YTick’,magtick);
print -deps2 ../EPSFILES/P0315c;

The frequency responses are shown in Figure 3.37 from whe&hbhsgerve that the truncated response is
a smeared or blurred version of the ideal response.
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Figure 3.37: Problem P3.15c plots
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P3.16 MAtLAB functionfreqresp.

function [H] = freqresp(b,a,w)
Frequency response function from difference equation
[H] = freqresp(b,a,w)

)
b
)

H

b
a
W

frequency response array evaluated at w frequencies
numerator coefficient array

denominator coeeficient array (a(l) = 1)

frequency location array

= reshape(b,1,length(b));

reshape(a,1,length(a));

reshape (w,1,length(w));
0:1length(b)-1; num = b¥exp(-j*m’*w);
0:length(a)-1; den = axexp(-j*1’*w);
num./den;

2006
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P3.17 Computation and plot of the frequency respoib@! ) usingMatLAB for each of the following systems:

1oy = £ 3a ox(n—m):
MATLAB Script:

% P0317a: y(n) = (1/5) sum_{0}"{4} x(n-m)
clc; close all;

pA

w = [-300:300]*pi/300; a = [1]; b = [0.2 0.2 0.2 0.2 0.2];

[H] = freqresp(b,a,w); magH = abs(H); phaH = angle(H)*180/pi;

yA

Hf 1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0317a’);
subplot(2,1,1); plot(w/pi,magH,’LineWidth’,1.5); axis([-1 1 0 1.2]);
wtick = [-1:0.2:1]; magtick = [0:0.2:1.2];

xlabel(’\omega / \pi’,’FontSize’,LFS); ylabel(’|H|’,’FontSize’,LFS);
title([’Magnitude response’],’FontSize’,TFS);

set(gca, ’XTick’ ,wtick); set(gca,’YTick’ ,magtick);

subplot(2,1,2); plot(w/pi,phaH,’LineWidth’,1.5); axis([-1 1 -220 220]);
wtick = [-1:0.2:1]; magtick = [-180:60:180];

xlabel(’\omega / \pi’,’FontSize’,LFS); ylabel(’Degrees’,’FontSize’,LFS);
title(’Phase Response ’,’FontSize’,TFS);

set(gca, ’XTick’ ,wtick); set(gca,’YTick’ ,magtick);

print -deps2 ../EPSFILES/P0317a;

The frequency responses are shown in Figure 3.38

Magnitude response

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
w/T

Phase Response

w/ T

Figure 3.38: Frequency response plots in Problem P3.17a
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2. y(n) = x(n) — x(n — 2) + 0.95y(n — 1) — 0.9025¢(n — 2)

MATLAB Script:

% P0317b: y(n) = x(n)-x(n-2)+0.95%y(n-1)-0.9025*y (n-2)
clc; close all;

yA

w = [-300:300]*pi/300; a = [1 -0.95 0.9025]; b = [1 0 -1];

[H] = freqresp(b,a,w); magH = abs(H); phaH = angle(H)*180/pi;

pA

Hf 1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0317b’);
subplot(2,1,1); plot(w/pi,magH,’LineWidth’,1.5); axis([-1 1 0 25]);
wtick = [-1:0.2:1]; magtick = [0:5:25];

xlabel(’\omega / \pi’,’FontSize’,LFS); ylabel(’|H|’,’FontSize’,LFS);
title([’Magnitude response’],’FontSize’,TFS);

set(gca, ’XTick’ ,wtick); set(gca,’YTick’,magtick);

subplot(2,1,2); plot(w/pi,phaH,’LineWidth’,1.5); axis([-1 1 -200 200]);
wtick = [-1:0.2:1]; magtick = [-180:60:180];

xlabel(’\omega / \pi’,’FontSize’,LFS); ylabel(’Degrees’,’FontSize’,LFS);
title([’Phase response’],’FontSize’,TFS);

set(gca, ’XTick’ ,wtick); set(gca,’YTick’ ,magtick);

print -deps2 ../EPSFILES/P0317b;

The frequency responses are shown in Figure 3.39
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Figure 3.39: Frequency response plots in Problem P3.17b
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3. y(n) =x(n) — x(n—1) +x(n—2) + 0.95y(n — 1) — 0.9025¢(n — 2)

MATLAB Script:

% P0317c: y(@) = x(n)-x(n-1)+x(n-2)+0.95*y(n-1)-0.9025*y (n-2)
clc; close all;

yA

w = [-300:300]*pi/300; a = [1 -0.95 0.9025]; b = [1 -1 1];

[H] = freqresp(b,a,w); magH = abs(H); phaH = angle(H)*180/pi;

pA

Hf 1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0317c’);
subplot(2,1,1); plot(w/pi,magH,’LineWidth’,1.5); axis([-1 1 0 1.4]);
wtick = [-1:0.2:1]; magtick = [0:0.2:1.4];

xlabel(’\omega / \pi’,’FontSize’,LFS); ylabel(’|H|’,’FontSize’,LFS);
title([’Magnitude response’],’FontSize’,TFS);

set(gca, ’XTick’ ,wtick); set(gca,’YTick’,magtick);

subplot(2,1,2); plot(w/pi,phaH,’LineWidth’,1.5); axis([-1 1 -200 200]);

wtick = [-1:0.2:1]; magtick = [-180:60:180];

xlabel (’\omega / \pi’,’FontSize’,LFS); ylabel(’Degrees’,’FontSize’,LFS);

title([’Phase response’],’FontSize’,TFS);
set(gca, ’XTick’ ,wtick); set(gca,’YTick’ ,magtick);
print -deps2 ../EPSFILES/P0317c;

The frequency responses are shown in Figure 3.40
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Figure 3.40: Frequency response plots in Problem P3.17c
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4. y(n) = x(n) — 1.767&(n — 1) + 1.562%(n — 2) + 1.1314y(n — 1) — 0.64y(n — 2)
MATLAB Script:

% P0317d: y(n) = x(n)-1.7678*x(n-1)+1.5625*%x(n-2)+1.1314*xy(n-1)- 0.64*y(n-2)
clc; close all;

yA

w = [-300:300]*pi/300; a = [1 -1.1314 0.64]; b = [1 -1.7678 1.5625];
[H] = freqresp(b,a,w); magH = abs(H); phaH = angle(H)*180/pi;

pA

Hf 1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P03174’);
subplot(2,1,1); plot(w/pi,magH,’LineWidth’,1.5);

wtick = [-1:0.2:1]; magtick = [1.5:0.02:1.6];

xlabel(’\omega / \pi’,’FontSize’,LFS); ylabel(’|H|’,’FontSize’,LFS);
title([’Magnitude response’],’FontSize’,TFS);

set(gca, ’XTick’,wtick);

subplot(2,1,2); plot(w/pi,phaH,’LineWidth’,1.5); axis([-1 1 -200 200]);
wtick = [-1:0.2:1]; magtick = [-180:60:180];

xlabel(’\omega / \pi’,’FontSize’,LFS); ylabel(’Degrees’,’FontSize’,LFS);
title(’Phase response’,’FontSize’,TFS);

set(gca, ’XTick’ ,wtick); set(gca,’YTick’ ,magtick);

print -deps2 ../EPSFILES/P03174d;

The frequency responses are shown in Figure 3.41
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Figure 3.41: Frequency response plots in Problem P3.17d
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5. y(n) =x(n) — Y ;_; (0.5 y(n—10)
MATLAB ScCript:

% P0317e: y(n) = x(@)-sum _ {1 = 1} ~ {5} (0.5) ~ 1*xy(n-1);

clc; close all;

yA

w = [-300:300]*pi/300; 1 = [0:5]; a = 0.5 .~ 1; b = [1]; [H] = freqresp(b,a,w);
magH = abs(H); phaH = angle(H)*180/pi;

yA

Hf _1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0317e’);
subplot(2,1,1); plot(w/pi,magH,’LineWidth’,1.5); axis([-1 1 0 1.8]);
wtick = [-1:0.2:1]; magtick = [0:0.2:1.8];

xlabel(’\omega / \pi’,’FontSize’,LFS); ylabel(’|H|’,’FontSize’,LFS);
title([’Magnitude Response’],’FontSize’,TFS);

set(gca, ’XTick’ ,wtick); set(gca,’YTick’,magtick);

subplot(2,1,2); plot(w/pi,phaH,’LineWidth’,1.5); axis([-1 1 -180 180]);
wtick = [-1:0.2:1]; magtick = [-180:60:180];

xlabel(’\omega / \pi’,’FontSize’,LFS); ylabel(’Degrees’,’FontSize’,LFS);
title([’Phase Response’],’FontSize’,TFS);

set(gca, ’XTick’ ,wtick); set(gca,’YTick’,magtick);

print -deps2 ../EPSFILES/P0317e;

The frequency responses are shown in Figure 3.42
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Figure 3.42: Frequency response plots in Problem P3.17¢e
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P3.18 A linear, shift-invariant system is described by the déiece equation

3 3 3 —Jj 2mew
_ B B ¢ . oy >mo0®
y(n) = r;x(n 2m) ;(0.81) y(n—20) = H (el“) = 3 08D7e 17

1. x(n) =5+ 10(—1)" = 5+ 10 cognx): We need frequency responsesvat 0 andw = 7.

3 —j0 3 —j271¢
i e’! . e’!
H (e!°) = 32“‘:0 — = 1.6885 andH (/™) = 32“‘:0 ___ —1.6885
Y 1_0(0.81)%e-i0 33 (0.81)2ei2rt

Hence the steady-state responsg(is) = 1.6885«<(n) = 8.4424+ 16.8848 —1)". MATLAB Script:

% P0318a: y(n) = sum_{m=0}"{3} x(n-2m)-sum_{1=1}"{3} (0.81)"1 y(n-21)

yA x(n) = 5+10(-1) ~ n;

clc; close all; set(0,’defaultfigurepaperposition’,[0,0,6,3]);

n=[0:50]; a=1[1 0 0.81"2 0 0.81"4 0 0.8176]; b=[101010 1];

W [0 pil; A = [5 10]; theta = [0 0]; [H] = freqresp(b,a,w);

magH = abs(H); phaH = angle(H); mag = A.*magH; pha = phaH+theta;

terml = w’*n; term2 = pha’*ones(l,length(n)); cos_term = cos(terml+term2);

yl = mag*cos_term; x = 5+10%(-1) .~ n; y2 = filter(b,a,x);

Hf _1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0318a’);

subplot(2,1,1); Hs = stem(n,yl,’filled’); axis([-1 51 -10 30]);

set (Hs, 'markersize’,2); xlabel(’n’,’FontSize’,LFS); ylabel(’y(n)’,’FontSize’,LFS);

title(’Steady state response y_{ss}(n) for x(n) = 5+10(-1)"{n}’,...
’FontSize’,TFS); ytick = [-10:5:25]; set(gca,’YTick’,ytick);

subplot(2,1,2); Hs = stem(n,y2,’filled’); axis([-1 51 -10 30]);

set (Hs, 'markersize’,2); xlabel(’n’,’FontSize’,LFS); ylabel(’y(n)’,’FontSize’,LFS);

title([’Output response y(n) using the filter function for x(n) =~
’56+10(-1) "{n}’], ’FontSize’,TFS); set(gca,’YTick’,ytick);

print -deps2 ../EPSFILES/P0318a;

The steady-state responses are shown in Figure 3.43.
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Figure 3.43: Steady-state response plots in Problem P3.18a
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2. X(n) =14 cos(0.57n + 7 /2): We need responsesat= 0 andw = 0.57.

3 _i0 3 —je
) el . e/
H (el%) = 3Zm=° — = 1.6885 andH (e/°°") = 3Zm=0 ——
2 i=0(0.8)e 10 > 1—0(0.8D%e 17

Hence the steady-state responsg(is) = 1.6885. MATLAB Script:

% P0318b: y(n) = sum_{m=0}"{3} x(n-2m)-sum_{1=1}"{3} (0.81)"1 y(n-21)

yA x(n) = 1+cos(0.5*pi*n+pi/2);

clc; close all; set(O,’defaultfigurepaperposition’,[0,0,6,3]);

n=[0:50]; a=1[1 0 0.81"2 0 0.81"4 0 0.8176]; b=[101010 1];
w = [0 pi/2]; A = [1 1]; theta = [0 pi/2]; [H] = freqresp(b,a,w);

magH = abs(H); phaH = angle(H); mag = A.*magH; pha = phaH+theta;

terml = w’*n; term2 = pha’*ones(l,length(n)); cos_term = cos(terml+term2);
yl = mag*cos_term; x = 1+cos(0.b*pi*n+pi/2); y2 = filter(b,a,x);

Hf 1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0318b’);
subplot(2,1,1); Hs = stem(n,yl,’filled’); axis([-1 51 0 2.5]);

ytick = [0:0.5:2.5]; set(Hs, ’markersize’,2); set(gca,’YTick’,ytick);
xlabel(’n’,’FontSize’ ,LFS); ylabel(’y(n)’,’FontSize’,LFS);

title([’SS response y_{ss}(n): x(n) = 1+cos(0.5{\pitn+\pi/2)°’], FontSize’,TFS);
subplot(2,1,2); Hs = stem(n,y2,’filled’); set(Hs, markersize’,2);

axis([-1 51 0 2.5]); ytick = [0:0.5:2.5]; set(gca,’YTick’,ytick);
xlabel(’n’,’FontSize’ ,LFS); ylabel(’y(n)’,’FontSize’,LFS);

title([’Output response y(n) using the filter function’],’FontSize’,TFS);
print -deps2 ../EPSFILES/P0318b;

The steady-state responses are shown in Figure 3.44.

SSresponse yss(n): x(n) = 1+co0s(0.5m+172)
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Figure 3.44: Steady-state response plots in Problem P3.18b
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3. X(n) = 2sin(zn/4) 4+ 3cos(37n/4): We need responsesat= /4 andw = 31 /4.

3  a—j05w 3  o-jlsme
H (e/9%°7) = Lm0 .m = 0 andH (/%) = Lm0 : =
2220(0.81)22 @ j0.5mm 2220(0‘81)22 g il5me

Hence the steady-state responsg(is) = 0. MATLAB Script:

% P0318c: y(n) = sum_{m=0}"{3} x(n-2m)-sum_{1=1}"{3} (0.81)"1 y(n-21)

YA x(n) = 2 * sin(\pi n/4)+3 * cos(3 \pi n/4);

clc; close all; set(O,’defaultfigurepaperposition’,[0,0,6,3]);

n = [0:50]; a=1[1 0 0.81"2 0 0.81"4 0 0.8176]; b=[101010 1];

w = [pi/4 3*pi/4]; A = [2 3]; theta = [-pi/2 0]; [H] = freqresp(b,a,w);

magH = abs(H); phaH = angle(H); mag = A.*magH; pha = phaH+theta;

terml = w’*n; term2 = pha’*ones(l,length(n)); cos_term = cos(terml+term2);

yl = mag*cos_term; x = 2*sin(pi*n/4)+3*cos(3*pi*n/4); y2 = filter(b,a,x);

Hf _1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0318c’); subplot(2,1,1);

Hs = stem(n,yl,’filled’); axis([-1 51 -3 4]); set(Hs, ’markersize’,2);

xlabel(’n’,’FontSize’ ,LFS); ylabel(’y(n)’,’FontSize’,LFS);

title([’SS response y_{ss}(n): x(n) = 2sin({\pi}tn/4)+3cos(3 \pi n/4)’],...

’FontSize’,TFS);

subplot(2,1,2); Hs = stem(n,y2,’filled’); axis([-1 51 -3 4]);

set (Hs, markersize’,2); xlabel(’n’,’FontSize’,LFS); ylabel(’y(n)’,...
’FontSize’ ,LFS);

title([’Output response y(n) using the filter function’],’FontSize’,TFS);

print -deps2 ../EPSFILES/P0318c;

The steady-state responses are shown in Figure 3.45.

SSresponse y$(n): X(n) = 2sin(tn/4)+3cos(3 11n/4)
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Figure 3.45: Steady-state response plots in Problem P3.18c
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4, x(n) = Zi’zo (k+ 1) cos(rrkn/4): We need responsesat= kr/4,k =0, 1, 2,3,4,5.

H () = = — =1.6885=H (¢/) and
32 ,(0.81)2e-i0

H (ejO‘ZET) —H (ej0A5n) —H (ej0A757T) —H (ej 1‘251) =0
Hence the steady-state responsg(is) = 1.6885+ 8.4425 cognsr). MATLAB SCript:

% P0318d: y(n) = sum_{m=0}"{3} x(n-2m)-sum_{1=1}"{3} (0.81)"1 y(n-21)

b x(n) = sum_{k = 0}°{5} (k+1) cos(pixk*n/4);

clc; close all; set(O,’defaultfigurepaperposition’,[0,0,6,3]);

n = [0:50]; a=1[100.81"200.81"400.81"6]; b=[101010 1];

k = [0:5]; w = pi /4xk; A = (k+1); theta = zeros(l,length(k));

[H] = freqresp(b,a,w); magH = abs(H); phaH = angle(H); mag = A.*magH;

phaH+theta; terml = w’#*n; term2 = pha’*ones(1,length(n)); cos_term = ...
cos(terml+term2); yl = mag*cos_term; x = Axcos(terml); y2 = filter(b,a,x);

Hf 1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P03184d’);

subplot(2,1,1); Hs = stem(n,yl,’filled’); axis([-1 51 -10 15]);

set (Hs, ’markersize’,2); xlabel(’n’,’FontSize’,LFS);

title([’SS response y_{ss}(n): x(n) = sum_{0}"{5} (k+1)cos({\pi}tkn/4)°’],...

’>FontSize’ ,TFS) ;

ytick = [-20:5:30]; set(gca,’YTick’,ytick); ylabel(’y(n)’,’FontSize’,LFS);

subplot(2,1,2); Hs = stem(n,y2,’filled’); axis([-1 51 -10 15]);

set (Hs, ’markersize’,2); xlabel(’n’,’FontSize’,LFS);

title([’Output response y(n) using the filter function’],’FontSize’,TFS);

ytick = [-20:5:30]; set(gca,’YTick’,ytick); ylabel(’y(n)’,’FontSize’,LFS);

print -deps2 ../EPSFILES/P0318d;

e
=
)

1]

The steady-state responses are shown in Figure 3.46.
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Figure 3.46: Steady-state response plots in Problem P3.18d
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5. x(n) = cos(wn): We need response at= 7.

= 1.6885

- ZSZ e—j2nm
H(E7) = ==
2320(0-81)22‘9 j2rm

Hence the steady-state responsg(is) = 1.6885 cogmn). MATLAB Script:

% P0318e: y(n) = sum_{m=0}"{3} x(n-2m)-sum_{1=1}"{3} (0.81)°1 y(n-21)

% x(n) = cos(pi*n);

clc; close all; set(O,’defaultfigurepaperposition’,[0,0,6,3]);

n=[0:50]; a=1[1 O 0.81"2 0 0.81"4 0 0.81"6]; b=[101010 1];

w = [pil; A = [1]; theta = [0]; [H] = freqresp(b,a,w); magH = abs(H);

phaH = angle(H); mag = A.*magH; pha = phaH+theta; terml = w’*n;

term2 = pha’*ones(1l,length(n)); cos_term = cos(terml+term2); yl = mag*cos_term;
x = cos(pi*n); y2 = filter(b,a,x);

Hf _1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0318e’);

subplot(2,1,1); Hs = stem(n,yl,’filled’); axis([-1 51 -2 2]);

set (Hs, markersize’,2); xlabel(’n’,’FontSize’,LFS);

title([’SS response y_{ss}(n) for x(n) = cos(\pi \times n)’],’FontSize’,TFS);
ytick = [-2:0.5:2]; set(gca,’YTick’,ytick); ylabel(’y(n)’,’FontSize’ ,LFS);
subplot(2,1,2); Hs = stem(n,y2,’filled’); axis([-1 51 -2 2]);

set (Hs, markersize’,2); xlabel(’n’,’FontSize’,LFS);

title([’Output response y(n) using the filter function’],’FontSize’,TFS);
ytick = [-2:0.5:2]; set(gca,’YTick’,ytick); ylabel(’y(n)’,’FontSize’ ,LFS);
print -deps2 ../EPSFILES/P0318e;

The steady-state responses are shown in Figure 3.47.

SSresponse yss(n) for x(n) = cos(ttx n)
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Figure 3.47: Steady-state response plots in Problem P3.18e
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P3.19 An analog signak, (t) = sin(1000rt) is sampled using the following sampling intervals.

1. Ty = 0.1 ms: MATLAB Script:

% P0319a: x_a(t) = sin(1000*pi*t); T_s = 0.1 ms;

clc; close all;

yA

Ts = 0.0001; n = [-250:250]; x = sin(1000*pi*n*Ts); w = linspace(-pi,pi,501);

X = dtft(x,n,w); magX = abs(X); phaX = angle(X);

yA

Hf 1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0319a’);

subplot(2,1,1); plot(w/pi,magX,’LineWidth’,1.5); axis([-1 1 0 300]);

wtick = [-1:0.2:1]; magtick = [0:100:300]; set(gca,’XTick’,wtick);

xlabel(’\omega / \pi’,’FontSize’,LFS); ylabel(’|X|’,’FontSize’,LFS);

title(’Magnitude response x_1(n) = sin(1000 \pi n T_s), T_s = 0.1 msec’...
,’FontSize’ ,TFS); set(gca,’YTick’,magtick);

subplot(2,1,2); plot(w/pi,phaX*180/pi,’LineWidth’,1.5); axis([-1 1 -180 180]);

wtick = [-1:0.2:1]; magtick = [-180:60:180];

xlabel(’\omega / \pi’,’FontSize’,LFS); ylabel(’Degrees’,’FontSize’,LFS);

title(’Phase response x_1(n) = sin(1000 \pi n T_s), T_s = 0.1 msec’...
,’FontSize’ ,TFS); set(gca,’XTick’,wtick); set(gca,’YTick’,magtick);

print -deps2 ../EPSFILES/P0319a;

The spectra are shown in Figure 3.48.

Magnitude response xl(n) =sin(1000 TN TS), TS =0.1 msec
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Figure 3.48: Spectrum plots in Problem P3.19a
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2. Ts = 1 ms: MATLAB Script:

% P0319b: x_a(t) = sin(1000*pi*t); T_s = 1 ms;

clc; close all;

yA

Ts = 0.001; n = [-25:25]; x = sin(1000*pi*n*Ts); w = [-500:500]*pi/500;

X = dtft(x,n,w); magX = abs(X); phaX = angle(X);

pA

Hf _1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0319b’);

subplot(2,1,1); plot(w/pi,magX,’LineWidth’,1.5); axis([-1 1 -1 11);

xlabel(’\omega / \pi’,’FontSize’,LFS); ylabel(’|X|’,’FontSize’,LFS);

title(’Magnitude response x_1(n) = sin(1000 \pi n T_s), T_s = 1 msec’...
,’FontSize’ ,TFS) ;

wtick = [-1:0.2:1]; set(gca,’XTick’,wtick);

subplot(2,1,2); plot(w/pi,phaX*180/pi,’LineWidth’,1.5); axis([-1 1 -180 180]);

xlabel(’\omega / \pi’,’FontSize’,LFS); ylabel(’Degrees’,’FontSize’,LFS);

title(’Phase response x_1(n) = sin(1000 \pi n T_s), T_s = 1 msec’...
,’FontSize’,TFS); magtick = [-180:60:180];

wtick = [-1:0.2:1]; set(gca,’XTick’,wtick); set(gca,’YTick’,magtick);

print -deps2 ../EPSFILES/P0319b;

The spectra are shown in Figure 3.49.

Magnitude response xl(n) =sin(1000 1tn TS), T =1msec
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Figure 3.49: Spectrum plots in Problem P3.19b



2006 SOLUTIONS MANUAL FOR DSP USING MATLAB (2ND EDITION) 125

3. Ts = 0.01 seCc:MATLAB script:

% P0319c: x_a(t) = sin(1000*pi*t); T_s = 0.01 sec;

clc; close all;

yA

Ts = 0.01; n = [-25:25]; x = sin(1000*pi*n*Ts); w = [-500:500]*pi/500;

X = dtft(x,n,w); magX = abs(X); phaX = angle(X);

yA

Hf _1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0319c’);

subplot(2,1,1); plot(w/pi,magX,’LineWidth’,1.5); axis([-1 1 -1 11);

xlabel(’\omega / \pi’,’FontSize’,LFS); ylabel(’|X|’,’FontSize’,LFS);

title(’Magnitude response x_1(n) = sin(1000 \pi n T_s),T_s = 0.01 sec’...
,’FontSize’ ,TFS); wtick = [-1:0.2:1]; set(gca,’XTick’,wtick);

subplot(2,1,2); plot(w/pi,phaX*180/pi,’LineWidth’,1.5); axis([-1 1 -180 180]);

xlabel(’\omega / \pi’,’FontSize’,LFS); ylabel(’Degrees’,’FontSize’,LFS);

title(’Phase response x_1(n) = sin(1000 \pi n T_s),T_s = 0.01 sec’...
,’FontSize’ ,TFS); wtick [-1:0.2:1]; set(gca,’XTick’,wtick);

magtick = [-180:60:180]; set(gca,’YTick’ ,magtick);

print -deps2 ../EPSFILES/P0319c;

The spectra are shown in Figure 3.50.

M agnitude response xl(n) =sin(1000 TN TS),TS =0.01 sec
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Figure 3.50: Spectrum plots in Problem P3.19c
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P3.20 Sampling frequencys = 8000 sam/sec (or sampling intervll = 0.125 msec/sam) and impulse response
h(n) = (=0.9"u(n).

(a) Xa(t) = 10c0g10000rt). Hencex(n) = Xa(nTs) = 10c0s(10000rn0.000125 = 10cog1.257n).
Therefore, the digital frequency {4.25 — 2)7 = —0.757 rad/sam.

(b) The steady-state response whxgm) = 10 cos(—0.757n) = 10 cog0.757n: The frequency response

is
H (el*) = F[h(n)] = F[(-0.9"u(n)] = ———.
( ) F[h(n)] [( ) u( )] 110907
At w = —0.757, the response is
- 1
H(e%™ ) = —— __ —0.7329(£1.0517).
(e ) l+o.9e10.75w ( )

Hence
Vss(N) = 10(0.7329 cos(0.757n + 1.0517)

which after D/A conversion givegss (t) as

Yssa (1) = 7.329 c0g60007t1.0517) .

(c) The steady-state DC gain is obtained by setéing 0 which is equal tdH (ej O) =1/(1+0.9) = 0.5263.

(d) Aliased frequencies df, for the given sampling ratés are Fo + kFs. Now for Fo = 5 KHz andFs = 8
KHz, the aliased frequencies arer3k = {13 21, ...} KHz. Therefore, two othex,(t)’s are

10 c0%26000rt) and 10 cog42000rt).
(e) The prefilter should be a lowpass filter with the cutoffjfrency of 4 KHz.

P3.21 Consider an analog signak(t) = cog20rt), 0 <t < 1. Itis sampled afly = 0.01, 0.05, and 01 sec
intervals to obtairx(n).

1. Plots ofx (n) for eachTs. MATLAB Script:

% P0321a: plot x(n) for T_s = 0.01 sec,0.05 sec,0.1 sec

% x_a(t) = cos(20*pix*t);

clc; close all; set(0,’defaultfigurepaperposition’,[0,0,6,4]);

Hf_1 figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0321a’);

T_sl = 0.01; nl = [0:100]; x1 = cos(20*pi*n1*T_s1);

subplot(3,1,1); Hs = stem(nl,x1,’filled’); axis([-5 105 -1.2 1.2]);
set (Hs, markersize’,2); xlabel(’n’,’FontSize’,LFS);

title([’x(n) = cos(20{\pi}nT_s) for T_s = 0.01 sec’],’FontSize’,TFS);
ylabel (’x(n)’,’FontSize’ ,LFS);

T_s2 = 0.05; n2 = [0:20]; x2 = cos(20*pi*n2*T_s2);

subplot(3,1,2); Hs = stem(n2,x2,’filled’); set(Hs, ’markersize’,2);
set(gca,’XTick’,[0:20]); axis([-2 22 -1.2 1.2]);
xlabel(’n’,’FontSize’ ,LFS); ylabel(’x(n)’,’FontSize’,LFS);
title([’x(n) = cos(20{\pi}nT_s) for T_s = 0.05 sec’],’FontSize’,TFS);
T_s3 = 0.1; n3 = [0:10]; x3 = cos(20*pi*n3*T_s3);
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subplot(3,1,3); Hs = stem(n3,x3,’filled’); set(Hs, markersize’,2);
set(gca, ’XTick’,[0:10]); axis([-1 11 -1.2 1.2]);
xlabel(’n’,’FontSize’ ,LFS); ylabel(’x(n)’,’FontSize’,LFS);
title([’x(n) = cos(20{\pi}nT_s) for T_s = 0.1 sec’],’FontSize’,TFS);
print -deps2 ../EPSFILES/P0321a;

The plots are shown in Figure 3.51.

x(n) = cos(ZOT[nTS) for TS =0.01 sec
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Figure 3.51: Plots ox (n) for variousTs in Problem P3.21a.

2. Reconstruction from(n) using the sinc interpolatiorMATLAB script:

% P0321a: plot x(n) for T_s = 0.01 sec,0.05 sec,0.1 sec

YA x_a(t) = cos(20*pix*t);

clc; close all; set(0,’defaultfigurepaperposition’,[0,0,6,4]);

Hf _1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0321a’);

T_sl = 0.01; nl = [0:100]; x1 = cos(20*pi*nl*T_s1);

subplot(3,1,1); Hs = stem(nl,x1,’filled’); axis([-5 105 -1.2 1.2]);
set (Hs, ’markersize’,2); xlabel(’n’,’FontSize’,LFS);

title([’x(n) = cos(20{\pi}nT_s) for T_s = 0.01 sec’],’FontSize’,TFS);

ylabel(’x(n)’,’FontSize’ ,LFS);

T_s2 = 0.05; n2 = [0:20]; x2 = cos(20*pi*n2*T_s2);

subplot(3,1,2); Hs = stem(n2,x2,’filled’); set(Hs, markersize’,2);
set(gca, ’XTick’,[0:20]); axis([-2 22 -1.2 1.2]);
xlabel(’n’,’FontSize’ ,LFS); ylabel(’x(n)’,’FontSize’,LFS);

title([’x(n) = cos(20{\pi}nT_s) for T_s = 0.05 sec’],’FontSize’,TFS);

T_s3 = 0.1; n3 = [0:10]; x3 = cos(20*pi*n3*T_s3);
subplot(3,1,3); Hs = stem(n3,x3,’filled’); set(Hs, ’markersize’,2);
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set(gca,’XTick’,[0:10]); axis([-1 11 -1.2 1.2]);
xlabel(’n’,’FontSize’ ,LFS); ylabel(’x(n)’,’FontSize’,LFS);
title([’x(n) = cos(20{\pi}nT_s) for T_s = 0.1 sec’],’FontSize’,TFS);
print -deps2 ../EPSFILES/P0321a;

The reconstruction is shown in Figure 3.52.

Sinc Interpolation: TS =0.01 sec
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Figure 3.52: The sinc interpolation in Problem P3.21b.

3. Reconstruction from(n) using the spline interpolatioMMATLAB Script:

% P0321c Spline Interpolation: x_a(t) = cos(20*pi*t); 0 <=t <= 1;

% T_s = 0.01 sec,0.05 sec and 0.1 sec;
clc; close all; set(0,’defaultfigurepaperposition’,[0,0,6,4]);

Hf 1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0321c’);

pA

Tsl = 0.01; Fs1 = 1/Ts1; nl1 = [0:100]; nTsl = ni1x*Tsi;

x1 = cos(20*%pi*nTsl); Dt = 0.001; t = 0:Dt:1; xal = spline(nTsl,xl,t);
subplot(3,1,1); plot(t,xal,’LineWidth’,1.5); axis([0 1 -1.2 1.2]);
xlabel(’t in sec’,’FontSize’,LFS); ylabel(’y_a(t)’,’FontSize’,LFS);
title([’Spline Interpolation: T_s = 0.01 sec’],’FontSize’,TFS);

pA

Ts2 = 0.05; Fs2 = 1/Ts2; n2 = [0:20]; nTs2 = n2*Ts2;

x2 = cos(20*pi*nTs2); Dt = 0.001; t = 0:Dt:1; xa2 = spline(nTs2,x2,t);
subplot(3,1,2); plot(t,xa2,’LineWidth’,1.5); axis([0 1 -1.2 1.2]);
xlabel(’t in sec’,’FontSize’,LFS); ylabel(’y_a(t)’,’FontSize’ ,LFS);
title([’Spline Interpolation: T_s = 0.05 sec’],’FontSize’,TFS); grid;
yA

2006
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Ts3 = 0.1; Fs3 = 1/Ts3; n3 = [0:10]; nTs3 = n3*Ts3; x3 = cos(20%pi*nTs3);
Dt = 0.001; t = 0:Dt:1; xa3 = spline(nTs3,x3,t);

subplot(3,1,3); plot(t,xa3,’LineWidth’,1.5); axis([0 1 -1.2 1.2]);
xlabel(’t in sec’,’FontSize’,LFS); ylabel(’y_a(t)’,’FontSize’,LFS);
title([’Spline Interpolation: T_s = 0.1 sec’],’FontSize’,TFS); grid;
print -deps2 ../EPSFILES/P032i1c;

The reconstruction is shown in Figure 3.53.

Spline I nterpolation: TS =0.01 sec
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Figure 3.53: The sinc interpolation in Problem P3.21c.

4. Comments: From the plots in Figures it is clear that recanosons from samples 8t = 0.01 and 005
depict the original frequency (excluding end effects) maonstructions folfls = 0.1 show the original
frequency aliased to zero. Furthermore, the cubic splitezpolation is a better reconstruction than the
sinc interpolation, that is, the sinc interpolation is msusceptible to boundary effect.

P3.22 Consider the analog signa&l(t) = cog20rt +6), 0 <t < 1. Itis sampled afls = 0.05 sec intervals to
obtainx(n). Letd =0, = /6, n/4, w/3, w/2. For each of thesg values, perform the following.

(a) Plots ofx,(t) andx(n) for6 =0, 7 /6, 7 /4, w/3, /2. MATLAB Script:

% P0322a: x_a(t) = cos(20*pixt+theta); x(n) for theta = 0,pi/6,pi/4,pi/3, pi/2
clc; close all; set(0,’defaultfigurepaperposition’,[0,0,6,7]);

Hf _1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0322a’);

Ts = 0.05; Fs = 1/Ts; Dt = 0.001; t = 0:Dt:1; n = [0:20]; nTs = n*Ts;

thetal = 0; x_al = cos(20*pix*t+thetal); x1 = cos(20*pi*nTs+thetal);
subplot(5,1,1); plot(t,x_al,’LineWidth’,1.5); axis([0 1 -1.2 1.2]); hold on;
plot(nTs,x1,’0’); xlabel(’t in sec’,’FontSize’,LFS);

title(’x_a(t) and x(n) for \theta = 0’,’FontSize’,TFS);
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ylabel (’Amplitude’,’FontSize’,LFS);

theta2 = pi/6; x_a2 = cos(20*pixt+theta2); x2 = cos(20*pi*nTs+thetal);
subplot(5,1,2); plot(t,x_a2,’LineWidth’,1.5); axis([0 1 -1.2 1.2]); hold on;
plot(nTs,x2,’0’); xlabel(’t in sec’,’FontSize’,LFS);

title(’x_a(t) and x(n) for \theta = \pi/6’,’FontSize’,TFS);
ylabel(’Amplitude’,’FontSize’ ,LFS);

theta3 = pi/4; x_a3 = cos(20*pi*t+thetad); x3 = cos(20*pi*nTs+theta3d);
subplot(5,1,3); plot(t,x_a3,’LineWidth’,1.5); axis([0 1 -1.2 1.2]); hold on;
plot(nTs,x3,’0’); xlabel(’t in sec’,’FontSize’,LFS);

title(’x_a(t) and x(n) for \theta = \pi/4’,’FontSize’,TFS);
ylabel(’Amplitude’,’FontSize’ ,LFS);

thetad = pi/3; x_a4 = cos(20*pi*t+thetad); x4 = cos(20*pi*nTs+thetad);
subplot(5,1,4); plot(t,x_a4,’LineWidth’,1.5); axis([0 1 -1.2 1.2]); hold on;
plot(nTs,x4,’0’); xlabel(’t in sec’,’FontSize’,LFS);

title(’x_a(t) and x(n) for \theta = \pi/3’,’FontSize’,TFS);

ylabel (’Amplitude’,’FontSize’,LFS);

thetab = pi/2; x_ab = cos(20*pixt+thetab); x5 = cos(20*pi*nTs+thetab);
subplot(5,1,5); plot(t,x_ab,’LineWidth’,1.5); axis([0 1 -1.2 1.2]); hold on;
plot(nTs,x5,’0%); xlabel(’t in sec’,’FontSize’ ,LFS);

title(’x_a(t) and x(n) for \theta = \pi/2’,’FontSize’,TFS);

ylabel (’Amplitude’,’FontSize’ ,LFS); print -deps2 ../EPSFILES/P0322a;

The reconstruction is shown in Figure 3.54.

Reconstruction of the analog signal(t) from the samples(n) using the sinc interpolation (far =
0, /6, /4, w/3, /2. MATLAB SCript:

% P0322b: Sinc Interpolation for theta = 0,pi/6,pi/4,pi/3, pi/2

clc; close all; set(0,’defaultfigurepaperposition’,[0,0,6,7]);

Hf _1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0322b’);

Ts = 0.05; Fs = 1/Ts; Dt = 0.001; t = 0:Dt:1; n = [0:20]; nTs = nx*Ts;
thetal = 0; x1 = cos(20*pi*nTs+thetal);

y_al = x1*sinc(Fs*(ones(length(n),1)*t-nTs’*ones(1,length(t))));
subplot(5,1,1); plot(t,y_al,’LineWidth’,1.5); hold on;

plot(nTs,x1,’0%); axis([0 1 -1.2 1.2]); xlabel(’t in sec’,’FontSize’,LFS);
title(’Sinc Interpolation for \theta = 0’,’FontSize’,TFS);
ylabel(’Amplitude’,’FontSize’ ,LFS);

theta2 = pi/6; x2 = cos(20*pi*nTs+theta?);

y_a2 = x2xsinc(Fs*(ones(length(n),1)*t-nTs’*ones(1,length(t))));
subplot(5,1,2); plot(t,y_a2,’LineWidth’,1.5); hold on; axis([0 1 -1.2 1.2])
plot(nTs,x2,’0’); xlabel(’t in sec’,’FontSize’ ,LFS);

title(’Sinc Interpolation for \theta = \pi/6’,’FontSize’,TFS);
ylabel(’Amplitude’,’FontSize’ ,LFS);

theta3 = pi/4; x3 = cos(20*pi*nTs+thetal);

y_a3 = x3*sinc(Fs*(ones(length(n),1)*t-nTs’*ones(1,length(t))));
subplot(5,1,3); plot(t,y_a3,’LineWidth’,1.5); hold on; axis([0 1 -1.2 1.2])
plot(nTs,x3,’0’); xlabel(’t in sec’,’FontSize’,LFS);

title(’Sinc Interpolation for \theta = \pi/4’,’FontSize’,TFS);

ylabel (’Amplitude’,’FontSize’,LFS);

theta4 = pi/3; x4 = cos(20*pi*nTs+thetad);
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xa(t) and x(n) for 6=0
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Figure 3.54: The sinc interpolation in Problem P3.22a.

y_a4 = x4xsinc(Fs*(ones(length(n),1)*t-nTs’*ones(1,length(t))));
subplot(5,1,4); plot(t,y_a4,’LineWidth’,1.5); axis([0 1 -1.2 1.2]); hold on;
plot(nTs,x4,’0’); xlabel(’t in sec’,’FontSize’,LFS);

title(’Sinc Interpolation for \theta = \pi/3’,’FontSize’,TFS);
ylabel(’Amplitude’,’FontSize’,LFS);

thetab = pi/2; x5 = cos(20*pi*nTs+thetab);

y_ab = xb*sinc(Fs*(ones(length(n),1)*t-nTs’*ones(1,length(t))));
subplot(5,1,5); plot(t,y_ab,’LineWidth’,1.5); axis([0 1 -1.2 1.2]); hold on;
plot(nTs,x5,’0’); xlabel(’t in sec’,’FontSize’,LFS);

title(’Sinc Interpolation for \theta = \pi/3’,’FontSize’,TFS);

ylabel (’Amplitude’,’FontSize’ ,LFS); print -deps2 ../EPSFILES/P0322b;
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The reconstruction is shown in Figure 3.55.
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Figure 3.55: The sinc interpolation in Problem P3.22h.

(c) Reconstruction of the analog signgl(t) from the samplex(n) using the spline interpolation (for
0 =0, /6, /4, /3, m/2. MATLAB SCript:

% P0322c: Spline Interpolation for theta = 0,pi/6,pi/4,pi/3, pi/2

clc; close all; set(0,’defaultfigurepaperposition’,[0,0,6,7]);

Hf _1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0322c’);

Ts = 0.05; Fs = 1/Ts; Dt = 0.001; t = 0:Dt:1; n = [0:20]; nTs = n*Ts;

thetal = 0; x1 = cos(20*pi*nTs+thetal); y_al = spline(nTs,x1,t);
subplot(5,1,1); plot(t,y_al,’LineWidth’,1.5); axis([0 1 -1.2 1.2]); hold on;
plot(nTs,x1,’0’); xlabel(’t in sec’,’FontSize’,LFS);

title(’Spline Interpolation for theta = 0’,’FontSize’,TFS);
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Spline Interpolation for theta=0
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Figure 3.56: The sinc interpolation in Problem P3.22c.

ylabel (’Amplitude’, ’FontSize’ ,LFS);

theta2 = pi/6; x2 = cos(20*pi*nTs+thetal2); y_a2 = spline(nTs,x2,t);
subplot(5,1,2); plot(t,y_a2,’LineWidth’,1.5); hold on; axis([0 1 -1.2 1.2]);
plot(nTs,x2,’0’); xlabel(’t in sec’,’FontSize’,LFS);

title(’Spline Interpolation for theta = \pi/6’,’FontSize’,TFS);
ylabel(’Amplitude’,’FontSize’,LFS);

theta3 = pi/4; x3 = cos(20*pi*nTs+theta3); y_a3 = spline(nTs,x3,t);
subplot(5,1,3); plot(t,y_a3,’LineWidth’,1.5); hold on; axis([0 1 -1.2 1.2]);
plot(nTs,x3,’0’); xlabel(’t in sec’,’FontSize’,LFS);

title(’Spline Interpolation for theta = \pi/3’,’FontSize’,TFS);
ylabel(’Amplitude’,’FontSize’ ,LFS);

thetad = pi/3; x4 = cos(20*%pi*nTs+thetad); y_ad4 = spline(nTs,x4,t);
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subplot(5,1,4); plot(t,y_a4,’LineWidth’,1.5); axis([0 1 -1.2 1.2]); hold on;
plot(nTs,x4,’0’); ylabel(’Amplitude’,’FontSize’,LFS);

title(’Spline Interpolation for theta = \pi’,’FontSize’,TFS);

xlabel(’t in sec’,’FontSize’,LFS);

thetab = pi/2; x5 = cos(20*pi*nTs+thetab); y_ab = spline(nTs,x5,t);
subplot(5,1,5); plot(t,y_ab,’LineWidth’,1.5); axis([0 1 -1.2 1.2]); hold on;
plot(nTs,x5,%0’); ylabel(’Amplitude’,’FontSize’,LFS);

title(’Spline Interpolation for theta = \pi/2’,’FontSize’,TFS);

xlabel(’t in sec’,’FontSize’,LFS); print -deps2 ../EPSFILES/P0322c;

The reconstruction is shown in Figure 3.56.

(d) When a sinusoidal signal is sampledfat= 2 samples per cycle as is the case in this problem, then the
resulting samplex(n) has the amplitude that depends on the phase of the signadrtinydar note that
this amplitude is given by cd8). Thus the amplitude of the reconstructed sigyd) is also equal to
cog0).



Chapter 4

The z-Transform

P4.1 Thez-transform computation using definition (4.1).

1. x(n) =1{3,2,1, -2, —3}: ThenX(2) =322+ 22+ 1—-2z1+ 322 0 < |z| < 0.
T

MATLAB verification:
% P0401a.m
clc; close all;
bl = [0 2 3]; a1l = [1]; [delta,n] = impseq(0,0,4);
xbl = filter(bl,al,delta); xbl = fliplr(xbl); nl = -fliplr(n);
b2 = [1 -2 -3]; a2 = [1]; xb2 = filter(b2,a2,delta); n2 = n;
[xal,nal] = sigadd(xbl,nl,xb2,n2); xa2 = [0 0 32 1 -2 -3 0 0];
error = max(abs(xal-xa2))
error =

0

2. x(n) = (0.8)"u(n — 2): Then

- n,—n 2,2 - n,—n 0‘64272
X(2) = 2(0.8) z "= (0.8)’z 2(0.8) 7" = : |z > 0.8
n=2

1 -1
L 1-082

MATLAB verification:

% P0401b.m

clc; close all;

b =1[000.64]; a = [1 -0.8]; [delta,n] = impseq(0,0,10);
xbl = filter(b,a,delta);

[u,n] = stepseq(2,0,10); xb2 = ((0.8).7n).*u;

error = max(abs(xbl-xb2))
error =
1.1102e-016

3. x(n) = [(0.5" + (—0.8)"Ju(n): Then

X(2) = Z[(0.5)" Z[(-0.8)" = ~ 0.5} N 0.8
(2) [(0.5"u(m] + Z[(—0.8)"u(n)] 05 T 1708 14 >08nlid>08
2+0.3z°1
= 05z ; |z| > 0.8
14+03z1-04z72

MATLAB Verification: 135
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% P0401c.m
clc; close all;
=[20.3]; a=1[10.3-0.4]; [delta,n] = impseq(0,0,7);
xbl = filter(b,a,delta);
[u,n] = stepseq(0,0,7); xb2 = (((0.5).7n).*u)+(((-0.8).7n).*u);

error = max(abs(xb1l-xb2))
error =
1.1102e-016

4. x(n) = 2" co90.47n)u(—n): Consider

00 0 o0
X(2)= Y 2"cog04rmu(—mz "= Y  2"cog0.4rn)z " =) 27" cog0.47n)z"

n=—o00 n=—00 n=0

ejOA4nn eijAnn 1 0 1 0
:Zz ( +2 ) n_éZZ e1047r +222 eJO47rZ
n=0

n=

3

0
1 1 1
= ————]+= ; 1zl <2
2\ 1- Zel04rz 2\1— _e—104n
1-10.5c090.47)]z
Dzl < 2
— [c090.47)]z + 0.2522
Hence
—[0.5c090.47)]z _ 1-[0.5c090.4n)]z

X(2) = Dzl < 2

1—2[0.5¢c090.47)]z+ 0.2522 1 — [c090.47)]z + 0.25z2°
MATLAB Verification:
% P0401d.m
clc; close all;

= 0.5%[2 -cos(0.4%pi)]; a = [1 -cos(0.4xpi) 0.25];
[delta,nl] = impseq(0,0,7); xbl = filter(b,a,delta); xbl = fliplr(xbl);
[u,n2] = stepseq(-7,-7,0); xb2 = ((2.7n2).*cos(0.4*pi*n2)).*u;

error = max(abs(xb1l-xb2))
error =

2.7756e-017
5. x(n) = (n+ 1)(3)"u(n): Consider
x(n) = (n + 1)(3)"u(n) = n3"u(n) + 3"u(n)

Hence
X(2) = Z [n3"um] + Z [3"u(n)] = —zi ( 1 ) + ! |z| > 3
dz\1—-3z1 1-3z1V
3z1 1 1-3z1
;2] > 3

 1-6z14922 R R + 27272 -27z27%

MATLAB verification:
% P0401e.m
clc; close all;

= [1 -3]; a=[1-9 27 -27]; [delta,nl] = impseq(0,0,7);
xbl = filter(b,a,delta);
[u,n2] = stepseq(0,0,7); xb2 = ((n2+1).%(3.7n2)) .*u;
error = max(abs(xbl-xb2))
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error =
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P4.2 Consider the sequensgn) = (0.9)" cogzn/4)u(n). Let

| x(n/2), n=0,+2,44,.--;
yim = { 0, otherwise.

1. Thez-transformY (z) of y(n) in terms of thez-transformX(z) of x(n): Consider

Y2 =) ymz"= > x(n/2z" n=0+1 42, ...
= Z x(m)z 2" = Z x(m) ()" = X(2?)

2. Thez-transform ofx(n) is given by

N 1—[(0.9) cogn/4)]zt
X(@ = Z[09" costmn/Hu] = oo a7+ (09772

B 1-06364& 1 2= 09
T 1_1272&t+081z2 T
Hence
1— 0.6364 2

Y(2) = |z]| > /0.9 = 0.9487

1-1272& 21081z %’

3. MATLAB Verification:
% P0402c.m
clc; close all;
b = [1 0 -0.9%cos(pi/4)]; a = [1 0 2%x-0.9*cos(pi/4) 0 0.81];
[delta,nl] = impseq(0,0,13); xbl = filter(b,a,delta);
[u,n2] = stepseq(0,0,6); x1 = (((0.9).7n2).*cos(pi*n2/4)).*u;
xb2 = zeros(l,2*xlength(x1)); xb2(1:2:end) = x1;
error = max(abs(xbl-xb2))
error =
1.2442e-016

2006
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P4.3 Computation ofz-transform using properties and thdransform table:
1. x(n) = 25(n — 2) + 3u(n — 3):

1 222473
1-z1  1-2z1

X(z) =2z7%24+3z3 Dzl > 1

MATLAB ScCript:

clc; close all;

b=1[0-80-1.50-1/16]; a = [1 0 3/16 0 3/256 0 1/(256%16)1];

[delta,nl] = impseq(0,0,9); xbl = filter(b,a,delta);

[u,n2] = stepseq(0,0,9);xb2 = (((n2-3).*x((1/4) .7 (n2-2))) .*cos((pi/2)*(n2-1))) .*u;
error = max(abs(xbl-xb2))

error
0

Hf 1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0403e’);

[(Hz,Hp,H1] = zplane(b,a); set(Hz,’linewidth’,1); set(Hp,’linewidth’,1);

THELSGB93R5 BigIsRhan 1R AEHE% 1 TFS) s print ~depo2 . /epatiles/Pod0se;

Pole-Zero plot

0.5

A o

Imaginary Part
o

-1 -05 0 0.5 1
Real Part

Figure 4.1: Problem P4.3.1 pole-zero plot



140

SOLUTIONS MANUAL FOR DSP USING MATLAB (2ND EDITION) 2006

2. x(n) = 3(0.75" cog0.37n)u(n) + 4(0.75" sin(0.3rn)u(n):

1—1[0.75¢c080.37)]z 1 [0.755sin(0.37)]z 1
Z =9
Z 3 +4
1 — 2[0.75¢0%0.37)]z1 + (0.75)2z2 1 — 2[0.75¢0%0.37)]z~1 + (0.75)2z2
3+ [3sin(0.37) — 2.25¢0%0, 37)]z* 3+ 1104571
= = |z| > 0.75

1—-15c080,37)2 1+ 05625% 2  1—08817% '+ 056252

MATLAB Script:

clc; close all;

b = [3 (3*sin(0.3%pi)-2.25%cos(0.3*pi))]; a = [1 -1.5%cos(0.3*pi) 0.5625];
[delta,nl] = impseq(0,0,7); xbl = filter(b,a,delta); [u,n2] = stepseq(0,0, 7);
xb2 = 3*(((0.75).7n2) .*cos(0.3*pi*n2)) .*u+4*(((0.75) . n2) .*sin(0.3*pi*n2)).*u ;

error = max(abs(xbl-xb2))
error =
4.4409e-016

Hf _1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0403b’);
[Hz,Hp,H1] = zplane(b,a); set(Hz,’linewidth’,1); set(Hp,’linewidth’,1);

?ﬁ%ﬁ&&éﬁ?&ﬁi%ﬁﬁﬁsﬂﬁﬁﬁ&n?ﬁ?ﬂ&ﬁﬁ?%ﬁz?FS); print -deps2 ../epsfiles/P0403b;

Pole-Zero plot

= 0.5

[a

Py

E o+ O O ...............
(@]

©

E 05

-1 -05 0 0.5 1
Real Part

Figure 4.2: Problem P4.3.2 pole-zero plot
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3. x(n) = nsin(%”)u(n) + (0.9)"u(n — 2): Consider

x(n) = nsin (%n> u(n) + (0.9)"u(n — 2) = nsin <n_3n> u(n) 4+ 0.9%(0.9)"2u(n — 2)

— nsin(™D n-2,(n —
= nsm( 3 ) u(n) + 0.81(0.9)" “u(n — 2)
Hence
X(@ = 2 [nsin(Z2) um ] + 2[0.810.9" 2un - 2)]

~ 4 (2[sin (%) um)|) +0.81222 [(0.9"u(m]

dz 3
d i 3zt 0.81z 2

__,4 sin(rr/3)z Dz -1
dz\1—-z14+2722 1-0.9z1

sin(r/3)z7t — sin(r/3)z 3 0.81z2
S 1-2:11322-2:3+7% 1-00z1
_0.8662°! 4 0.0306z % — 2.48623 + 3.2094“ — 1.622°° + 0.812°°
N 1-297 144872 —-4773+2824—-09z5

)zl > 1

szl >1

MATLAB Script:
clc; close all;
b = [0 sin(pi/3) (0.81-0.9*sin(pi/3)) -(1.62+sin(pi/3)) ...
(0.9*sin(pi/3)+2.43) -1.62 0.81];

a=1[1-2.94.8-4.72.8-0.9]; [delta,nl] = impseq(0,0,9);
xbl = filter(b,a,delta);
[u2,n2] = stepseq(0,0,9); [u3,n3] = stepseq(2,0,9);
xb2 = (n2.*sin(pi/3*n2)).*u2+((0.9).7n3).*u3; error = max(abs(xbl-xb2))
Hf _1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0403c’);
[Hz,Hp,H1] = zplane(b,a); set(Hz,’linewidth’,1); set(Hp,’linewidth’,1);
title(’Pole-Zero plot’,’FontSize’,TFS); print -deps2 ../epsfiles/P0403c;
error =

2.1039e-014

The pole-zero plot is shown in Figure 4.3.
Pole-Zero plot

15 ;
g os -0 o
2 - :

E 0 O ................... x ....... - -
g o
-1 .

-1.5

-2 -15 -1 -05 0 05 1
Real Part

Figure 4.3: Problem P4.3.3 pole-zero plot
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4. x(n) = n?(2/3)"2u(n — 1): Consider

2006

(n—1)
xm):n%ﬂ&”QWn—l):n%@ﬁr%ﬂ@mAMm—J)z;<npw<§> um—14}>

Let
2 (n-1) —1
X1(n) = = un-1 X2 = ———: |2z -
1(n) <3> ( ) = X1(2) 1-2;1 ||>3
Let
Xo(N) = N X (N) = Xo(2) = de(z)— z’ 1z 2
Let
(M) = (M) = Xa(2) = —2. 0 Xo(2) (i LI 2
X3(N) = N %(N) = X3(2) = —z— X3(2) = lz| >
° ? : dz" 27 T 1871182 32,3, 1654
Finally, x(n) = 3x3(n). Hence
3 A it L 2
X(2) =3 8 8 32 16 = 8 8 32 o 12> 3
2\1- §Z_l+:—3Z_2— 2—72_3+ 8—12_4 1-— §Z_l+:—3Z_2— 2—72_3+ 8—12_4 3

MATLAB Script:
clc; close all; b = 3/2%[0 1 0 -4/9]; a = [1 -8/3 8/3 -32/27 16/81];
[delta,nl] = impseq(0,0,8); xbl = filter(b,a,delta);
[u,n2] = stepseq(1,0,8); xb2 = ((n2.72).%((2/3)."(n2-2))) .*u;
error = max(abs(xbl-xb2))
Hf _1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0403d’);
[Hz,Hp,H1] = zplane(b,a); set(Hz,’linewidth’,1); set(Hp,’linewidth’,1);
title(’Pole-Zero plot’,’FontSize’,TFS); print -deps2 ../epsfiles/P0403d;
error =

9.7700e-015

The pole-zero plot is shown in Figure 4.4.
Pole-Zero plot

E 0.5

o

2 4

S  Of i QO (O XERERE ® -
D
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£ 05
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Figure 4.4: Problem P4.3.4 pole-zero plot
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5. x(n) = (n—3) (1—11)"72 cos{Z(n — 1)} u(n): Consider
Xx(n) = (n—3) 1\"* cos{”(n - 1)} un) = (n—23) 1\"* sin{nn} u(n)
-3 3) “onfzn-slum =05 (3] "l

N\ /1\" (7 N\" . (w
=(M-3 (Z) <Z> S|n{§n}u(n)=16(n—3) (Z) sm{En}u(n)

Hence
1\" T 1\" T
X(2=2 [16n (Z) sm{En} u(n)] -Z [48(Z> sm{in} u(n)}

d 1\" . 1) sin(r/2)1zt 1

=—7z— (Z [(—) sm{zn} u(n)]) — 48 [(3) sincr/2)] —; |zl > =
dz 4 2 1—2[2 cosn/2)|zt + (3) 22 4

i d 7zt 12771 4771 — 1778 1271 2

= —/— — = — ) > —
dz\1+iz2) 1+iz2 141724174 1421272 4
o, 1_ 3,3 15

_ fz 23Z 162l izl > S

1 + E272 + ﬁZ*“ + m276 4

MATLAB Script:
clc; close all; b = [0 -8 0 -1.5 0 -1/16]; a = [1 0 3/16 0 3/256 0 1/(256%16)];
[delta,nl] = impseq(0,0,9); xbl = filter(b,a,delta);
[u,n2] = stepseq(0,0,9);xb2 = (((n2-3).*x((1/4) .7 (n2-2))) .*cos((pi/2)*(n2-1))) .*u;
error = max(abs(xbl-xb2))
Hf _1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0403e’);
[Hz,Hp,H1] = zplane(b,a); set(Hz,’linewidth’,1); set(Hp,’linewidth’,1);
title(’Pole-Zero plot’,’FontSize’,TFS); print -deps2 ../epsfiles/P0403e;
error =

2.9392e-015

The pole-zero plot is shown in Figure 4.5.
Pole-Zero plot
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Figure 4.5: Problem P4.3.5 pole-zero plot
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P4.4 Letx(n) be a complex-valued sequence with the real pafh) and the imaginary par; (n).

1. Thez-transform relations for real and imaginary parts.: Coasid

Xr(2) 2 Z [xg(M)] = Z [X(”) z X (n)] _ [X(n)]z [X* ()]

_ X(2) + X*(Z")
N 2

and

Xi(2 = Z[xm] =2 [X(n) - X*(n)] _ Zxm] = Z[x (]

2 2
B X(z2) — X*(z%)
N 2

2. Verification usingk(n) = exp{(—1+ j0.27)n} u(n): Consider
x(n) = exp{(—1+ j0.27)n}u(n) = e "el%?"y(n)
= e " {cog0.2rn)u(n) + j sin(0.2rn)u(n)}
Hence the real and imaginary partsx@gh), respectively, are

Xr(n) = € "cog0.27rn)u(n) = (1/e)" cog0.27n)u(n)
X (n) = e "sin(0.27n)u(n) = (1/e)" sin(0.2rn)u(n)

with z-transforms , respectively,

Xo(z) — 1 - [(1/e) cos0.2m)]z"* B 1-0.2976 ! e
R = T @/e cox02m12 T+ (1/eHz 2 1-05%z 110135z 2 Y
. . )
X, (2) = [(1/e) sin(0.27)]z 0.2162 2= e

1—[(2/e)cos0.27)]z L + (1/e2)z2  1— 05952 + 0.135% 2"
The z-transform ofx(n) is

X@ =2 |(e1°%) um)| = !

1— e71+j0‘27'[ Zfl ’

|z| > 1/e

Substituting (4.7) in (4.1),
X 1 1 1 *
R(2) = E 1— e l+i2nz-1 + 1— e 1+j2rz—*

1 1 1 1 20595271
=3 [1 etz 1 1= elizﬂzl} =3 [1 — 059521 1 0.135&2}
1-0.297671
T 1-05952 1+0135% 2’
as expected in (4.5). Similarly, Substituting (4.7) in 4.2

(g L 1 1 '
|(Z)—§ ] _eltizig1l \1_eitiznigr

|z| > et

1 1 1 1 0.2162*
S 2|1-eWizZnzl 1_el-iznz1| 2|1-0.59521+40.135%2
0.2162¢7* 1
|z| > e

T 1-05952 1 +0135% 2’
as expected in (4.6).

2006

(4.1)

(4.2)

(4.3)
(4.4)

(4.5)

(4.6)

4.7)

(4.8)

(4.9)
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P4.5 The z-transform ofx(n) is X(z) = 1/(1 + 0.5z %), |z| > 0.5.
1. Thez-transforms ofk;(n) = x(3 — n) + x(n — 3):

X1(2) = Z[x1(M)] = Z[X(B—n) +x(n = 3)] = Z[x{—(n = 3)}] + Z [x(n = 3I)]
1 1
14 0.5z + 14 05z1

=723XQ/+ 23X =22 [ } ,05< |z <2

B 05z 3+ 2z4+05z°

= ,05< |zl <2
057 1252150522 2> =A<

2. Thez-transforms oi,(n) = (1 + n + n?)x(n):
2 2 d 2 d2
X2(2) = Z[(14+ n+n®) x(n)] = Z[x(n) + nx(n) + n°x(M)] = X(2) — zd—ZX(z) + 22—

dzzx(z)

1 0.5z1 z14+0522 1—0.2522
— — _ 5 — 7 — 2 |Z| > 05
1+05z%  (1+05z1)° (1+05z%)°  (1+05z1)

3. Thez-transforms ofs(n) = (%)n x(n — 2):

l n
X3(2) =2 [(5) x(n— 2)} = Z[x(n— 2)]|(;)—1Z = Z[x(n = 2]l

-2

a2 B z 0.25z2
= [2°X (]|, = [—1—1-0.521’ |z| > 0.5]

= |7>025
L - Tro 1 A7

4. Thez-transforms ofks(n) = X(n + 2) * X(n — 2):
X4(2) = Z[x(n+2) xx(n — 2] = {ZX@} {7 *X (@)} = X*(2)

1
T (1105217 2=08

5. Thez-transforms ofks(n) = cogzn/2)x*(n):

jTn/2 —jmn/2
Xs(2) = Z [cognn/2x ()] = Z [(eJ +2e J )x*(n)}

—_

Z [ )] + 2 [e7172¢ (m)])

Z[O] | gu, + 2 O]y,

X* (ejn/ZZ*) + X* (efjn/ZZ*)]

—

|
NI NIFRPNIEPENI P
/N

1 1
[1 + 0.5e-i7/2z-1 + 1+ 0.5el ”/221]

= Tro2z2 4702
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P4.6 Thez-transform ofx(n) is
14271 1
X2 = ——F—— 124> 3
1+gz1+32 2

1. Thez-transforms ofk;(n) = x(3 — n) + x(n — 3):

X1(2) = Z[x1(M)] = Z[XB—n) +x(n = 3)] = Z[x{—(n = 3)}] + Z[x(n = 3I)]

14z N 1+z1
5 1 5, j—
224322 1437143272

=723X1/+ 23X =22 [1+ } ,05< |zl <2

B 36z 1+ 7222+ 3623
64352146222+ 3523+ 624’

2. Thez-transforms oi,(n) = (1 + n + n?)x(n):

05< |z <2

d d?
X2(2) = Z[(1+n+ n?) x(n)] = Z[x(n) + nx(n) + n’x(n)] = X(2) —zd—ZX(z)—i-z 17 —X(2)
or Xo(2) =
14 Y1y 1,2, 14203, 2300,-4, 215,°5, 80,6 167,77 ,8_ 2,9 .1 ,10 Y os
1+5271+ 28721 425, 3+%‘%%5 4+22§89f‘ 5+—1377111 6.+ 449,71 1238,8 1 43,9 30,10, 51l 12

3. Thez-transforms ofks(n) = (%)"x(n — 2):

X3(2) =2 [(%) X(n — 2)} = Z[X(n— 2)]|< ) L= Z[x(n=2)]l2

Nl

724473
1+ 22+ 4

-bll—‘

= [2*X®]|,, = [. 1zl > 0.5]|, = 5> |21 > 0.25

4. Thez-transforms ofs(n) = X(n + 2) * X(n — 2):
X4(2) = Z[x(n+2) xx(n — 2] = {ZX@} {z?X (@)} = X*(2)
142714272

, 1z > 0.5
T 148 2zt + 3724 2734 Lzt

5. Thez-transforms ofks(n) = cogzn/2)x*(n):

jTn/2 —jmn/2
Xs(2) = Z [cogmn/2)x* ()] = Z [(eJ +2e J )x*(n)}

—

Z [e™™2x* ()] + Z [e71"V2x* (m)])

/N

Z[X*M]|gjr, + 2 [X*(n)”ejn/zz)

X* (ejn/ZZ*) + X* (e—jn/ZZ*)]
—jz1 1+ jz1t

1-j2zt—2z21+4j2z1— 222

2 + 4 72

14 —2—2 + 3—62—4

—

NI NIRNIERN R

, |z| > 0.5
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P4.7 The inversez-transform ofX (z) is x(n) = (1/2)"u(n). Sequence computation Using thransform proper-
ties:

1. X1(2) = Z%X(2): Consider

xi(n) = Z7 X1 2] = 271 [(1 — %) x<z)} =Z 1 [X(@ - 27X (2)]
= x(n) — x(n —1) = 0.5"u(n) — 0.5 tu(n—1) =1—0.5"u(n — 1)
2. X2(2) = zX(z™Y): Consider

X2(N) = 271 [X(2)] = 271 [zX(z H] = 271 [X@ Y] = Z [ X@]|

= (0.5 ™VYy(—n - 1) = 2" u(—=n-1)

n—(n+1) n——(n+1)

3. X3(2) = 2X(32) + 3X(z/3): Consider
x3(N) = 271 [X3(2)] = 271 [2X(32) + 3X(2/3)] = 2(3 ")x(n) + 3(3")x(n)

1

=23""2 Mun) + 33" 2 Mu(n) = [2 (6) +3 (g) } u(n)

4. X4(2) = X(2)X(z™Y): Consider
x() = 27 [Xa@] = 27 [X@X(@ZH] = x(0) % x(—n)

= [05"um] * [2"u(-m] = > (0.5 u)2" *u(-n+k)

k=—o00

[ 2"y s05k2k, n<0; [ 2" . (0.25)K, n<o;
T 205Kk n>0. T | 227y (0255, n>0.
— ﬂz\n\
3
5. Xs(z) = 22252 Consider
dX
xs(N) = Z7 1 [Xs(2)] = 271 [22%] = n?x(n)

= n?(1/2)"u(n)
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P4.8 If sequencex;(n), Xo(n), andxz(n) are related byks(n) = X1(n) * X2(n) then
> xg(n) = ( > xl<n)> ( > x2<n)>

1. Proof using the definition of convolution:

oo o0

dooxam = D xamExe) = Y > xg(Kxen — k) = ( > xak)

n=—o00 n=—o00 N=—00 k=—00

() (5.0

nN=—00 nN=—00

k=—00

as expected.
2. Proof using the convolution property:

Z[x3(M] = Z[x1(n) * Xo(M] = Z [X2(N)] Z [X2(n)]

( Z Xo(N)z ™"
z=1

(5

= (i xl(n)z‘”>

n=—o00 7—1 n=—o00 n=—o00
> xa(n) = ( > xl<n)> ( > x2<n)>

as expected.
3. MartLAB verification:

clc; close all;
N = 1000; n1 = [0:N]; x1 = rand(1,length(nl));

n2 = [0:N]; x2 = rand(1,length(n2)); [x3,n3] = conv_m(xl,nl,x2,n2);

sumxl = sum(x1); sumx2 = sum(x2); sumx3 = sum(x3);
error = max(abs (sumx3-sumxl*sumx2))
error =

2.9104e-011

2006

> x(n—k)
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P4.9 Polynomial operations USimMgATLAB:

1. X1(2)=(1—-2214322-4234+3z21-2224+2739

% P0409a.m

clc; close all;

nl = [0:3]; y1 = [1 -2 3 -4]; n2 = [0:3]; y2 = [4 3 -2 1];
[x1,n] = conv_m(yl,nl,y2,n2)

x1 =

4 -5 4 -2 -20 11 -4
n=

0 1 2 3 4 5 6
Hence

X1(2) =4—521 4472278 _-2027*11+72°— 475

2. Xo(2) = (22— 2243+ 22+ 7)) (B - 279

% P0409b.m

clc; close all;

nl = [-2:2]; y1 = [1 -2 32 1]; n2 = [-3:3]; y2=[10000 0 1];
[x2,n] = conv_m(yl,nl,y2,n2)

X2 =
1 -2 3 2 1 0 1 -2 3 2 1
n=
-5 -4 -3 -2 -1 0 1 2 3 4 5
Hence

Xo(2) =22 =22 +32 + 22 + 242 - 2224323+ 2274 4 2°

3. Xs@=1+z'+2?)?3

% P0409c.m

clc; close all;

nl =[012]; y1=1[111]; [y2,n2] = conv_m(yl,nl,yl,nl);
[x3,n] = conv_m(yl,nl,y2,n2)

x3 =

1 3 6 7 6 3 1
n =

0 1 2 3 4 5 6
Hence

X3(2) =1+3214+6224+723+62%+32°+2°
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4. X4(2) = X1(29) X2(2) + X3(2)

% P0409d.m
clc; close all;
nill = [0:3]; y11 = [1 -2 3 -4]; n12 = [0:3]; y12 = [4 3 -2 1];
[y13,n13] = conv_m(yll,n11,y12,n12);
n21 = [-2:2]; y21 = [1 -2 3 2 1]; n22 = [-3:3]; y22 =[1 0 0 0 0 O 1];
[y23,n23] = conv_m(y21,n21,y22,n22);
n31 = [0 1 2]; y31 = [1 1 1];
[y32,n32] = conv_m(y31,n31,y31,n31); [y33,n33] = conv_m(y31,n31,y32,n32);
[y41,n41] = conv_m(y13,n13,y23,n23); [x4,n] = sigadd(y41,n41,y33,n33)
x4 =

Columns 1 through 12

4 -13 26 -17 -10 49  -79 -8 23 -8 -11 49
Columns 13 through 17
-86 -1 -10 3 -4
n =
Columns 1 through 12
-5 -4 -3 -2 -1 0 1 2 3 4 5 6
Columns 13 through 17
7 8 9 10 11
Hence

Xa(2) = 42° — 132* + 262° — 1722 — 1021 + 49— 7921 — 822+ 23z 3 — 87 % — 112>
+497 6% -8627"—78-10z%+3210 471

 Xs(2) = (2t —3234225 4527 — 2% (z+ 32 + 228 + 474

% P0409e.m

clc; close all;

nl = [0:9]; y1=[010-3020650-1]; n2 = [-4:0]; y2 = [4 2 3 1 0];
[x5,n] = conv_m(yl,nl,y2,n2)

xb =
Columns 1 through 12
0 4 2 -9 -5 -1 1 26 12 11 3 -3
Columns 13 through 14
-1 0
n =
Columns 1 through 12
-4 -3 -2 -1 0 1 2 3 4 5 6 7
Columns 13 through 14
8 9
Hence

Xs(2) =428 +222 - 92 —5—-z7'+7z2+2623+127%+11z°+32°%-3z"—-2z8
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P4.10 TheMaTtLAB functiondeconv_m:

function [p,np,r,nr] = deconv_m(b,nb,a,na)
% Modified deconvolution routine for noncausal sequences
% function [p,np,r,nr] = deconv_m(b,nb,a,na)

b

% p = polynomial part of support npl <= n <= np2

% np = [npl, np2]

% 1t = remainder part of support nrl <= n <= nr2

% nr = [nrl, nr2]

% b = numerator polynomial of support nbl <= n <= nb2

% nb = [nbl, nb2]

% a = denominator polynomial of support nal <= n <= na2
% na = [nal, na2]

b

[p,r] = deconv(b,a);
npl = nb(1) - na(l); np2 = npl + length(p)-1; np = [npl:np2];
nrl = nb(1); nr2 = nrl + length(r)-1; nr = [nrl:nr2];

MATLAB Verification:

% P0410

clc; close all;

nb = [-2:3]; b=[111111]; na=[-1:1]; a=[1 2 1];
[p,np,r,nr] = deconv_m(b,nb,a,na)

p =

1 -1 2 -2
np =

-1 0 1 2
r =

0 0 0 0 3 3
nr =

-2 -1 0 1 2 3
Hence

32724323
z+2+27z1

ZZ4z4+1+zv4+7z2473
z+2+271

=(z—-1+42z71t-227?+
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P4.11 Inversez-transforms using the partial fraction expansion method:

1. X2 =0-z1-4z22+4z3%/1 - Zz1 + 8272 — 3773). The sequence is right-sided.
MATLAB Script:
% PO611a: Inverse z-Transform of X1(z)
clc; close all;
bl = [1,-1,-4,4]; a1l = [1,-11/4,13/8,-1/4];
[R,p,k] = residuez(bl,al)

R =
0.0000
-10.0000
27.0000
b =
2.0000
0.5000
0.2500
k =
-16
or
1-z1- 4224423 0 10 27
(i T i e PR A = A = S

Note that from the second term on the right, there is a pale-zancellation. Hence

X1(n) = —165(n) — 10(0.5)"u(n) + 27(0.25"u(n)

2. X2 = (L+2z1—4z2 4423 /(1— 2zt + 8272 — 1779). The sequence is absolutely summable.
MATLAB ScCript:

% P0611b: Inverse z-Transform of X2(z)
clc; close all;

b2 [1,1,-4,4]; a2 = [1,-11/4,13/8,-1/4];
[R,p,k] = residuez(b2,a2)

R =
1.5238
-12.6667
28.1429
p =
2.0000
0.5000
0.2500
k =
-16
or
1—z1—4724 473 1.5238 12.6667 28.1429
X2(2) = 77 Oy14 B2 173 ot T T T T 081 T T oo 00>
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Hence

X2(n) = —165(n) — 1.52382)"u(—n — 1) — 12.66670.5)"u(n) + 28.14290.25"u(n)

. X3(2) = (22— 322+ 4z+ 1)/ (22 — 42> + z — 0.16). The sequence is left-sided. Consider

22-372+4z+1 1-3z14+4z24+2738

X3(2) = =
W= 4217 016 1_4z11z2_01623

MATLAB script for the PFE:

% P0611c: Inverse z-Transform of X3(z)
clc; close all;

b3 = [1,-3,4,1]; a3 = [1,-4,1,-0.16];
[R,p,k] = residuez(b3,a3)

%R =

yA 0.5383

YA 3.3559 + 5.7659i

yA 3.3569 - 5.7659i1

hp =

yA 3.7443

/A 0.1278 + 0.1625i

pA 0.1278 - 0.1625i1

%k =

yA -6.2500

r = abs(p(2))
hr=

% 0.2067

[b,a] = residuez(R(2:3),p(2:3),[1)

% b =
% 6.7117 -2.7313
hoa =
% 1.0000 -0.2557 0.0427
or
0.5383 3.3559+ j5.7659
X3(z) = —6.25
32 T 137243 1 T 101278+ j0.16257 1
3.3559— j5.7659
! _|z] < 0.2067
1— (0.1278— j0.1625z 1
Hence

x3(n) = —6.255(n) — 0.53833.7443"u(—n — 1)
— (3.3559+ j5.7659(0.1278+ j0.1625"u(—n — 1)
— (3.3559— j5.7659(0.1278— j0.1625"u(—n — 1)
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4. X4(2) = 2/(Z® + 272 + 1.252 + 0.25), |z] > 1. Consider

z z 2
B4+222+1252+025 142z 1412522+ 02523
MATLAB script for the PFE:

X4(2) =

% P0611d: Inverse z-Transform of X4(z)
clc; close all;

b4 = [0,0,1]; a4 = [1,2,1.25,0.25];
[R,p,k] = residuez(b4d,ad)

R =
4.0000
-0.0000 + 0.00001
-4.0000 - 0.00001i
p =
-1.0000
-0.5000 + 0.0000i
-0.5000 - 0.00001
k =
(]
o 4 4 0.5z°%
X4(2) = — = — 8z ,lzl > 1
1+z% (140521 1+z' (140521
Hence

X4(n) = 4(=1)"u(n) — 8(n + 1)(0.5)"tu(n + 1)

5. Xs5(2) = z/(z° — 0.25), |z| < 0.5. Consider

2—3

V4
XD =2 0257 ~ @_0252 27

|z]| < 0.5

MATLAB script for PFE:

% P0611e: Inverse z-Transform of X5(z)

clc; close all;

b5 = [0,0,0,1]; a5 = conv([1,0,-0.25],[1,0,-0.25]);
[R,p,k] = residuez(b5,ab)

R =
4.0000 + 0.00001
-2.0000
-4.0000 - 0.00001
2.0000 + 0.00001
p =
-0.5000
-0.5000
0.5000 + 0.00001
0.5000 - 0.00001
k =

(]
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or
4 1 1 1
X5(2) = -2 —4 2 .1zl <05
2= 150571 “Ar05207 ‘1-0521  ‘A—oszne AT
4 (-05z* 1 0.5z°1
= 4z —4 4z , 1zl <0.5
1= (051 T Pi- cosrp  ‘Toost T A osrne AT
Hence

Xs(N) = —4(—0.5"u(—n — 1) — 4(n + 1)(=0.5"u[—(n + 1) — 1] + 4(0.5"u(—n — 1)
—4(n+ 1)(0.5"u[—(n+ 1) — 1]
= —4(—0.5"u(—n — 1) — 4(n + 1)(—=0.5)"u[—n — 2] + 4(0.5)"u(—n — 1)
—4(n+ 1)(0.5"u[—n — 2]
=4(0.5"[1- (-D"Ju(=n—=1) —4n+ 105" [1+ (D" ]u(-n -2
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P4.12 Consider the sequence given below:

x(n) = Ac(r)" cogmvgn)u(n) + As(r)" sin(zz von)u(n)

1. Thez-transform ofx(n) in (4.10): Takingz-transform of (4.10),

1—r codmvg)z?t r sin(mvg)z 1
X(2) = Ac f]1 252 s : 1 (2,2
1—2r coqmvg)zt+r?z 1—2r coqmvg)zt+r%z
_ Ac+r[Assinmu) — Accosmug)] 7t bp+ bzt
N 1—2r coSmvg)z1+r2z2 14 azl+az?

1z| > |r|

Comparing the last step above, we have

bo = Ac; by = r[Assin(vg) — AcCOS(mvp)]; @y = —2r CoSmvg); @ = r?

2006

(4.10)

(4.11)

. The signal parameter,, As, r, anduvg in terms of the rational function parametdxs b, a;, anda,:
Using (4.11 and solving parameters in the following ord&y; thenr, thenuvg, and finally As, we obtain

arccos—ay /2r 2b; — a
Ac=bo; 1= ay m=——iJLL %=—L¥@

. MATLAB function invCCPP:

function [Ac,As,r,v0] = inv_CC_PP(bO,bl,al,a2)
% [Ac,As,r,v0] = inv_CC_PP(b0,bl,al,a2)

Ac = bO;

r = sqrt(a2);

w0 = acos(-al/(2xr));
As = (bl/r+Ac*cos(w0))/sin(w0);
v0 = w0/ (pi);

P4.13 SupposeX(z) is given as follows:

|z]| > 0.9

1. The signak(n) in a form that contains no complex numbelMAaTLAB Script:

% P0413.m

clc; close all;

b0 = 2; bl = 3; a1l = -1; a2 = 0.81;

% (a): Computation of sequence parameters

[Ac,As,r,v0] = invCCPP(bO,bl,al,a2);

disp(sprintf (’\nx(n) = %1i*(%3.1f) "nxcos(%5.4f*pi*n)u(n) ’,Ac,r,v0));
disp(sprintf (’ + %5.4fx(%3.1f) "n*sin(%5.4f*pi*n)u(n)\n’,As,r,v0));

x(n) = 2%(0.9) "n*cos(0.3125*pi*n)u(n)
+ 5.3452%(0.9) "n*sin(0.3125*pi*n)u(n)

Hence
x(n) = 2(0.9)" c090.31257n)u(n) + 5.34520.9)" sin(0.31257n)u(n)
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2. MATLAB Verification:

% (b) Matlab Verification
n = 0:20; x = Ac*(r. n).*cos(vO*pi*n) + As*(r. n).*sin(vO*pixn) ;
y = filter([bO,b1],[1,al,a2],impseq(0,0,20));
error = abs(max(x-y))
error =
1.7764e-015

P4.14 The z-transform of a causal sequence is given as:

—2 456521 - 288272
1-01z1+0.09z2+0.6483
which contains a complex-conjugate pole pair as well aslavedaed pole.

X(2) = (4.12)

1. Rearrangement of (z) into a first- and second-order sectioddaTLAB Script:

% P0414
clc; close all;
b= [-25.65 -2.88]; a = [1 -0.1 .09 0.648]; [R,p,k] = residuez(b,a)

R =
1.0000 - 0.86601
1.0000 + 0.86601
-4.0000
p =
0.4500 + 0.77941i
0.4500 - 0.7794i
-0.8000
k =
(]
[b1,al] = residuez(R(1:2),p(1:2),k)
bl =
2.0000 0.4500
al =
1.0000 -0.9000 0.8100
Hence

(2) + (0.45z71 (—4)
1+(-09z1+(0.8Hh)z2 1-(-0.8)z1

2. Computation of the causal sequemxcn) from the X (z) so that it contains no complex numbers:
MATLAB Script:

[Ac,As,r,v0] = invCCPP(b1(1),b1(2),a1(2),a1(3));
disp(sprintf (’\nx1(n) = %2.0f*(%3.1f) "n*cos(%5.4f*pi*n)u(n) ’,Ac,r,v0));
disp(sprintf (’ + %5.4fx(%3.1f) "n*sin(%5.4f*pi*n)u(n)\n’,As,r,v0));
x1(n) = 2%(0.9) n*cos(0.3333*pi*n)u(n)

+ 1.7321%(0.9) "n*sin(0.3333*pi*n)u(n)

X(2) =

Hence the sequencgn) is:
x(n) = 2(0.9)" cog7n/3)u(n) + +/3(0.9)" sin(xn/3)u(n) — 4(—0.8)"u(n)
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P4.15 System representations and input/output calculations:
1. h(n) = 5(1/4)"u(n)

i. The system function: Taking thetransform ofth(n),

5
H(2) = Z[h(m] = Z[5(1/9"u(n)] = T o051 |z > 0.5

ii. The difference equation representation: Frbitz) above,

y(n) = 5x(n) + 0.25y(n — 1)

iii. The pole-zero plot is shown in Figure 4.6.

Pole-Zero plot

Imaginary Part
o
S

-1 -05 0 0.5 1
Real Part

Figure 4.6: Problem P4.15.1 pole-zero plot

iv. The outputy(n) for the inputx(n) = (%1)n u(n): Taking thez-transform ofx(n),

1
X(@ = Z[1/H"] = ;55— 121 > 0.25

Now thez-transform ofy(n) is

5 1 5
Y(z)=H@2)X((2) = = ,1z] > 0.25
@ =H@X3? (1—0.2521> (1—0.2521) (1- 0252 1) 12>
0.25z°
—200—" |7/ > 025
(1-0.25z1)

Hence
y(n) = 20(n + 1)(0.25"*u(n + 1)
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2. h(n) = n(1/3)"u(n) + (—1/H"u(n)
i. The system function: Taking tretransform ofh(n)

H(2) = Z[h(m] = Z [n(1/3)"u(n) + (—=1/4"u(n)]

13zt 1
- [1_ (1/3)2_1]2 + 1+ (]_/4)271’ |z| > (1/3)

1,-1 7 5-2
1—§z + 352

— 1 _5,1_1,2, L
1 122 182 1 362

—. 12l > (1/3)
ii. The difference equation representation: Frbitz) above,

1 7 5 1 1
y(n) =x() — zxn — D+ 36"~ 2) + Y- D+ 18y~ 2) — 37"~ 3

iii. The pole-zero plot is shown in Figure 4.7.

Pole-Zero plot

0

3 : "

o A . B

Pa) ; . |

g ofp- -+ xoxz ......
£ -o0s : O

-1 -05 0 0.5 1
Real Part

Figure 4.7: Problem P4.15.2 pole-zero plot
iv. The outputy(n) for the inputx(n) = (%1)n u(n): Taking thez-transform ofx(n),

1
1zl > -

X@=Z[A/HM] = — . 12> 5
)

Now thez-transform ofy(n) is

1-1z714 2772 1 1
Y(2) = H@X(2) = 3 2 ( ),IZI > 2
(1 — 1o lz24 173 \1-025 1 3

1 25
_ - 4 L2 7 |Z|>}
1-3z' (1-z1 1+izt 1-4z70 73
—16 1,-1 1 25
- 41273 +—2 —+—2— |7 > =
1-1z1 (1-1z1? 143zt 1-527! 3

Hence

y(n) = —16(3)"u(n) + 12(n + ()" tun + 1) + %(—%)”U(n) + 275(%1)”U(n)

159
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3. h(n) = 3(0.9)"coswn/4 + 7 /3)u(n + 1): Consider

rin+1) =&

_ 10 Nt Ea
h(n) = 3 [(0.9) cosi ) + o

} u(n + 1)}

_ [%) cos(%)} 0.9 cos| T+ D] un+1) - [1—30 sin (112)] 09" sin| 2+ 1) |un+1)

— 3.21980.9)"! cos[%(n n 1)] u(n + 1) — 0.86270.9)™ sin [%(n n 1)] u(n+ 1)

i. The system function: Taking tretransform ofh(n)

H(2) = Z[h(n)] = z( 3.2198 — 0.8627
(2) = Z[h(m] =2 < 1—1272& 1+ 08122 1-1272& 1+ 081z 2

B 3.219& — 2.5981
 1-1272&1+40.81z2°

ii. The difference equation representation: Frbifz) above,

1-0.63641 0.6364z°1 )

|z| > 0.9

y(n) = 3.2198&(n + 1) — 2.5981x(n) + 1.2728(n — 1) — 0.81y(n — 2)

iii. The pole-zero plot is shown in Figure 4.8.

Pole-Zero plot

1 .
= 0.5
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Figure 4.8: Problem P4.15.3 pole-zero plot

1

iv. The outputy(n) for the inputx(n) = (%)nu(n): The z-transform ofx(n) is X(z) = 10251

|z| > 0.25. Now thez-transform ofy(n) is

Y(2=H@X(2) = ( 3.219& — 2.5981 ) ( 1

, |z] > 0.9
1-1272& 1+ 0.81z2 1- 0.2521) 2>

4.0285— 2.6203% 1 0.8087
=z — , |z > 0.9
1.0000— 1.2728&14+0.81z2 11— %z*l

Hence

y(n) = {4.0285(0.9)”*1 cos[”(nTJrl)} —0.08890.9)" ! sin [”(nTJrl)} — 0.8087(;11)”“} u(n+1)
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(0.5)" sin[(n + 1)z /3]

4. h(n) = sinz/3) u(n): Consider
n.. TN w
h(n) = ey [(0.5) sm{? n 5} u(n)]

= [Wt%) sin <%)} (0.5"sin [%n] u(n) + [sin%%) cos(%)} (0.5" cos[%n] u(n)

— (0.5)"sin [%n] u(n) + 0.57740.5)" cos[%n] u(n)

i. The system function: Taking tretransform ofh(n)

04330z 1- 025
HD = 2 [hi] = 05774
@ =2 =165 102m2 """ 05zt 0252 2

05774+ 0.2887z1
~ 1-05z14+0.252°2
ii. The difference equation representation: Frbitz) above,

|z]| > 0.5

y(n) = 0.5774(n) + 0.2887%(n — 1) + 0.5y(n — 1) — 0.25y(n — 2)

iii. The pole-zero plot is shown in Figure 4.9.

Pole-Zero plot
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Figure 4.9: Problem P4.15.4 pole-zero plot

1

iv. The outputy(n) for the inputx(n) = ()" u(n): Thez-transf fx(n)is X(z) = —————
iv. The outputy(n) for the inputx(n) = () u(n): Thez-transform ofx(n) is X(2) T 025"

|z| > 0.25. Now thez-transform ofy(n) is

0.5774+ 0.28872* 1
Y(2) =H@)X(2) =
@ @X (1— 0.5z71 + 0.2522) (1— 0.25z1
B 0.5774* 05774
~ 1.0000—0.5z71+025z2 1-1z1

), |z]| > 0.5

z| > 05

Hence 4
y(n) = 5(0.5)“ sin(Zmu(n) + 0.57743)"u(n)
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5. h(n) = [2 — sin(n)]Ju(n) = 2u(n)
i. The system functionH (z) = Z[h(n)] = Z[2u(n)] = % |z| > 1.

ii. The difference equation representatiognin) = 2x(n) + y(n — 1)
iii. The pole-zero plot is shown in Figure 4.10.

Pole-Zero plot
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Figure 4.10: Problem P4.15.5 pole-zero plot

iv. The outputy(n) for the inputx(n) = (%1)n u(n): Taking thez-transform ofx(n),
1
— n —
X(2) = Z[(1/H um)] = T o5 |z > 0.25

Now thez-transform ofy(n) is

2 1
Y@ =H@X® = (1_ z—l) <1_ 0252_1) 2> 1

8/3 2/3 21
= — 11 >
1-z1t 1-3z1

Hence

n—8un 2 1nun
Y()—é()—é(z> (n)
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P4.16 Consider the system shown below.

x(n)

A
=
—
3
a2
Il
N
(=4
=
N
|
[\
-
|

>
~~
N
|
=
=
3
—
S
=
|
I
~—
3
<
~
N
=
<
N
3
N

1. The overall system impulse respons@), using thez-transform approach: The above system is given by

H(@) = H (2 [1 + Hi(D] = [1+0252% -2z

1-05z1

(1- 05271 9

Hence after taking inversetransform , we obtain
1
h(n) =4§(n) — Eﬁ(n -1

2. Difference equation representation of the overall systeérom the overall system functidd (z),

H(z) = % =1-05z"1= y(n) = x(n) —0.5x(n — 1)

3. Causality and stability: Sinde(n) = 0 for n < 0, the system is causal. Sinkhén) is of finite duration
(only two samples)h(n) is absolutely summable. Hence BIBO stable.
4. Frequency respond¢ (e/) of the overall system.

H (el) = F[h(m] = F [S(n) - %8(n - 1)] =1- %e‘j‘”

5. Frequency response overOw < 7 is shown in Figure 4.11.

Magnitude Response Phase Response
T T T T 45 T T
) : ] T L e U Lo ]
S : § ' : : :
'E ; 5
g : g : : : :
> st/ ....... ....... ...... .......
0 ; ; ; 0
0 0.2 0.4 0.6 0.8 1 0 0.2 04 0.6 0.8 1
w/ T w/ T

Figure 4.11: Problem P4.16 frequency-response plot
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P4.17 System representations and input/output calculations:

1. H(2 = (z+ 1)/(z— 0.5), causal system. Consider

z+1 1421 1 z1
H(z) = - 1zl > 05
&= 05 1 0527 1-052% "1_08.1 4~

i. The impulse response: Taking the inverstansform ofH (z),
h(n) = Z71[H(2)] = (0.5"u(n) + (0.5 u(n — 1)
ii. The difference equation representation: Frbitz) above,
y(n) = x(n) + x(n — 1) + 0.5y(n — 1)

iii. The pole-zero plot is shown in Figure 4.12.

Pole-Zero plot

Imaginary Part
o
o
X

-1 -05 0 0.5 1
Real Part

Figure 4.12: Problem P4.17.1 pole-zero plot

iv. The outputy(n) for the inputx(n) = 3 cogwn/3)u(n): Taking thez-transform ofx(n),

_ -1 _ -1
X(2) = Z[3cogmn/3)u(n)] =3 1 - [cosw/3))z =3 1-052 lz| > 1

1-[2cogn/3)]z 1+ 22 1-z1427%

Now thez-transform ofy(n) is

1+2z71 1-05z1 1+2z1
Y(2)=H(@)X((z2) = 3 = Jlzl > 1
@ =H@X? (1—0.521)(1—zl+z ) e e R
1-05z1415z1 1-05z1 ﬁ* 7!
1-z142z7? l—z*l—i-z*2 14z2

Hence
y(n) = 3cogmn/3)u(n) + 3v/3sin(zn/3)u(n)

2006
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2. H2=A+z1Y4+22/(1+0.5z"t - 0.25272), stable system. Consider

1+z 142722 0.9348 4.0652

H(2) = == ’
@ 1+0.5z1 —0.25z2 "1 +0.809z1 1 030e T

2| > 0.809

i. The impulse response: Taking the inversgansform ofH (z),
h(n) = Z71[H(2)] = —45(n) + 0.9348—0.809"u(n) + 4.06520.309)"u(n)
ii. The difference equation representation: Frbifz) above,
y(n) = x(n) + x(n — 1) + x(n —2) — 0.5y(n — 1) 4+ 0.25y(n — 2)

iii. The pole-zero plot is shown in Figure 4.13.

Pole-Zero plot

O :
E 0.5 :
o :
> :
a obt - D R D RN IIIIP
£ .
=3 :
© X
£ -o0s :
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-1
-1 -05 0 0.5 1

Real Part

Figure 4.13: Problem P4.17.2 pole-zero plot

iv. The outputy(n) for the inputx(n) = 3 cogmn/3)u(n): Taking thez-transform ofx(n),

B -1 B -1
X(2) = Z [3cosmn/3)u(n)] = 3— 10T/ _3 1052

1—[2cosn/3)]z 1+ 272 1-z14722

Now thez-transform ofy(n) is

14+z14272 . 1- 0.5z1
Y@ =H@X@ = 1+0521-02522)\"1—z14+22)° 21> 1

J3—
1.2055 0.9152 2.7097(1 — 1z . 3.3524(72 1) o
frd _ -
1+080% 1 1-0.3091 1—z14722 1_z14z72°

Hence

y(n) = 1.2055-0.809"u(n) — 0.91520.309"u(n) + 2.7097 cogz n/3)u(n)
+ 3.3524 sirirn/3)u(n)
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3. H(2) = (2 - 1)/(z - 3)?, anti-causal system. Consider

?-1 1-272 1 2/9 8 3z17
H(2) = = - — =—c+ — + 55 5. 121 <3
(z—32 1-6z14+9z72 9 1-3z1 27(1_32—1)

i. The impulse response: Taking the inversgansform ofH (z),
-1 1 2 n 8 n+1
hin)=Z""[H@Z]=—-=6n) — =3u(-—n—-1) — =(n+ D3 u(—n—2)
9 9 27
ii. The difference equation representation: Frbitz) above,

y(n) = x(n) —x(n —2) +6y(n —1) —9y(n —2)

iii. The pole-zero plot is shown in Figure 4.14.

Pole-Zero plot

15
< 1
©
O 05
)
g 0 O ............. O ............. )(2
2 -05
S
- -1
-15
-1 0 1 2 3

Real Part
Figure 4.14: Problem P4.17.3 pole-zero plot

iv. The outputy(n) for the inputx(n) = 3 cogzn/3)u(n): Taking thez-transform ofx(n),

B B 1—[cogn/3)Jzt . 1-05z2"
X(2) = Z[3cogwn/3un)] = 31 “costAZiizE 31 ST 7 |z > 1

Now thez-transform ofy(n) is

1—2772 1-05z1
Y2 =H@)X(2) = (1_ = 922> (31_ — 22> 1<zl <3

193 (/3
_ 43/49 20z 3zt 22 (1-1z7Y) on(?z 1)
S 1-3z1 21 (1-3z1)° 1-z'+z? 1-z'4+z7?

|z > 1
Hence

_ A .20 Ml oy SO
y(n) = 493 u(—n-1) 21(n+1)3 u(—n-—2) 49cos(nn/3)u(n)

+ 193 sin(zn/3)u(n)
1820° "
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4 HZ = —2 1 1-05z7 stable system. Consider
: 7025 14271’ ystem.
1 1-05zt 2+2zt+3z7?
H(2) = -t -1 71 1
1-0.252z 142z 1+ 4271 — 3272
1 1 5/4

__1 L 025< |z] <2
471 0251 T 11221 <lzl <

i. The impulse response: Taking the inverseansform ofH (z2),
1 1\" 5
_ =1 _ = = _ Song 0
hin)=Z""[H(2)] = 45(n) + <4> u(n) 42 u(—n-1
ii. The difference equation representation: Frbifz) above,

5 1 7 1
y(n) = 2x(n) + Zx(n -1 — éx(n —-2)— zly(n -1+ Ey(n -2

iii. The pole-zero plot is shown in Figure 4.15.

Pole-Zero plot

Imaginary Part
o
X
o
o
X

-2 -15 -1 -05 0 05 1
Real Part

Figure 4.15: Problem P4.17.4 pole-zero plot

iv. The outputy(n) for the inputx(n) = 3 cogmn/3)u(n): Taking thez-transform ofx(n),

. -1 . -1
X(2) = Z[3cosirn/3u(m] = 3- 1= [cosn/3)lz _3. 17952

—[2cogn/3)|z 1+ 22 1-z14272

Now thez-transform ofy(n) is

<2+ 2ty %z*) 1-05z1
Y(2z) = H@2)X(2) = <°1

3 , 1<zl <3
1+1zt—1z2 —z—1+z—2) 12

323

7528 313 WR(1-1zY) 2 ()

T 14271 1-3z1 1—z14+z2 1-z14z72

|z]| > 1

Hence

75 ) 3 (1) 1203

— 323 sin(zzn/3)u(n)
25531
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5 H(@ = 1+ z14 27?72 Consider

Hz)=14+2z1429)?=14271+322+22%47% 121> 0

i. The impulse response: Taking the inversansform ofH (z),
h(n)=Z2[H@]=1(1.2321)
T
ii. The difference equation representation: Frbitz) above,

y(n) = xX(N) +2x(n — 1) + 3X(n — 2) + 2x(n — 3) + X(n — 4)

iii. The pole-zero plot is shown in Figure 4.16.

Pole-Zero plot

= 0.5 :
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=
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©
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Figure 4.16: Problem P4.17.5 pole-zero plot

iv. The outputy(n) for the inputx(n) = 3 cogmn/3)u(n): Taking thez-transform ofx(n),

_ -1 _ -1
X(2) = Z [3cosrn/3)u(n)] = 3~ [COT/IZ _3 17052 12> 1

1—-[2cogn/3)]z 1+ 22 1-z1+2z

Now thez-transform ofy(n) is

—1 -2 -3 —4 _ -1
Y(z):H(z)X(z)=3|:(1+22 +3224+ 2234+ 2% (1- 05z )},|z|>1

1-z147z2

328 (/3,-1
94 3271 3272 32*3—1- (1-327" m(TZ ) 2> 1
= — —_ = —_ = - ) >
2 2 2 l1—-z14+z2 1—z142772

Hence
N) =9(n) + =8(n—1) — =8(n — 2) — =8(n — 3) + —— cogwn/3)u(n
y 2 ( ) 2 2 364 /3um

328 .
- Hasln(yrn/3)u(n)



2006 SOLUTIONS MANUAL FOR DSP USING MATLAB (2ND EDITION) 169

P4.18 System representations and input/output calculations:

1. y(n) =[x(n) +2x(n — 1) + x(n — 3)] /4

i. The system function representation: Taking theansform of the above difference equation,

Y2 1+2z7'+7°3
X(2) 4

Y2 = %[X(Z) +227'X(2) + 23 X(@)] = H(2») =
ii. The impulse response: Taking the inverstransform ofH (z),
hm)zimmy+%m-4g+mn—a]

iii. The pole-zero plot is shown in Figure 4.17.

Pole-Zero plot

T - 3
g 05 ; .
> - : :
E 0 O .......... :v ......... x?’ ....... -
2 = r
g -0.5 O

-2 -15 -1 -05 0 05 1
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Figure 4.17: Problem P4.18.1 pole-zero plot
iv. The outputy(n) for the inputx(n) = 2(0.9)"u(n): Taking thez-transform ofx(n),
2
— n —
X(2) = Z[2(0.9"u(n)] = T oo, 14 >09

Now thez-transform ofy(n) is

1+4+2z71 -3 2
Y(z)=H(z)X(z)=( ez Tz )(1_0921>,|z|>0.9

4
1310 50 5 990
=" _ 7l _Zyz24__ 4L 17109
729 81 9 1-09z1
Hence
1310 50 5 990 N
y(n) = —ﬁS(n) - 8—18(n -1 — 58(n -2+ m(0.9) u(n)
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2. y(n) = x(n) + 0.5x(n — 1) — 0.5y(n — 1) 4+ 0.25y(n — 2)
i. The system function representation: Taking tieansform of the above difference equation,

Y(2) = X(2) + 0.5271X(2) — 0.5271Y(2) + 0.25272Y (2)

or
Y(z 1+ 05z1 1+05z1
@ _ i — + . 1z] > 0.809

H = =
@ = X@ ~ 110521 02522  (1+080% 1) (1—030% )

ii. The impulse response: Taking the investansform ofH (2),

hery = 21 1405721 - [ 02764 , 07236 }
B (1+0.809%-1) (1 - 0.309%) | 1+080% '  1-0.309%!

— 0.2764—0.809"u(n) + 0.72360.309"u(n)

iii. The pole-zero plot is shown in Figure 4.18.

Pole-Zero plot

xo ..... Ox ........

Imaginary Part
o

-1 -05 0 0.5 1
Real Part

Figure 4.18: Problem P4.18.2 pole-zero plot
iv. The outputy(n) for the inputx(n) = 2(0.9)"u(n): Taking thez-transform ofx(n),

2
X(2) = Z[2(0.9"u(n)] = T oo 174> 09

Now thez-transform ofy(n) is

1405z 2
Y2 =H@X(2) = zl > 0.9
@ =H@X3@ <l+0.521—0.2522> <1—0.921) 121>
0.2617 0.7567 2.495

= 17080%% 1-030%' 1_0071

,1z] > 0.9
Hence

y(n) = 0.2617—0.809"u(n) — 0.75670.309"u(n) + 2.4950.9)"u(n)
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3. y(n) = 2x(n) +0.9y(n — 1)

i. The system function representation: Taking tieansform of the above difference equation,

Y (2) = 2X(2) + 0.9271Y (2)
Y@ 2

T X(z 1-0.9z1
ii. The impulse response: Taking the investransform ofH (z2),

or H(2)

, |z| > 0.9

h(n) = 2(0.9)"u(n)

iii. The pole-zero plot is shown in Figure 4.19.

Pole-Zero plot

0.5

Imaginary Part
o
©
x

-1 -05 0 0.5 1
Real Part

Figure 4.19: Problem P4.18.3 pole-zero plot
iv. The outputy(n) for the inputx(n) = 2(0.9)"u(n): Taking thez-transform ofx(n),
2
— n —
X(2) = Z[2(0.9"u(n)] = T oo, 14 >09

Now thez-transform ofy(n) is

2 2
Y(2) =H@)X(@2) = (1_ 0921) (1_ 0921> .1zl > 0.9

40 09zt
= 2 7-09
9 (1-09zY)

Hence

y(n) = 4—90(n +1)(0.9™u(n + 1)
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4. y(n) = —0.45x(n) — 0.4x(n — 1) + x(n — 2) + 0.4y(n — 1) 4+ 0.45y(n — 2)
i. The system function representation: Taking tieansform of the above difference equation,

Y(2) = —0.45X(2) — 0.42 *X(2) + 2 *X(2) + 0.4Z 'Y (2) + 0.452 %Y (2)
Y(z —045-04z1'+7°7 —045—-04z 1422

or H(z) = = = , |zl > 0.9
@ X(z 1-04z1-04522 (140521 (1-0.9z1) 12>
ii. The impulse response: Taking the investransform ofH (z2),
—045-04z14 772 20 1.5536 0.2187
hin) = 271 i ] +
(1+05z°%) (1-0.9z1) 9 1+05z1! 1-09z1

= —%)S(n) + 1.5536—0.5)"u(n) + 0.2187%0.9)"u(n)

iii. The pole-zero plot is shown in Figure 4.20.

Pole-Zero plot
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Figure 4.20: Problem P4.18.4 pole-zero plot
iv. The outputy(n) for the inputx(n) = 2(0.9)"u(n): Taking thez-transform ofx(n),
2
— n —
X(2) = Z[2(0.9)"u(n)] = T 00 |z| > 0.9

Now thez-transform ofy(n) is

—0.45—- 0.4z + 72 2
Y@ =H@X® = < z_*2 ) <l_092_1> |zl > 09

1-0.4z1—-0.45z2

1.1097 2.4470 0.9z71

_ - 0.485% 2 |z > 0.9
140521 1-09z1 " (1-09z 1) 12>

Hence

y(n) = 1.1097—0.5)"u(n) — 2.4470(0.9)"u(n) + 0.4859n + 1)(0.9)" u(n + 1)
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5. y(n) = Y r_5(0.8)™x(n —m) — 37_, (0.9 y(n - ¢)
i. The system function representation: Taking theansform of the above difference equation,

4 4
Y(2) =) (08"z"X(2) - > (0.92Y(2)
m=0 (=1
YD Ymo08mz ™
CX@ 1434 09z
1+0.82714 064+ 22+ 051223 + 0.4096z~*

— 0.9
(1055621 1 081z %) (11 14562 1 1 08127 "~

ii. The impulse response: Taking the investransform ofH (z2),

0.1873+ 0.0651z 1 N 0.1884+ 0.135% 1
1—-05562"1+0.81z2 1+ 145621+ 0.81z2
= 0.18845(n) + [0.18790.9)" cog0.47n + 4.63) + 0.18850.9)" c0og0.87n + 1.1°)] u(n)

iii. The pole-zero plot is shown in Figure 4.21.

or
H(2)

h(ny= 271 [0.6243-1—

Pole-Zero plot
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Figure 4.21: Problem P4.18.5 pole-zero plot
iv. The outputy(n) for the inputx(n) = 2(0.9)"u(n): Taking thez-transform ofx(n),
2
X(2) = Z[200.9"u(n)] = ———, |z > 0.9

 1-09z1
Now thez-transform ofy(n) is

1+08z14+0.64+272+05122°+ 0.40962* 2
Y(2)=H@2)X(2) =
1409214081422+ 0.27% 3+ 0.6561z4 1-0.9z1
B 0.2081+ 0.1498&1 n 0.1896+ 0.16851 4 1.6023
~ 1-0556214081z2 1+ 14562 1+0.81z2 1—09z
Hence

7. 12l > 0.9

y(n) = 0.31970.9)" cog(0.47n — 49.37°)u(n) + 0.19820.9)" cog0.87n — 16.9°)u(n)
1 1.60230.9)"u(n)
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P4.19 Separation of the total respongé) into (i) the homogeneous part, (ii) the particular parf) ¢e transient
response, and (iv) the steady-state response for each &fstems given in Problem P4.18.

1. y(n) = [x(n) + 2x(n — 1) + x(n — 3)] /4: The total response is

(n) = 1310(S(n) 508(n 1) 5<S(n 2) + 99O(O 9)"u(n)
YW ="%29 81 9 431"
i. Homogeneous part: Since the system is an FIR filter, thedgemeous equation ign) = 0. Thus
Yh(n) = 0.
ii. Particular part: Hence the total response is the pddiqoart, or
(n) = 131O(S(n) 505(n 1) 5(S(n 2) + 990(0 9)"u(n)
iV ="7259 81 9 431"
iii. Transient response: Since the entire response deoaexo,
(n) = 1310(S(n) 50(S(n 1) 55(n 2) + 990(0 9)"u(n)
Vel ="29 81 9 431"

iv. Steady-state response: Cleasy(n) = 0.
2. y(n) = x(n) + 0.5x(n — 1) — 0.5y(n — 1) + 0.25y(n — 2): The total response is

y(n) = 0.2617—0.809"u(n) — 0.75670.309"u(n) + 2.4950.9)"u(n)
i. Homogeneous part: The first two termsyi(n) are due to the system poles, hence
yn(N) = 0.2617(—0.809"u(n) — 0.7567(0.309"u(n)
il. Particular part: The last term ip(n) is due to the input pole, hence
Yp(n) = 2.495(0.9)"u(n)
iii. Transient response: Since all polesYofz) are inside the unit circle,
yir(N) = 0.2617(—0.809"u(n) — 0.7567(0.309"u(n) + 2.4950.9)"u(n)

iv. Steady-state response: Cleasly(n) = 0.
3. y(n) = 2x(n) + 0.9y(n — 1): The total response is

y(n) = %)m + 1)(0.9)"u(n + 1)

i. Homogeneous part: Since the system pole and the inputgreléhe same and hence are indistin-
guishable. Therefore, the total response can be equallyedivnto two parts or

20
Ya(n) = (0 + 1)(0.9)"u(n + 1)

ii. Particular part: Since the system pole and the input prdghe same and hence are indistinguishable.
Therefore, the total response can be equally divided intoparts or

Yo(N) = 230(n +10.9"un + 1)
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iii. Transient response: Since all poles\ofz) are inside the unit circle,

40
Yo () = < (N+ (0.9 un + 1)
iv. Steady-state response: Cleasyy(n) = 0.
4. y(n) = —0.45x(n) — 0.4x(n — 1) + x(n — 2) + 0.4y(n — 1) + 0.45y(n — 2): The total response is
y(n) = 1.1097—0.5)"u(n) — 2.44700.9)"u(n) + 0.4859n + 1)(0.9)"**u(n + 1)

i. Homogeneous part: There are two system pofgs= —0.5 andp, = 0.9. Clearly, p, is also an
input pole. Hence the response dugchas to be divided to include in both parts. Hence

Ya(n) = 1.1097—0.5)"u(n) — 1.11350.9)"u(n) + 0.24295n + 1)(0.9)"*u(n + 1)
ii. Particular part: from above,
Yp(n) = —1.11350.9)"u(n) 4+ 0.24295n + 1)(0.9)"tu(n + 1)
iii. Transient response: Since all polesYfz) are inside the unit circle,
yir(N) = 1.1097—0.5)"u(n) — 2.44700.9)"u(n) + 0.4859n + 1)(0.9)"*u(n + 1)
iv. Steady-state response: Cleasly(n) = 0.
5. y(n) = Y4 _,(0.8)™x(n —m) — Y°7_,(0.9)‘y(n — £): The total response is

y(n) = 0.319700.9)" cog0.47n — 49.37°)u(n) + 0.19820.9)" cog0.87n — 16.9°)u(n)
+1.60230.9)"u(n)

i. Homogeneous part: The first two termsyi(n) are due to the system poles, hence
Yh(n) = 0.3197(0.9)" cog0.47n — 49.37°)u(n) + 0.19820.9)" cog0.87n — 16.9°)u(n)
il. Particular part: The last term ip(n) is due to the input pole, hence
Yp(n) = 1.60230.9)"u(n)
iii. Transient response: Since all polesYofz) are inside the unit circle,

yir(N) = 0.3197(0.9)" cog0.47n — 49.37)u(n) + 0.19820.9)" cog0.87n — 16.9°)u(n)
+1.60230.9)"u(n)

iv. Steady-state response: Cleasly(n) = 0.
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P4.20 A stable system has the following pole-zero locations:
zeros: +£1, +j1 Poles: 0.9, £j0.9

It is also known thatH (e/™/4) = 1.

1. The system functioi (z) and its region of convergence: Consider

-1 D(z—j i 1—-z4
H2) =K (z—D(z+D(z _J)(Z+J)_ _K z 12> 09
(z—0.9)(z+0.9(z— j0.9)(z+ j0/9  1—0.6561z 4
Now atz = e/™/4, we haveH (e/™/4) = 1. Hence
1=H (™% = KL= K %1207 K = 0.8281
1— 0.656%i~ ' '

or
~0.8281(1- 7%

H(2) =
@ 1-0.6561z4 "’
2. The difference equation representation: From

|z| > 0.9

| 08281(1-7%) Y
H@ =106z ~ X2

we have
y(n) = 0.8281x(n) — 0.8281x(n — 4) 4+ 0.6561y(n — 4)

3. The steady-state respongg(n) for the inputx(n) = cogxn/4)u(n): From thez-transform table,

X(2) = L= lcos/Anzt 1- 5zt
1—[2cosm/M]|z i +z22 1- /2714 72
Hence
0.8281(1 — z* 1- %zt
Y(2) = H2X(2) = ( ) V2
1-0.6561z4 |\1—- 271422
1- 5zt 0.0351 0.0509  —0.0860— 0.135& *

lz>1

Sl _Voritz? 1-097% 110971 1—0.81z2
The first term above has poles on the unit circle and hence ¢inesteady-state response
Yss(N) = cogn/4)

4. The transient responsg(n) for the inputx(n) = cogxn/4)u(n): The remaining terms ig(n) are the
transient response terms. Using ther_CC_PP function we have

0.0351 0.0509 1 0.9z
Yo (2) = — _ — 0.0860———— —0.1509——~ |z >1
W@ =—1"0071 110071 1-081z 2 T_osz 2 4~
Hence

yir () = —0.035%0.9)"u(n) — 0.0509—0.9)"u(n) — 0.086(0.9)" coszn/2)u(n)
— 0.15090.9)" sin(zzn/2)u(n)
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P4.21 A digital filter is described by the frequency response fiamct
H(e®) = [14 2 coqw) + 3 cog2w)] cogw/2)e15/?

which can be written as

] ejw_i_efjw ej2w+e*1-2w ej%‘”-i—e*j%w .5
[ o

3 5 . : - 5 3 .
— = el e—ij e—j3w _e—]4a) _e—j5w
2 t2& 0t + +7 +7

or after substitutingg™1® = z~1, we obtain
3 5 5 3
Hz)==>+Zz'4+z2+z3%+27%44+27°
@=g+47 +Z7°+77+ 777+
1. The difference equation representation: Fiditz) above

3 5 5 3
y(n) = Zx(n) + me -1 +x(n—2)+x(h—3) + Zx(n —4) + Zx(n —5)

2. The magnitude and phase response plots are shown in Bigze

Magnitude Response Phase Response
, , . 180 - . ,
6 ......... o e e
S
3 4 ...................................... $
= g—, ok I N
o O el e NN
= ol N
141 .................................. )
0 : : ' 0 -180 . . .
0 0.25 0.5 0.75 1 0 0.25 0.5 0.75 1
w/ T w/m

Figure 4.22: Problem P4.21.2 frequency-response plots

The magnitude and phasemt= /2 are/2 and—45°, respectively. The magnitude at= r is zero.
3. The output sequenggn) for the inputx(n) = sin(zn/2) + 5cogmn): MATLAB ScCript:

clc; close all; set(0,’defaultfigurepaperposition’,[0,0,7,5]);

b= [3/45/4115/43/4]; a = [1 0];

n = 0:200; x = sin(pi*n/2)+5*cos(pi*n); y = filter(b,a,x);

Hf _1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0421c’);

subplot(2,1,1); Hs = stem(n,x); set(Hs,’markersize’,2); axis([-2 202 -7 6]);

xlabel(’n’,’FontSize’ ,LFS); ylabel(’x(n)’,’FontSize’,LFS);

title(’x(n) = sin(\pi \times n / 2)+5 \times cos(\pi \times n)’,...
’FontSize’ ,TFS);

subplot(2,1,2); Hs = stem(n,y); set(Hs,’markersize’,2); axis([-2 202 -2 4]);

xlabel(’n’,’FontSize’ ,LFS); ylabel(’y(n)’,’FontSize’,LFS);

title(’Output sequence after filtering’,’FontSize’,TFS);

print -deps2 ../epsfiles/P0421c;



x(n) =sin(rtx n/ 2)+5 x cos(tt % n)

© < N o N <t r_O
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P4.22 A digital filter is described by the frequency response fiamct

- 14 e l%
HEe?) = .
1-0.814% j%
which after substituting1® = z-* becomes
1+2z4
H? = —F—
@ 1-0.8145+4

1. The difference equation representation: Fiditz) above
y(n) = x(n) + x(n — 4) + 0.8145¢(n — 4)

2. The magnitude and phase response plots are shown in Big4e

Magnitude Response Phase Response
10.78 : 180 . : .
10
35
2 8
.E @
g ° a
=
0 . . -180 : :
0 0.25 05 075 1 0 0.25 05 075 1
w/ T w/ T

Figure 4.24: Problem P4.22.2 frequency-response plots

The magnitudes and phases at both- 7 /2 andw = 7 are 1078 and 0, respectively.
3. The output sequenggn) for the inputx(n) = sin(zn/2) + 5 cogmn): MATLAB ScCript:

clc; close all; set(0,’defaultfigurepaperposition’,[0,0,7,5]);

b=[10001]; a=[1000 -0.8145];

n = 0:200; x = sin(pi*n/2)+5*cos(pi*n); y = filter(b,a,x);

Hf 1 = figure; set(Hf_1,’NumberTitle’,’off’,’Name’,’P0422c’);

subplot(2,1,1); Hs = stem(n,x); set(Hs,’markersize’,2); axis([-2 202 -7 7]1);

xlabel(’n’,’FontSize’ ,LFS); ylabel(’x(n)’,’FontSize’,LFS);

title(’x(n) = sin(\pi \times n / 2)+5 \times cos(\pi \times n)’,...
’FontSize’,TFS);

subplot(2,1,2); Hs = stem(n,y); set(Hs,’markersize’,2); axis([-2 202 -70 70]);

xlabel(’n’,’FontSize’ ,LFS); ylabel(’y(n)’,’FontSize’,LFS);

title(’Output sequence after filtering’,’FontSize’,TFS);

print -deps2 ../epsfiles/P0422c;

The input and output sequence plots are shown in Figure#hgSteady-state responsexéh) should
be (using the magnitude and phasevat 7/2 computed in part 2. above)

Vss(N) = 10.78 sin(wn/2) + 10.78 x 5cogmn)
= 10.78sin(wn/2) 4+ 53.91coywn/2)
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Figure 4.25: Problem P4.22.3 input and output sequencs plot
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P4.23 Difference equation solution using the one-sidelansform approach.

y(n) = 08ly(n—2)+x(n)—x(n—1), n>0; y(-1) =2 y(-2)=2
x(n) = (0.7"u(n+1)

Notice that L
_ n _ (07)_ ) n= _1|
x(m=0.7nun+1 = { (0.7"u(n), n=>0.
After taking the one-sided-transform of the above difference equation, we obtain

Y*(2) = 0.81[y(—2) + y(—~Dz ' + 2 2Y (@) ] + XT(2) — [x(—D) + Z ' X (D)]
=0.812 2Y*(2) + [1 - 2 '] X*(2) + [0.81y(—2) — x(—1)] + 0.8ly(-1)z"*

or
1-z1 [0.81y(—2) — x(—1)] + 0.81y(-1)z*
Yt (z)= ———XT(z
2 1-0.81z1 @+ 1-0.81z1
After substituting the initial conditions and*(z) = Z[0.7"u(n)] = 1 071" we obtain
1 -1
V(2 = 1-z 1 N 0.1914+ 1.62z
1-0.81z1 1-0.7z1 1-081z1
11914+ 0.486Q ! — 1.134( 2 _o. 0.4642 n 2.7273
~ (1-081z%)(1-07z% T 1-081z1 1-07z1

Hence upon inverse transformation
y(n) = 25(n) + 0.46420.81)"u(n) + 2.72730.7)"u(n)
MATLAB verification:

clc; close all;

bl = [1 -1]; nbl = [0 1]; a1l = [1 0 -0.81]; nall = [0 1 2]; al2 = [1 -0.7];
nal2 = [0 1]; [al,nal] = conv_m(all,nall,al2,nal2);

b2 = [0.1914 1.62]; nb2 = [0 1]; a2 = [1 0 -0.81]; na2 = [0 1 2];
[bnrl,nbnrl] = conv_m(bl,nbl,a2,na2); [bnr2,nbnr2] = conv_m(b2,nb2,al,nal);
[b,nb] = sigadd(bnril,nbnrl,bnr2,nbnr2); [a,na]l = conv_m(al,nal,a2,na2);
[R,p,k] = residuez(b,a);

R =

-0.2106-0.00001
0.0000
0.7457+0.00001
0.0000-0.00001
0.6562

p:

181
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-0.9000

-0.9000
0.9000+0.00001
0.9000-0.00001
0.7000

k = []

n = [0:20]; x = 0.7.7n; xic = [0.1914 1.62];
ybl = filter(bl,all,x,xic);
yb2 = R(1)*x((p(1)) . n)+R(3)*((p(3)). n)+R(5)*((p(5)) . n);
error = max(abs(ybl-yb2))
error =

6.2150e-008
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P4.24 Difference equation solution for(n), n > 0: Given
y(n) — 0.4y(n — 1) — 0.45y(n — 2) = 0.45x(n) + 0.4x(n — 1) — x(n — 2)

driven by the inpux(n) = 2+ (3)"u(n) and subject to/(~1) = 0, y(—2) = 3; x(-1) = x(-2) = 2.
Taking the one-sided-transform of the difference equation, we obtain

Y*(2) — 0.4y(—1) — 0.4z 1Y " (2) — 0.45y(—2) — 0.45y(—1)z ! — 0.452°2Y " (2)
= 0.45X"(2) + 0.4x(—1) 4+ 0.4z X" (2) — x(=2) — x(=1)zt — 272X *(2)
or 0.45+4 04z 1 — 72
+ —
V@D =104z 1045 2
N [0.4y(—1) 4 0.45y(—2) + 0.4x(—1) — x(—=2)] + [0.45y(—1) — x(—=1)]z"*
1—0.4z"1—0.45z2

X*(2)

After substituting the initial conditions and*(z) = Z [[2 HMumny | = , we obtain
g @ = 2|2+ @) "0 | = -5+ 75
N 045+ 04z 1—z72 2 1 0.15—2z1
Y (2) = — — — + — | + — —
1—0.4z71—0.4522 1—-z1 1-05z1 1—0.4z71—-0.4522
135403z 1-3822+4223 0.15—2z1
_ + 0.3z 77422 z (4.13)

(1-09z1) (1+05z%) (1—-z1) (1-05z1) 1 04z 10452
15-19251 072522+ 23

1-19z1+40.65272+0.47523 — 0.225¢ 4
2 21116 1.7188 0.3304

=171 Vt1 0071 T 1_057% 11051
Hence after inverse transformation

y(n) = [—2 +2.11160.9)" + 1.71880.5)" — 0.3303(—0.5)”] u(n)

(a) Transient response: This response is due to the polieke itiee unit circle or equivalently, the part of
y(n) that decays to zero as 7 co. Thus

Yir(N) = [2.11160.9)" + 1.71880.5)" — 0.3303—0.5)"] u(n)

(b) Steady-state response: This response is due to polés amit circle. Hencegsg(n) = —2.

(c) Zeroinputresponse: In (4.13), the last term on the mghtesponds to the initial condition or zero-input
response. Hence

Vi@ = 0.15—2z1 _ —13321 N 1.4821
AT 1 _04z1-04522 1-09z1 " 1+05z1
or yz1(n) = [—1.3324(0.9)" + 1.4821(—0.5)" ] u(n)

(d) Zero-state response: In (4.13), the first term on thet wghresponds to the input excitation or is the
zero-state response. Hence
1.35+0.3z71-3822+2z3
(1-0.9z1) (1+05z2Y) (1—-z1) (1—-05z1)
2 3.4438 1.7187 1.8125
“1-7171-0971 "1 05,1 1105:1

or yzs(n) = [~2 4 3.44380.9)" + 1.71870.5)" — 1.8125-0.5)"] u(n)

Y75(2) =
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P4.25 A stable, linear and time-invariant system is given by tHewang system function

42 -2\2z+1  A4A—2/271+77?
2-2J22+4 1—22z71+ 472
(1-0.5el%5z71) (1-0.5e7145°z71)
(1—2ei45z71) (1 - 2e7145z71)
2.1866: 13096 2.1866213096°

=025+ T et o1 12 < 2 (4.16)

H(z) =

(4.14)

, |z| < 2 (for stability) (4.15)

which is an anti-causal system.

1. The difference equation representation: From (4.14y@&bo
y(n) — 2v/2y(n — 1) 4+ 4y(n — 2) = 4x(n) — 2v/2x(n — 1) 4+ x(n — 2)

Hence for anti-causal implementation

y(n) = %x(n) - %Zx(n + 1+ x(nN+2)+ %Zy(n +1) — %y(n +2)

2. The pole-zero plot: From (4.15), the zeros are.&° and poles are ate?*>. The pole-zero plot is
shown in Figure 4.26.

Pole-Zero plot

: X
< 1
o N
> O]
g 0 .............
S O
© S
E S
X
-1 0 1 2
Real Part

Figure 4.26: Problem P4.25 pole-zero plot
3. The unit sample responkén): From (4.16),

() = 0255 — [21866 1097 (26145)" 12,1866/ (26717 u(-n — 1
= 0.255(n) — 2.18662)" [e71309 gl /40 4 @I309 g in/4N] y(—n — 1)
= 0.255(n) — 2.18662)" cogwn/4 — 30.96°)u(—n — 1)
4. The system is anti-causal. The causal (but not stablesaniple response is given by the system function

2.186613096" 2 1866:I 309

H(z) =0.25 . .
2 + 1—2ei45z-1 + 1—2e 149z

Hence
h(n) = 0.255(n) + 2.18662)" coswn/4 — 30.96°)u(n)
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P4.26 The zero-input, zero-state, and steady-state responsies system
y(n) =0.980ly(n —2) +x(n) +2x(n—1) +x(n—2), n>0; y(-2) =1, y(-1) =0

to the inputx(n) = 5(—1)"u(n): After taking the one-sided-transform of the above difference equation, we
obtain

Y*(2) =0.9801[y(-2) + y(-Dz '+ 2 2YT (2] + X" (2) + 2[x(-1) + 2 X" (2)]
+[X(=2) + x(-DZz "t + 22X ¥ (2)]

5
After substituting the initial conditions and(z) = Z[5(=1)"u(n)] = 1o 77 we obtain

14227142772 [2X(—1) + X(—2) + 0.9801ly(—2)] + [2+ x(—1)]z !
YHz)=—" "~ _X*(z
2 1—0.9801z2 @+ 1—0.9801z2
142z 14272 5 0.9801+ 2zt
= (4.17)
1-0.9801z2 J\1+z1 1—0.9801z2
5410z 1+ 5272 0.9801+ 2zt
= R + - (4.18)
14 z1—-0.9801z-2 — 0.9801z3 = 1 — 0.9801z2
_ 5.9801+129801z ! + 722
~ 14+2z1-09801z-2 — 0.9801z3
_ —0.5453 N 6.5254 (4.19)
14099t 1-099z1 '

Hence
y(n) = —0.5453-0.99)"u(n) + 6.52540.99)"u(n)

(a) Zero-input response: From (4.17), we have

0.9801+ 2zt —0.5201 1.5002
Hz (2) = = +
1—0.9801z2 1409921 1-0.99z1

Hence
yz1(n) = —0.5201(—0.99)"u(n) + 1.50020.99)"u(n)

(b) Zero-state response: From (4.18), we have

5+ 10z + 5272 —0.0253 5.0253

Hzs(2) = =
zs(2) 1+2z1-09801z2-0.9801z3 1+40.99z1 "1 0991

Hence
yzs(N) = —0.0253 —0.99)"u(n) + 5.02530.99)"u(n)

(c) Steady-state response: Since the total respg(ipegoes to zero as ' oo, there is no steady-state
response.
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Chapter 5

The Discrete-Time Fourier Transform

P5.1 Compute the DFS coefficients of the following periodic seq@s using the DFS definition and then verify
your answers USINYIATLAB .

1. X53(n)=1{4,1,-1,1}, N=4

xtildel = [4,1,-1,1]; N = 4; Xtildel = dfs(xtildel,N)
Xtildel =
5.0000 5.0000 + 0.00001 1.0000 - 0.00001 5.0000 + 0.0000i

2' )~(2(n) = {27 07 07 07 _17 07 Ov 0}! N = 8

xtilde2 = [2,0,0,0,-1,0,0,0]; N = 8; Xtilde2 = dfs(xtilde2,N)
Xtilde2 =
Columns 1 through 4
1.0000 3.0000 + 0.0000i  1.0000 - 0.0000i  3.0000 + 0.0000i

Columns 5 through 8
1.0000 - 0.0000i  3.0000 + 0.0000i  1.0000 - 0.0000i  3.0000 + 0.0000i

3. X3(n) ={1,0,-1,-1,0}, N=5

xtilde3 = [1,0,-1,-1,0]; N = 5; Xtilde3 = dfs(xtilde3,N)

Xtilde3 =
Columns 1 through 4
-1.0000 2.6180 + 0.0000i 0.3820 - 0.0000i  0.3820
Column 5

2.6180 + 0.00001

4. X4(n) ={0,0,2j,0,2j,0}, N=6

xtilde4 = [0,0,2j,0,2j,0]; N = 6; Xtilde4 = dfs(xtilde4,N)
Xtilde4 =
Columns 1 through 4
0 + 4.0000i 0.0000
Columns 5 through 6
0.0000 - 2.0000i  0.0000

2.00001 0.0000 - 2.0000i -0.0000 + 4.00001

2.00001

5 %) =1{3,2,1}, N =3
187
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xtildeb = [3,2,1]; N = 3; Xtildeb = dfs(xtilde5,N)
Xtildeb =
6.0000 1.5000 - 0.86601 1.5000 + 0.86601
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P5.2 Determine the periodic sequences given the following peciDFS coefficients. First use the IDFS definition
and then verify your answers USIMJATLAB .

1. X1(k) = {4,3j,-3j}, N =3

Xtildel = [4,j*3,-j*3]; N = 3; xtildel = idfs(Xtildel,N)
xtildel =
1.3333 -0.3987 + 0.0000i1 3.0654 - 0.00001

2. Xo(k) ={j,2j,3j,4j},N =4

Xtilde2 [j,j*2,j*3,j*4]; N = 4; xtilde2 = idfs(Xtilde2,N)

xtilde2
0 + 2.50001 0.5000

0.50001 -0.0000 - 0.50001i -0.5000 - 0.50001

3. X3k) ={1,2+3j,4,2—-3j},N=4

Xtilde3 = [1,2+j%3,4,2-j*3]; N = 4; xtilde3 = idfs(Xtilde3,N)
xtilde3 =
2.2500 -2.2500 + 0.00001 0.2500 0.7500 - 0.0000i

4. X4(k) ={0,0,2,0}, N=5

Xtilde4 = [0,0,2,0,0]; N = 5; xtilde4 = idfs(Xtilde4,N)

xtilded =
Columns 1 through 4
0.4000 -0.3236 + 0.2351i 0.1236 - 0.3804i 0.1236 + 0.38041
Column 5

-0.3236 - 0.23511

5. Xs(k) = {3,0,0,0,—3,0,0,0}, N =8
Xtildeb = [3,0,0,0,-3,0,0,0]; N = 8; xtildeb = idfs(Xtilde5,N)

xtildeb =
Columns 1 through 4
0 0.7500 - 0.00001 0 + 0.0000i 0.7500 - 0.00001
Columns 5 through 8
0 + 0.0000i 0.7500 - 0.00001 0 + 0.0000i 0.7500 - 0.00001
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P5.3 Let X;(n) be periodic with fundamental peridd = 40 where one period is given by

5sin(0.17zn), 0<n<19

x(n) = { 0, 20<n <39

and letX,(n) be periodic with fundamental peridd = 80, where one period is given by

- ] 5sin(0.17n), 0<n<19
%) = { 0, 20<n <79

These two periodic sequences differ in their periodicity diherwise have the same non-zero samples.

1. Computation oKy (k) uSingMATLAB :

nl = [0:39]; xtildel = [5*sin(0.1*pi*[0:19]),zeros(1,20)]; N1 = length(nl);

[Xtildel] = dft(xtildel,N1); k1 = ni;

mag_Xtildel = abs(Xtildel); pha_Xtildel = angle(Xtildel)*180/pi;

zei = find(mag_Xtildel < 1000%*eps);

pha_Xtildel(zei) = zeros(1l,length(zei));

Hf _1 = figure(’Units’, ’normalized’,’position’,[0.1,0.1,0.8,0.8],...
>color’,[0,0,0], paperunits’,’inches’, ’paperposition’, [0,0,6,5]);

set (Hf _1,’NumberTitle’,’off’,’Name’,’P5.3.17);

subplot(3,1,1); H_sl = stem(nl,xtildel,’filled’); set(H_s1, ’markersize’,3);

axis([-1,N1,-6,61);

title(’One period of the periodic sequence xtilde_1(n)’,’fontsize’,10);

ntick = [n1(1):2:n1(N1),N1]’; ylabel(’Amplitude’);

set(gca, ’XTickMode’,’manual’,’XTick’,ntick, ’FontSize’,8) ;

subplot(3,1,2); H_s2 = stem(kl,mag_Xtildel,’filled’); set(H_s2, ’markersize’,3);

axis([-1,N1,0,max(mag_Xtildel)+10]);

title(’Magnitude of Xtilde_1(k)’,’fontsize’,10); ylabel(’Magnitude’);

ktick = [k1(1):2:k1(N1),N1]’;

set(gca, ’XTickMode’,’manual’,’XTick’,ktick, ’FontSize’,8)

subplot(3,1,3); H_s3 = stem(kl,pha_Xtildel,’filled’); set(H_s3, ’markersize’,3);

title(’Phase of Xtilde_1(k)’,’fontsize’,10); xlabel(’k’); ylabel(’Degrees’);

ktick = [k1(1):2:k1(N1),N1]’; axis([-1,N1,-200,200]);

set(gca, ’XTickMode’, ’manual’,’XTick’,ktick, ’FontSize’,8);

set(gca,’YTickMode’, ’manual’,’YTick’, [-180;-90;0;90;180]);

Plots of%;(n) and X, (k) are shown in Figure 5.1.
2. Computation ofX,(k) uSingMATLAB :

n2 = [0:79]; xtilde2 = [xtildel, zeros(1,40)]; N2 = length(n2);

[Xtilde2] = dft(xtilde2,N2); k2 = n2;

mag_Xtilde2 = abs(Xtilde2); pha_Xtilde2 = angle(Xtilde2)*180/pi;

zei = find(mag_Xtilde2 < 1000*eps);

pha_Xtilde2(zei) = zeros(l,length(zei));

Hf _2 = figure(’Units’,’normalized’,’position’,[0.1,0.1,0.8,0.8],...
>color’,[0,0,0],  paperunits’,’inches’,’paperposition’, [0,0,6,5]);

set (Hf _2,’NumberTitle’,’off’,’Name’,’P5.3.27);

subplot(3,1,1); H_sl = stem(n2,xtilde2,’filled’); set(H_s1, ’markersize’,3);

title(’One period of the periodic sequence xtilde2(n)’,’fontsize’,10);
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Oneperiod of the periodic sequence xtildel(n)

5F i
§0=TT TT- R R O O e S S S O e e = )
£ . l l l
<

-5, 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 M
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40
Magnitude of Xtildel(k)
60 T T T T T T T T T T T T T T T T T T T T
]
S wf .
5
© L -
2 2 X X
o ATA’L.L.L.L.L.L-L-L.L.L-L.L.L’LTA
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40
Phase of Xtildel(k)
180F T T o T e T o T o T o T o T T o T o 1 T o T o 1 T T T T | p—
g 90 T -
E? 0o l ol ol o' eo ole o elele oleole o 0o o o .
—90} .
-180k_ 1 1 1 1 1 1 1 & e, 1 1@ 1 1 &, 6, 06 0,0, A

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40
k

Figure 5.1: Plots ok;(n) and X1(k) in Problem 5.3a

ntick = [n2(1):5:n2(N2),N2]’; ylabel(’xtilde2’); axis([-1,N2,-6,6]);

set(gca, ’XTickMode’,’manual’,’XTick’ ,ntick)

subplot(3,1,2); H_s2 = stem(k2,mag_Xtilde2,’filled’); set(H_s2, ’markersize’,3);
axis([-1,N2,0,60]);

title(’Magnitude of Xtilde2(k)’,’fontsize’,10); ylabel(’|Xtilde2]’)

ktick = [k2(1):5:k2(N2),N2]’;

set(gca, ’XTickMode’, ’manual’,’XTick’,ktick)

subplot(3,1,3); H_s3 = stem(k2,pha_Xtilde2,’filled’); set(H_s3, markersize’,3);
title(’Phase of Xtilde2(k)’,’fontsize’,10); xlabel(’k’); ylabel(’Degrees’)
ktick = [k2(1):5:k2(N2),N2]’°; axis([-1,N2,-200,200]);

set(gca, ’XTickMode’, ’manual’,’XTick’,ktick)
set(gca,’YTickMode’,’manual’,’YTick’,[-180;—90;0;90;180])

Plots of%,(n) and X,(k) are shown in Figure 5.2.

3. Changing the period fromN = 40 to N = 80 resulted in a lower frequency sampling interval (higher
frequency resolutionys, i.e., in (5)w1 = 7/20 and in (5)w, = 7 /40. Hence there are more terms in the
DFS expansion o%,(n). The shape of the DTFT begins to fill in witkh = 80.
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Oneperiod of the periodic sequence xtilde2(n)
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Figure 5.2: Plots of Magnitude and PhaseXefk) in Problem 5.3b
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P5.4 Consider the periodic sequenggn) given in Problem 5.3. LeX,(n) be periodic with fundamental period
N = 40, where one period is given by

- _ X1(Nn), 0<n<19
Xa(N) = { —%(n—20). 20<n <39

1. Determine analytically the DF%,(k) in terms of X1 (k).
2. Computation of the DFS,(k) usingMATLAB :

ni [0:19]; xtildel [5*sin(0.1*pi*ni)];

n2 [0:39]; xtilde?2 [xtildel, -xtildel]; N2 = length(n2);

[Xtilde2] = dft(xtilde2,N2); k2 = n2;

mag_Xtilde2 = abs(Xtilde2); pha_Xtilde2 = angle(Xtilde2)*180/pi;

zei = find(mag_Xtilde2 < 1000%*eps);

pha_Xtilde2(zei) = zeros(1l,length(zei));

Hf _1 = figure(’Units’,’normalized’,’position’,[0.1,0.1,0.8,0.8],...
>color’,[0,0,0], paperunits’,’inches’, ’paperposition’,[0,0,6,4]);

set (Hf _1,’NumberTitle’,’off’,’Name’,’P5.4.2°);

subplot(3,1,1); H_sl = stem(n2,xtilde2,’filled’); set(H_s1, ’markersize’,3);

axis([-1,N2,-6,6]1);

title(’One period of the periodic sequence xtilde_2(n)’,’fontsize’,10);

ntick = [n2(1):5:n2(N2),N2]’; ylabel(’Amplitude’);

set(gca, ’XTickMode’, ’manual’,’XTick’,ntick)

subplot(3,1,2); H_s2 = stem(k2,mag_Xtilde2,’filled’); set(H_s2, ’markersize’,3);

axis([-1,N2,0,100]1);

title(’Magnitude of Xtilde2(k)’,’fontsize’,10); ylabel(’Magnitude’)

ktick = [k2(1):5:k2(N2),N2]”;

set(gca, ’XTickMode’,’manual’,’XTick’,ktick)

subplot(3,1,3); H_s3 = stem(k2,pha_Xtilde2,’filled’); set(H_s3, markersize’,3);

title(’Phase of Xtilde2(k)’,’fontsize’,10); xlabel(’k’); ylabel(’Degrees’)

ktick = [k2(1):5:k2(N2),N2]’°; axis([-1,N2,-200,200]);

set(gca, ’XTickMode’, ’manual’,’XTick’,ktick)

set(gca,’YTickMode’,’manual’,’YTick’, [-180;-90;0;90;180])

Plots of%,(n) and X»(k) are shown in Figure 5.3.
3. Verify your answer in part 1 above using the plotsXafk) and X (k)?



194 SOLUTIONS MANUAL FOR DSP USING MATLAB (2ND EDITION) 2006

Oneperiod of the periodic sequence xtildez(n)
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Figure 5.3: Plots of Magnitude and PhaseXefk) in Problem 5.4b
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P5.5 Consider the periodic sequenggn) given in Problem 5.3. Letz(n) be periodic with period 80, obtained by
concatenating two periods &f(n), i.e.,

%3(n) = [Xa(M). X1(M ]pERIODIC
Clearly, X3(n) is different fromX,(n) of Problem 5.3 even though both of them are periodic withquk80.

1. Computation and plot of the DFE&;(k) uSiINgMATLAB :

nl = [0:39]; xtildel = [5%sin(0.1xpi*[0:19]),zeros(1,20)];

n3 = [0:79]; xtilde3 = [xtildel, xtildel]; N3 = length(n3);

[Xtilde3] = dft(xtilde3,N3); k3 = n3;

mag_Xtilde3 = abs(Xtilde3); pha_Xtilde3 = angle(Xtilde3)*180/pi;

zei = find(mag_Xtilde3 < 0.00001);

pha_Xtilde3(zei) = zeros(l,length(zei));

Hf _1 = figure(’Units’,’normalized’,’position’,[0.1,0.1,0.8,0.8],...
>color’,[0,0,0], paperunits’,’inches’,’paperposition’, [0,0,6,5]);

set (Hf _1,’NumberTitle’,’off’,’Name’,’P5.5.17);

subplot(3,1,1); H_sl = stem(n3,xtilde3,’filled’); set(H_s1, ’markersize’,3);

title(’One period of the periodic sequence xtilde_3(n)’,’fontsize’,10);

ylabel(’Amplitude’); ntick = [n3(1):5:n3(N3),N3]’;axis([-1,N3,-6,6]);

set(gca, ’XTickMode’, ’manual’,’XTick’,ntick, ’fontsize’,8)

subplot(3,1,2); H_s2 = stem(k3,mag_Xtilde3,’filled’); set(H_s2, markersize’,3);

axis([-1,N3,min(mag_Xtilde3) ,max(mag_Xtilde3)]);

title(’Magnitude of Xtilde_3(k)’,’fontsize’,10); ylabel(’Magnitude’)

ktick = [k3(1):5:k3(N3),N3]’; set(gca,’XTickMode’,’manual’,’XTick’,ktick)

subplot(3,1,3); H_s3 = stem(k3,pha_Xtilde3,’filled’); set(H_s3, ’markersize’,3);

title(’Phase of Xtilde3(k)’,’fontsize’,10); xlabel(’k’); ylabel(’Degrees’);

ktick = [k3(1):5:k3(N3),N3]’;axis([-1,N3,-180,180]);

set(gca, ’XTickMode’,’manual’,’XTick’,ktick)

set(gca,’YTickMode’, ’manual’,’YTick’, [-180;-90;0;90;180])

Plots of%3(n) and X3(k) are shown in Figure 5.4.

2. Comparing the magnitude plot above with thatXafik) in Problem (5), we observe that these plots are
essentially similar. Plots oK3(k) have one zero between every sampleXgtk). (In general, for phase
plots, we do get non-zero phase values when the magnitudez®ar. Clearly these phase values have no
meaning and should be ignored. This happens because ofieufaralgorithm used barrLas. We
avoided this problem by using tHeind function.) This makes sense because sequexgas andXz(n),
when viewed over-oco < n < oo interval, look exactly same. The effect of periodicity dbngd is in the
doubling of magnitude of each sample.

1. We can now generalize this argument. If
Xpm () = { X1 (N), X (N), ..., X1 (N)

M times PERIODIC

tben there will be(M — 1) zeros between samples &fNL(k). The magnitudes of non-zero samples of
Xm (k) will be M times the magnitudes of the samplesXaf(k), i.e.,
Xu (Mk) = MX;(k) ,k=01...,N—1
Xm (k) = 0 ,k#£0,1,...,MN
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One period of the periodic sequence xtilde3(n)
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Figure 5.4: Plots oks(n) and X5(k) in Problem 5.5a

2006



2006 SOLUTIONS MANUAL FOR DSP USING MATLAB (2ND EDITION)

P5.6 Let X(el®) be the DTFT of a finite-length sequence

n-+1, 0 <n <49
Xx(n)=41 100—n, 50<n <099
0, otherwise.

1. Let _
10-point _ . . _
yi(n) = IDFS [X(e/%), X(e12/19), X (e/4/19), ..., X (el18"/19)]

which is a 10-point IDFS of ten samples Xf(e!*) on the unit circle. Thus
o

yim = D> x(n—10r) = {1+ 114+ + 41450+ 40+ --- + 10,

=—00
24124 - +42+49+ - 4+ 9, - - Jperiodic
= {255 255 ..., 255}periodic

MATLAB verification:

n=0:99; x [n(1:50)+1,100-n(51:100)];
N1 = 10; k1 0:N1-1; w1 = 2*pi*k1/N1;
Y1 = dtft(x,n,wl); y1l = real(idfs(Y1,N1));

See thestem plot of y;(n) in Figure 5.5.

2. Let _
200-point _ _ . .
y>(n) = IDFS [X(eJO)’ X(eJZn/ZOO)’ X(emn/zoo)’ L X(ej3987'[/200):|

which is a 200-point IDFS of 200 samplesXf(e!) on the unit circle. Thus
_ ) x(n), 0=<n<49;
y2() = { 0.  50<n < 100. } -
periodic
MATLAB Vverification:

n=20:99; x = [n(1:50)+1,100-n(51:100)];
N2 = 200; k2 = 0:N2-1; w2 = 2*pi*k2/N2;
Y2 = dtft(x,n,w2); y2 = real(idfs(Y2,N2));

See thesten plot of y;(n) in Figure 5.5.

197

3. The sequenceg, (n) is a 10-point aliasing version of(n) while y,(n) is a zero-padded version gfn).



198

Amplitude
1

SOLUTIONS MANUAL FOR DSP USING MATLAB (2ND EDITION)

Original 100—point sequence x(n)
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Figure 5.5: Plots of;(n) andy,(k) in Problem 5.6
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P5.7 LetXx(n) be a periodic sequence with peribdand let
§(n) = X(—n) = X(N —n)
that is, y(n) is a periodically folded version o&(n). Let X (k) andY (k) be the DFS sequences.

1. Consider
N—1 N—-1 N—1
Y(K) = DFS[y(m] = Y MW = Y K(—mW* = " (N — m)W¥
n=0 n=0 n=0
N N—1 N—1
=Y xOWY =D g@WW™* =D T x@Wg™ .- periodic
(=1 =0 £=0

= X(=k) = X(N — k)
2. LetX(n) =1{2,4,6,1, 3, 5}pER|OD|CWith N = 6.
T

(a) Sketch ofy(n)for0 <n < 5:
Oneperiod of the periodic sequence xtilde(n)

Amplitude
S P N W b~ 0o O N

(b) Computation ofX (k) for 0 < k < 5:

X_tilde = dft(x_tilde,N)
X_tilde =

Columns 1 through 4

21.0000 1.0000 - 1.7321i -6.0000 + 3.4641i  1.0000 - 0.0000i
Columns 5 through 6

-6.0000 - 3.4641i  1.0000 + 1.73211

(c) Computation of (k) for 0 < k < 5:
y_tilde = [x_tilde(1),fliplr(x_tilde(2:end))];

Y_tilde dft(y_tilde,N)
Y_tilde

Columns 1 through 4

21.0000 1.0000 + 1.7321i -6.0000
Columns 5 through 6

-6.0000 + 3.4641i 1.0000 - 1.73211

(d) MaTLAB verification:
W_tilde = [X_tilde(1),fliplr(X_tilde(2:end))];

error = max(abs(Y_tilde - W_tilde))
error =

2.5434e-014

3.46411 1.0000 + 0.00001
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P5.8 Consider the finite-length sequence given below.

X(1) — sin{(n —50)/2}, 0 <n < 100;
0, else.
1. DFT X(Kk):
n = 0:100; xn = sinc((n-50)/2).72; N = length(xn); % given signal x(n)
Xk = dft(xn,N); k = 0:N-1; % DFT of x(n)
mag_Xk = abs(Xk); pha_Xk = angle(Xk)*180/pi; % Mag and Phase of X(k)
zei = find(mag_Xk < 0.00001); % Set phase values to
pha_Xk(zei) = zeros(1l,length(zei)); % zero when mag is zero

Hf _1 = figure(’Units’, ’normalized’,’position’,[0.1,0.1,0.8,0.8],...
’color’,[0,0,0], paperunits’,’inches’, ’paperposition’,[0,0,6,5]);

set (Hf _1,’NumberTitle’,’off’,’Name’,’P5.87);

subplot(2,1,1); H_sl = stem(k,mag_Xk,’filled’); set(H_s1, ’markersize’,3);

set(gca, ’XTick’,[0:20:N], ’fontsize’,8); axis([0,N,0,2.5])

set(gca,’YTick’,[0:0.5:2.5], fontsize’,8); ylabel(’Magnitude’);

title(’Magnitude plots of DFT and DTFT’,’fontsize’,10); hold on

subplot(2,1,2); H_s2 = stem(k,pha_Xk,’filled’); set(H_s2, markersize’,3);

set(gca, ’XTick’, [0:20:N], ’fontsize’,8); axis([0,N,-200,200])

set(gca,’YTick’, [-180;-90;0;90;180], ’fontsize’,8);

xlabel(’k’); ylabel(’Degrees’);

title(’Phase plots of DFT and DTFT’,’fontsize’,10); hold on

Thestem plot of X(k) is shown in 5.6.
2. DTFT X (el®):

[X,w] = freqz(xn,1,1000,’whole’); % DTFT of xn

mag_X = abs(X); pha_X = angle(X)*180/pi; % mag and phase of DTFT
Dw = (2xpi)/N; % frequency resolution
subplot(2,1,1); plot(w/Dw,mag_X); grid

hold off

subplot(2,1,2); plot(w/Dw,pha_X); grid

hold off

The continuous plot oK (e/) is also shown in Figure 5.6.

3. Clearly, the DFT in part 1. is the sampled versiorXofe! ).

4. ltis possible to reconstruct the DTFT from the DFT if ldmgf the DFT is larger than or equal to the length
of sequence (n). We can reconstruct using the complex interpolation foemul

N-1

X(ej‘”) _ Zx(k)¢(w— %k) , where ¢ (w)=¢"

k=

Jo(N—1)/2 sin(wN/2)
N sin(w/2)

ForN = 101, we have
100

X (€)=Y X (ke

k=0

sin (50.5w)
101 sin(w/2)
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Magnitude plots of DFT and DTFT
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Figure 5.6: Plots of DTFT and DFT of signal in Problem 5.8
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P5.9 The DTFT X (el®) of the following finite-length sequence using DFT as a comipon tool

_ | 209N _5<n<5;
x(m) = 0, otherwise.

MATLAB Script:

clc; close all;

n = -5:5; xn = 2*exp(-0.9*abs(n)); N1 = length(xn);

N = 201; xn = [xn,zeros(1,N-N1)]; Xk = dft(xn,N); Xk = real(Xk);

w = linspace(-pi,pi,N); Xk = fftshift(Xk);

Hf _1 = figure(’Units’, ’normalized’,’position’,[0.1,0.1,0.8,0.8],...
>color’,[0,0,0], ’paperunits’,’inches’, ’paperposition’,[0,0,6,3]);

set (Hf _1,’NumberTitle’,’off’,’Name’,’P5.97%);

plot(w/pi,Xk,’g’,’linewidth’,1.5); axis([-1,1,-4,5]); hold on;

plot([-1,1],[0,0],’w’,[0,0],[-4,5],’w’,’linewidth’,0.5);

title (’DTFT of x(n) = 2e"{-0.9|nl}, -5\1leq n\leq 5’,’fontsize’,10);

xlabel(’\omega/\pi’,’fontsize’,10); ylabel(’Amplitude’,’fontsize’,10);

The plot of the DTFTX (e!®) is shown in 5.7.

DTFT of x(n) = 26 %" _5< < 5

5 T T T T T T T T

T2 A A~
Voo V2R

_2- -

Amplitude

-1 -08 -06 -04 -0.2 0 0.2 0.4 0.6 0.8 1
wT

Figure 5.7: Plots of DTFT and DFT of signal in Problem 5.9
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P5.10 Plot of the DTFT magnitude and angle of each of the followieguences using the DFT as a computation
tool.

1. x1(n) = (0.6)"[u(n + 10) — u(n — 10)]. MATLAB Script:

nl [-10:10]; x1 = (0.6)."abs(nl); N1 = length(nl); N = 200; % Length of DFT
x1 [x1(11:end), zeros(1,N-N1), x1(1:10)]; % Assemble x1
[X1] = £fft(x1,N); w = (0:N/2)*2xpi/N;
mag_X1 = abs(X1(1:N/2+1)); pha_X1 = angle(X1(1:N/2+1))*180/pi;
Hf _1 = figure(’Units’,’inches’,’position’,[1,1,6,4],...

>color’,[0,0,0], paperunits’,’inches’,’paperposition’, [0,0,6,4]);
set (Hf _1,’NumberTitle’,’off’,’Name’,’P5.10.1°);
subplot(2,1,1); plot(w/pi,mag_X1,’g’,’linewidth’,1); axis([0,1,0,11]);
title(’Magnitude of DTFT X_1(e"{j\omega})’); ylabel(’Magnitude’);
subplot(2,1,2); plot(w/pi,pha_X1,’g’,’linewidth’,1); axis([0,1,-200,200]);
title(’Angle of DTFT X_1(e"{j\omegal})’); ylabel(’Degrees’); xlabel(’\omega/\pi’);
print -deps2 ../EPSFILES/P0510a

The plot of the DTFTX,(e!®) is shown in 5.8.

Magnitude of DTFT xl(ei‘*’)
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Magnitude
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Angle of DTFT X l(ei‘*’)
200 T T T T T T T T T

100 b

Degrees
o

-100F b

_200 1 1 1 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
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Figure 5.8: Plots of DTFT magnitude and phase in Problem.5.10
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2. X2(n) = n(0.9)", 0 < n < 20. MATLAB Script:

n2 [0:20]; x2 = n2.%(0.9)."n2; N2 = length(n2); N = 400; % Length of DFT
x2 = [x2,zeros(1,N-N2)]; % Assemble x2
[X2] = £fft(x2,N); w = (0:N/2)*2xpi/N;
mag_X2 = abs(X2(1:N/2+1)); pha_X2 = angle(X2(1:N/2+1))*180/pi;
Hf_2 = figure(’Units’,’inches’,’position’,[1,1,6,4],...

>color’,[0,0,0], paperunits’,’inches’, ’paperposition’, [0,0,6,4]);
set (Hf _2, ’NumberTitle’,’off’,’Name’,’P5.10.27);
subplot(2,1,1); plot(w/pi,mag_X2,’g’,’linewidth’,1); %axis([0,1,0,5]);
title(’Magnitude of DTFT X_2(e"{j\omega})’); ylabel(’Magnitude’);
subplot(2,1,2); plot(w/pi,pha_X2,’g’,’linewidth’,1); axis([0,1,-200,200]);
title(’Angle of DTFT X_2(e"{j\omega})’); ylabel(’Degrees’); xlabel(’\omega/\pi’);
print -deps2 ../EPSFILES/P0510b

The plot of the DTFTX,(e1®) is shown in 5.9.

Magnitude of DTFT Xz(ei“’)
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Figure 5.9: Plots of DTFT magnitude and phase in Problem.3.10
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3. x3(n) = c090.57n) + j sin(0.57n), 0 < n < 50. MATLAB Script:

n3 = [0:50]; x3 = cos(0.5%pi*n3)+j*sin(0.5%pi*n3); N = 500;% Length of DFT
N3 length(n3); x3 = [x3,zeros(1,N-N3)]; % Assemble x3
[X3] = dft(x3,N); w = (0:N/2)*2xpi/N;
mag_X3 = abs(X3(1:N/2+1)); pha_X3 = angle(X3(1:N/2+1))*180/pi;
Hf_3 = figure(’Units’,’inches’,’position’,[1,1,6,4],...

>color’,[0,0,0], ’paperunits’,’inches’, ’paperposition’,[0,0,6,4]);
set (Hf _3, ’NumberTitle’,’off’,’Name’,’P5.10.37);
subplot(2,1,1); plot(w/pi,mag_X3,’g’,’linewidth’,1); %axis([0,1,0,7000]);
title(’Magnitude of DTFT X_3(e"{j\omegal})’); ylabel(’Magnitude’);
subplot(2,1,2); plot(w/pi,pha_X3,’g’,’linewidth’,1); axis([0,1,-200,200]);
title(’Angle of DTFT X_3(e"{j\omega})’); ylabel(’Degrees’); xlabel(’\omega/\pi’);
print -deps2 ../EPSFILES/P0510c

The plot of the DTFTX3(e!®) is shown in 5.10.

Magnitude of DTFT X3(ei“’)
60 T T T T T T T T T

Magnitude
5
1

N
o
T

L

0 e 1 1 1 T

0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1

Angle of DTFT X (€)
200 T T T T T T T T T

100 b

oF -

Degrees

-100

_200 1 1 1 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Wt

Figure 5.10: Plots of DTFT magnitude and phase in Proble.3.1
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4. x(n) = {1, 2,3, 4, 3,2, 1}. MATLAB Script:
T

n4 = [-3:3]; x4 = [1,2,3,4,3,2,1]; N4 = length(nd); N = 100; % Length of DFT
[X4] = dft([x4, zeros(1,N-N4)],N); w = (0:N/2)*2*pi/N;
mag_X4 = abs(X4(1:N/2+1)); pha_X4 = angle(X4(1:N/2+1))*180/pi;
Hf_4 = figure(’Units’,’inches’,’position’,[1,1,6,4],...

>color’,[0,0,0], ’paperunits’,’inches’, ’paperposition’,[0,0,6,4]);
set (Hf _4,’NumberTitle’,’off’,’Name’,’P5.10.4°);
subplot(2,1,1); plot(w/pi,mag _X4,’g’,’linewidth’,1); axis([0,1,0,20]);
title(’Magnitude of DTFT X_4(e"{j\omega})’); ylabel(’Magnitude’);
subplot(2,1,2); plot(w/pi,pha_X4,’g’,’linewidth’,1); axis([0,1,-200,200]);
title(’Angle of DTFT X_4(e”{j\omega})’); ylabel(’Degrees’); xlabel(’\omega/\pi’);
print -deps2 ../EPSFILES/P0510d

The plot of the DTFTX4(e'®) is shown in 5.11.

Magnitude of DTFT X4(ei“’)
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Figure 5.11: Plots of DTFT magnitude and phase in Problei®.5.1
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5. x(n) ={-1,-2,-3,0, 3, 2, 1}. MATLAB Script:
T

n5 = [-3:3]; x5 = [-1,-2,-3,0,3,2,1]; N5 = length(n5); N = 100; % Length of DFT
[X5] = dft([x5, zeros(1,N-N5)],N); w = (0:N/2)*2*pi/N;
mag_X5 = abs(X5(1:N/2+1)); pha_X5 = angle(X5(1:N/2+1))*180/pi;
Hf 5 = figure(’Units’,’inches’,’position’,[1,1,6,4],...

>color’,[0,0,0], ’paperunits’,’inches’, ’paperposition’,[0,0,6,4]);
set (Hf_5, ’NumberTitle’,’off’,’Name’,’P5.10.57);
subplot(2,1,1); plot(w/pi,mag _X5,’g’,’linewidth’,1); axis([0,1,0,20]);
title(’Magnitude of DTFT X_5(e”{j\omegal})’); ylabel(’Magnitude’);
subplot(2,1,2); plot(w/pi,pha_X5,’g’,’linewidth’,1); axis([0,1,-200,200]);
title(’Angle of DTFT X_5(e"{j\omegal})’); ylabel(’Degrees’); xlabel(’\omega/\pi’);
print -deps2 ../EPSFILES/P0510e

The plot of the DTFTXs5(e!®) is shown in 5.12.
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Figure 5.12: Plots of DTFT magnitude and phase in Proble.5.1
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P5.11 Let H(el®) be the frequency response of a real, causal impulse respomse

1. Itis known that R¢H (e/)} = 3p_, (0.9) coswk. Consider

Re[H (el“)} = Re{z h(k)ej‘”k} = Zh(k) Re{e 1*f} = Z h(k) coswk
k=0

k=0 k=0

Comparing with the given expression, we obtain

| ©9", 0<n<5
h(n) = { 0, else

MATLAB verification:

n=0:5 h=(0.9).7n; N1 = length(h); N = 100; h = [h,zeros(1,N-N1)];
H = dft(h,N); Hr = real(H);
k [0:5]; w = linspace(0,2*pi,N+1);
Hr_check = (0.9.7k)*cos(k’*w(1l:end-1));
error = max(abs (Hr-Hr_check))
error =
4.0856e-014

2. Itis known that Im{H (e/®)} = Y"0_, 2¢ sinw¢ and /”_H (e/) dw = 0. From the second condition

/ﬂ H (€“)do =h(0)=0

-7

Consider

Im {H (¢/*)} = Im [Z h(ﬁ)ej“"] => h@Im{e*} =-> "h(©sinwt

(=0 £=0 =0

Comparing with the given expression, we obtain

-2n, 0<n<5b
h(n) = { 0, else

MATLAB verification:

n = 0:5; h = -2xn; N1 = length(h); N = 100; h = [h,zeros(1,N-N1)];
H = dft(h,N); Hi = imag(H);
1 [0:5]; w = linspace(0,2%pi,N+1);
Hi_check = 2*%1*sin(1’*w(l:end-1));
error = max(abs(Hi-Hi_check))
error =
3.8014e-013
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N—-1
1. TheN-point DFT ofx (n): X (k) = Y. x (m) W, The N-point DFT of X (k): y (n) =

m=0
Hence,

N—-1 (N-1 N—-1 N—-1
y(n) = Z[ x(m)Wﬂ‘k] Wﬁ”:Zx(m)ZWﬁ"kW,‘f,”, 0<n<
0

m= m=0 k=0

m=0 r=—o0

= N Z X(=n+rN) = Nx((=n)y,0<n<N-1

r=—o0

209

P5.12 Let X (k) denote theN-point DFT of anN-point sequenc&(n). The DFT X (k) itself is anN-point sequence.

N—1
X (k) WEN.
k=0

N-1

N—-1 N—-1 [e'e)
= Y oxm Yy WM =3 "xm) Y Nsm+n-rN),0<n=<N-1
=0 0
o0

This means thay (n) is a “circularly folded and amplified (bi{)” version ofx (n). Continuing further, if

we take two more DFTs of (n) then

X () —> N-point N N-point N N-point N N-point

DFT DFT DFT DFT

—> N?x (n)

Therefore, if a given DFT function is working correctly thiemir successive applications of this function on
any arbitrary signal will produce the same signal (muléiglby N?). This approach can be used to verify

a DFT function.
2. MatLAB function for circular folding:

function x2 = circfold(x1,N)
% Circular folding with respect to N

R
% function x2 = circfold(x1l,N)

% x2(n) = x1((-n) mod N)

%

x2 = real(dft(dft(x1,N),N))/N;

3. MATLAB verification:

x = [1,3,5,7,9,-7,-5,-3,-1], N = length(x);
X:
1 3 5 7 9 -7 -5 -3 -1
Y = circfold(x,N)
Y:

1.000 -1.000 -3.000 -5.000 -7.000 9.000 7.000

5.000 3.000
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P5.13 Let X(k) be anN-point DFT of anN-point sequenc&(n). Let N be an even integer.

1. Given thatx(n) = x(n + N/2) for all n, consider

N—1 N/2-1 N—-1
X(K) =D XMW= > xMWEE+ Y xmWK
n=0 n=0 n=N/2
N/2—1 N/2—1
= Y xWR+ > x(+ N2WYPE [n - n+ N2
n=0 n=0
N/2—1 N/2—1
= > xMWF+ Y xMmWEWI [ x() = x(n+ N/2)]
n=0 n=0
N/2-1 _
= Y x( {1+ DWW [ w§/2=—1]={ Non?’zero Ezsgn
n=0

Verification usingx(n) = {1, 2, —3,4,5,1, 2, —3, 4, 5}:

= [1,2,-3,4,5,1,2,-3,4,5]; N
X =
18.0000 -0.0000
-8.7082 - 9.78811 0.0000
4.7082 -13.93531 0.0000

length(x); X = dft(x,N)

s}
|

+
(@]

.00001 4.7082 +13.93531 -0.0000 + 0.00001
.00001i -8.7082 + 9.7881i -0.0000 - 0.00001
0.00001

|
o

2. Given thatx(n) = —x(n + N/2) for all n, consider

N-1 N/2—-1 N-—1
X(k) = Zx(n)wnk: Z X(n)WIK + Z X(n)WaK

n=0 n=0 n=N/2
N/2—1 N/2—1

= Y xOWF+ D7 x(+ N2WTYPE [on - n+ N2
n=0 n=0
N/2—1 N/2—1

= Y xOWE = 3 xMWRWY? [ x(n) = —x(n+ N/2)]
n=0 n=0
N/2-1

= Y xm{1— DWW [owyP = -1
n=0

_ 0, k even;

o { Non-zerqg k odd.

Verification usingx(n) = {1, 2, —3,4,5, -1, —2, 3, —4, —5}.
= [1,2,-3,4,5,-1,-2,3,-4,-5]; N = length(x); X = dft(x,N)

kel
|

0 -7.1803 -10.1311i -0.0000 - 0.0000i 15.1803 -12.1392i
0.0000 + 0.0000i -6.0000 - 0.00001 0.0000 - 0.0000i 15.1803 +12.13921
-0.0000 + 0.00001 -7.1803 +10.13111
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P5.14 Let X(k) be anN-point DFT of anN-point sequenc&(n). Let N = 4v wherev is an integer.
1. ltis given thax(n) = x(n+v) foralln. Letn=m+ pr;0<m=<v—-1,0< p < 3, then
x(n) =x(n+v) = x(M+ pv)y =x(m), 0<m<v-1 (5.1)

Now the DFTX (k) can be written as

N-1 3 vl 3 vl
X =Y XMW =" " x(m+ pyW P =3 S xm WKWE e (5]
n=0 p=0 m=0 p=0 m=0
v—1 3 v—1 3 v—1 1— WNk
- Z x(m) W,Q“‘Z WRK = Z x(m) W,Q“‘Z (WP = Z X (m) Wi [17\/\/’\‘%}
m=0 p=0 m=0 p=0 m=0 - N

— S WMk 1-wWl* ] Non-zerq k=4iforO0<¢=<v-—1;
= ZX(m) N _ \wNk/40 | T 0 k+£40for0<€<v—1.
1-Wy ) =t=

m=0

Verification forx(n) = {1,2,3,1,2,3,1,2, 3,1, 2, 3.

s}
|

= [1,2,3,1,2,3,1,2,3,1,2,3]; N = length(x); X
X =
24.0000 -0.0000 - 0.0000i =-0.0000 - 0.0000i =-0.0000 + 0.0000i
-6.0000 + 3.4641i  0.0000 - 0.0000i -0.0000 - 0.0000i =-0.0000 - 0.0000i
-6.0000 - 3.4641i  0.0000 - 0.0000i  0.0000 - 0.0000i  0.0000 - 0.0000i

dft(x,N)

2. Itis given thatx(n) = —x(n+v) foralln. Letn=m+ pv;0<m=<v—-1,0< p < 3, then
X(N) = —x(n+v) = x(M+ pv) = (=HPx(m), 0<m<v—-10<p<3 (5.2)

Now the DFTX (k) can be written as

N-—-1 3 v-1 3 v-1
X() =Y xMWR =D " x(m+ pyW™ P =33 0P WEEWE [ (5.2))
n=0 p=0 m=0 p=0 m=0
v—1 3 . v=1 3 P
= 2 xmWIS T EDPWEE = S xm WK (WM Pwek) T 1=
m=0 p=0 m=0 p=0

_Uzlx(m)wmk L&M _ Non-zerq k=4¢+2forO<¢ <v—1;
B " 1-w 2 | 0, k#£4+2for0<¢<v-—1.

Verification forx(n) = {1,2,3, -1, -2,-3,1,2,3, -1, —2, —3}.

x = [1,2,8,-1,-2,-3,1,2,3,-1,-2,-3]; N = length(x); X = dft(x,N)

0 0 2.0000 -17.32051 0.0000 + 0.00001
0 0 8.0000 + 0.0000i -0.0000 + 0.00001
0 0 2.0000 +17.32051 -0.0000 - 0.00001
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P5.15 Let X(k) be anN-point DFT of anN-point sequenc&(n). Let N = 2uv wheren andv are integers.
1. ltis giventhax(n) = x(n+v) foralln. Letn=m+ pr;0<m=<v—-1,0< p < (2u — 1), then
X(N) =x(N+v) = xX(M+py) =x(m), 0<m=<v—-10<p=<Q@u-1 (5.3)

Now the DFTX (k) can be written as

N-1 2u—1v-1 2n—1v-1
Xk =Y MW = 3 S xm+ pryW™ P = 3 S xmy WRkWE [ (5.3)]
n=0 p=0 m=0 p=0 m=0
2u—1 v—1 2u—1 v—1 1 WNk

=) xmWI* ST W = ST xm Wk ST (W) =3 xemy wink | —
Z ( ) N Z Z ( ) N Z( N) Z ( ) N 1— va
m=0 m=0 p=0 m=0
v—1

() WK 1-WY* | [ Non-zerg k= (u)tfor0<¢<v—1;
NI WNN(k/Zu) - 0, k#@QuetforO<e<v-—1.

m=0

Verification forx(n) = {1, —-2,3,1,-2,3,1,—-2,3,1,-2,3,1,—-2,3,1, -2, 3}.

x = [1,-2,3,1,-2,3,1,-2,3,1,-2,3,1,-2,3,1,-2,3]; N = length(x); X = dft(x,N)
X =
12.0000 0.0000 - 0.0000i -0.0000 + 0.00001 0.0000 + 0.0000i
0.0000 0.0000 + 0.0000i 3.0000 +25.98081 -0.0000 - 0.00001
-0.0000 + 0.0000i -0.0000 - 0.0000i -0.0000 - 0.0000i -0.0000 - 0.0000i1
3.0000 -25.98081 0.0000 + 0.0000i 0.0000 0.0000 - 0.00001

0.0000 - 0.0000i 0.0000 - 0.0000i
2. ltisgiventhatx(n) = —x(n+v) foralln. Letn=m+ pr;0<m=<v—-1,0< p < (2u — 1), then
X(N) = —X(n+v) = x(M+ pv) = (-DPx(m), 0<m<v—-1 0<p<2u-—1) (5.4)

Now the DFTX (k) can be written as

N-1 2u—1v-1 2n—1v-1
X(K) =D xWRE =3 S T xm+ pyWP = 33 DPxm WTkWEE [ (5.4)]
n=0 p=0 m=0 p=0 m=0
v—1 2u—1 2u—1
=D x(mM WY~ (-1)PWE™ = Zx(m) Wik Z (Wi 2wy ) [o—1=w,""]
p=0

S xamwe [ LW ][ £0 k=2ut42=2ue 4D, 0<=v-L;
B N oW P7@ | T 0 k#2u+2=2(kE+1,0<¢=v-L

m=0

Verification forx(n) = {1, —2,3,-1,2,-3,1,-2,3,-1,2,-3,1, -2,3,-1,2, —3}.

x = [1,-2,3,-1,2,-3,1,-2,3,-1,2,-3,1,-2,3,-1,2,-3]; N = length(x); X = dft(x,N)
X =
0 -0.0000 -0.0000 + 0.00001 -9.0000 - 5.19621
0.0000 - 0.00001 0.0000 - 0.0000i -0.0000 - 0.0000i -0.0000 - 0.00001
0.0000 - 0.0000i 36.0000 + 0.0000i -0.0000 + 0.0000i -0.0000 + 0.00001
-0.0000 + 0.00001 -0.0000 + 0.0000i -0.0000 + 0.0000i -9.0000 + 5.1962i

-0.0000 0.00001

0.0000i -0.0000
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P5.16 Let X(k) andY (k) be 10-point DFTs of two 10-point sequencgs) andy(n), respectively where

X(k) = exp(j0.27rk), 0<k=<?9

Computation ofY (k) properties of the DFT.

1. y(n) = x((n — 5))),0: Circular shift by 5.MATLAB script:

k
m
A

X

=0:9; X
=5; WN =
verificat

= real (idft(X,N)); y =

difference

Y

Y1

Columns 1
1.0000
Columns 5
-0.8090 +
Columns 9
0.3090
Columns 1
1.0000
Columns 5
-0.8090 +
Columns 9
0.3090

difference

2.7756e-0

= exp(j*0.2xpixk); N = length(X);
exp(=j*2*pi/N); Y = X.*WN." (m*k)

ion

cirshftt(x,m,N); Y1 = dft(y,N)
= abs(max(Y-Y1))

2. y(n) = x((n + 4)))10: Circular shift by—4. MATLAB Script:

through 4
-0.8090 - 0.5878i 0.3090 + 0.9511i  0.3090 - 0.95111i
through 8
0.58781 1.0000 + 0.0000i -0.8090 - 0.58781 0.3090 + 0.95111
through 10
- 0.9511i -0.8090 + 0.58781
through 4
-0.8090 - 0.5878i  0.3090 + 0.9511i  0.3090 - 0.95111
through 8
0.58781 1.0000 + 0.0000i -0.8090 - 0.5878i  0.3090 + 0.95111i
through 10
0.9511i -0.8090 + 0.58781
15

-1.0000 + 0.0000i

k = 0:9; X = exp(j*0.2xpixk); N = length(X);
m = -4; WN = exp(-j*2*pi/N); Y = X.*WN." (m*k)
% verification
x = real(idft(X,N)); y = cirshftt(x,m,N); Y1 = dft(y,N)
difference = abs(max(Y-Y1))
Y =
Columns 1 through 4
1.0000 -1.0000 + 0.00001 1.0000 - 0.00001
Columns 5 through 8
1.0000 - 0.0000i -1.0000 + 0.00001 1.0000 - 0.00001
Columns 9 through 10
1.0000 - 0.0000i -1.0000 + 0.00001
Y1 =
Columns 1 through 4
1.0000 -1.0000 0.00001 1.0000 + 0.0000i

-1.0000 + 0.0000i

-1.0000 - 0.00001
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Columns 5 through 8
1.0000 - 0.0000i -1.0000 - 0.0000i  1.0000 + 0.0000i -1.0000 - 0.0000i
Columns 9 through 10
1.0000 - 0.0000i -1.0000 + 0.00001
difference =
2.2249e-015

3. y(n) = x((3—n)));10: Circular-fold and circular-shift by 3MATLAB Script:

k = 0:9; X = exp(j*0.2xpixk); N = length(X);

Y = circfold(X,N); m = 3; WN = exp(-j*2*pi/N); Y = X.*WN." (m*k)

% verification

x = real(idft(X,N)); y = circfold(x,N); y = cirshftt(x,m,N); Y1 = dft(y,N)
difference = abs(max(Y-Y1))

Y =
Columns 1 through 4
1.0000 0.3090 - 0.9511i -0.8090 - 0.5878i -0.8090 + 0.5878i
Columns 5 through 8
0.3090 + 0.9511i  1.0000 + 0.0000i  0.3090 - 0.9511i -0.8090 - 0.5878i
Columns 9 through 10
-0.8090 + 0.5878i  0.3090 + 0.9511i
Y1l =
Columns 1 through 4
1.0000 0.3090 - 0.9511i -0.8090 - 0.5878i -0.8090 + 0.5878i
Columns 5 through 8
0.3090 + 0.9511i  1.0000 + 0.0000i  0.3090 - 0.9511i -0.8090 - 0.5878i
Columns 9 through 10
-0.8090 + 0.5878i  0.3090 + 0.9511i
difference =
2.6790e-015

4. y(n) = x(n)el®"5: Circular shift in the freg-domain by 3V ATLAB Script:

k = 0:9; X = exp(j*0.2xpi*k); N = length(X); 1 = 3;
cirshftt(X,1,N)

% verification

= real(idft(X,N)); n = 0:9; WN = exp(-j*2*pi/N);
x.*xWN. (-1*n); Y1 = dft(y,N)

difference = abs(max(Y-Y1))

<
]

< M
non

Y =
Columns 1 through 4
-0.3090 - 0.9511i  0.3090 - 0.9511i  0.8090 - 0.5878i  1.0000
Columns 5 through 8

5
0.8090 + 0.5878i  0.3090 + 0.9511i -0.3090 + 0.9511i -0.8090 + 0.58781
Columns 9 through 10
-1.0000 + 0.0000i -0.8090 - 0.5878i
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Y1 =
Columns
-0.3090
Columns 5

0.8090 +
Columns 9
-1.0000

difference =
3.3880e-01

[ane

through 4
0.95111
through 8
0.58781
through 10

0.3090 - 0.9511i

0.3090 + 0.9511i

-0.8090 - 0.58781

5

0.8090 - 0.58781

-0.3090 + 0.9511i
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1.0000 + 0.00001

-0.8090 + 0.5878i

5. y(n) = x(n)(10)x((—n)),0: Circular convolution with circularly-folded sequenddaTLAB script:

k = 0:9; X = exp(j*0.2*pixk); N = length(X);

Y
% verificati

on

circfold(X,N); Y = X.xY

x = real(idft(X,N)); y = circfold(x,N); y = circonvt(x,y,N); Y1 = dft(y,N)
abs (max(Y-Y1))

difference =

Y =
Columns 1
1.0000 -
Columns 5
1.0000 -
Columns 9
1.0000

Y1 =
Columns
1.0000
Columns
1.0000
Columns
1.0000
difference =
4.7761e-01

© 4+ O+ e

through 4
0.00001
through 8
0.00001
through 10

through 4
0.00001
through 8
0.00001
through 10
0.00001

5

1.

1.

1.

1.

1.

1.

0000

0000

0000

0000

0000

0000

.00001

.00001

.00001

.00001

.00001

.00001

1.0000

1.0000

1.0000

1.0000

+

0.00001

0.00001

0.00001

0.00001

1.0000

1.0000

1.0000

1.0000

0.00001

0.00001

0.00001

0.00001
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P5.17 The first six values of the 10-point DFT of a real-valued segea(n) are given by

{10, -2+ 3,3+ j4,2— 3,4+ j5,12)

DFT computations using DFT properties:

1. x3(n) = X((2 — n)),0: Circular-folding followed by circ-shifting by 2.

MATLAB Script:

N
X

WN = exp(-j*2*pi/N); k =

X1

circfold(X,N); X1
% Matlab Verification

x1 = circfold(x,N); x1
max (abs (X1-X12))

difference =

x =
Columns 1
3.6000
Column 8 t
0.0217
X1 =
Columns 1
10.0000 +
Columns 5
5.9914 +
Columns 9
-4.7782 -
X12 =
Columns
10.0000
Columns
5.9914
Columns
-4.7782 -
difference =
1.2462e-01

© + O+ e

through 7
-2.2397
hrough 10
1.4132

through 4
0.00001
through 8
2.25911
through 1
1.47271

through 4
0.00001
through 8
2.25911
through 1
1.47271

4

-3.

12.

0

-3.

-3.

12.

0

-3.

O:N-1; m = 2;
(WN. ~ (m*k)) .*X1

cirshftt (x1,m,N); X12 = dft(x1,N)

1.0721

1.9571

4712 +

0000 +

4712 -

4712 +

0000 +

4712 -

-1.3951

.97511

.00001

.97511

.97511

.00001

.97511

10; X = [10,-2+j*3,3+j%4,2-j*3,4+j*5,12] ;

[X,conj(X(5:-1:2))]; x = real(idft(X,N))

3.7520

-4.7782

5.9914

-4.7782

5.9914

+

+

2006

1.2000 0.6188
1.47271 -3.3814 - 1.25151
2.25911 -3.3814 + 1.251b61
1.47271 -3.3814 - 1.25151
2.2591i -3.3814 + 1.2515i1
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2. X2(n) = X((N 4 5))10: 10-point circular shifting by-5.
MATLAB Script:

N = 10; X = [10,-2+j%3,3+j%4,2-j*3,4+j*5,12];
X = [X,conj(X(5:-1:2))]; x = real(idft(X,N))
WN = exp(-j*2*pi/N); k = 0:N-1; m = -5;

X2 = (WN." (m*k)).*xdft(x,N)

% Matlab verification

x2 = cirshftt(x,m,N); X22 = dft(x2,N)
difference = max(abs(X2-X22))

x =
Columns 1 through 7
3.6000 -2.2397 1.0721  -1.3951 3.7520 1.2000 0.6188
Column 8 through 10
0.0217 1.4132 1.9571

X2 =
Columns 1 through 4
10.0000 2.0000 - 3.0000i  3.0000 + 4.0000i -2.0000 + 3.00001
Columns 5 through 8
4.0000 + 5.00001 -12.0000 + 0.0000i  4.0000 - 5.0000i -2.0000 - 3.00001
Columns 9 through 10
3.0000 - 4.0000i 2.0000 + 3.00001

X22 =
Columns 1 through 4
10.0000 2.0000 - 3.0000i  3.0000 + 4.0000i -2.0000 + 3.00001
Columns 5 through 8
4.0000 + 5.00001 -12.0000 - 0.0000i  4.0000 - 5.0000i -2.0000 - 3.00001
Columns 9 through 10
3.0000 - 4.00001 2.0000 + 3.00001

difference =

3.2150e-014
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3. x3(n) = x(N)x((—n))10: Multiplication by circularly-folded sequence.
MATLAB Script:

N = 10; X = [10,-2+j*3,3+j%4,2-§*3,4+j*5,12] ;

X [X,conj(X(5:-1:2))]; x = real(idft(X,N))

X3 = circfold(X,N), X3 = circonvf(X,X3,N)/N

% Matlab verification

x3 = circfold(x,N); x3 = x.*x3; X32 = dft(x3,N)
difference = max(abs(X3-X32))

x =
Columns 1 through 7

3.6000 -2.2397 1.0721  -1.3951 3.7520 1.2000 0.6188
Column 8 through 10

0.0217 1.4132 1.9571

X3 =
Columns 1 through 4
10.0000 + 0.0000i -2.0000 - 3.0000i  3.0000 - 4.00001i 2.0000 + 3.00001
Columns 5 through 8

4.0000 - 5.00001 12.0000 + 0.0000i  4.0000 + 5.0000i 2.0000 - 3.00001
Columns 9 through 10
3.0000 + 4.0000i -2.0000 + 3.0000i

X3 =
Columns 1 through 4
19.2000 + 0.0000i 10.2000 - 0.0000i 15.6000 + 0.0000i  6.4000 + 0.0000i
Columns 5 through 8

10.8000 - 0.0000i 24.4000 + 0.0000i 10.8000 + 0.0000i  6.4000 - 0.0000i
Columns 9 through 10
15.6000 + 0.0000i 10.2000 + 0.0000i

X32 =
Columns 1 through 4
19.2000 + 0.0000i 10.2000 - 0.0000i 15.6000 - 0.0000i  6.4000 + 0.00001
Columns 5 through 8

10.8000 - 0.0000i 24.4000 - 0.0000i 10.8000 + 0.0000i  6.4000 - 0.00001
Columns 9 through 10
15.6000 - 0.0000i 10.2000 - 0.00001
difference =
2.4416e-014
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4. x4(n) = x(n) @ x((—n))10: 10-point circular convolution with a circularly-foldeegguence.

MATLAB Script:

N = 10; n = [0:N-1]; X = [10,-2+j%3,3+j%4,2-j*3,4+j*5,12];
1; x = real(idft(X,N))

X = [X,conj(X(5:-1:2))

X0 = X(mod(-k,N)+1); X

% Verification

4 =X .*x X0

x4 = circonvt(x,x(mod(-n,N)+1),N); X42 = dft(x4,N)
difference = max(abs(X4-X42))

x =
Columns 1 through 7
3.6000 -2.2397
Column 8 through 10
0.0217 1.4132

X4 =
100 13 25
X42 =
1.0e+002 =
Columns 1 through 4

1.0000
Columns 5 through 8
0.4100 - 0.00001
Columns 9 through 10
0.2500 - 0.00001
difference =
1.0378e-013

1.0721 -1.3951

1.9571

13 41 144

0.1300 + 0.0000i

1.4400 + 0.00001

0.1300 - 0.00001

3.7520 1.2000 0.6188

41 13 25 13

0.2500 + 0.0000i  0.1300 - 0.00001

0.4100 + 0.0000i  0.1300 + 0.00001
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5. x5(N) = x(n)e~147"/5: Circular-shifting by—4 in the frequency-domain.
MATLAB Script:

[0:N-1]; X = [10,-2+j*3,3+j*4,2-j%3,4+j*5,12]; m = 4;

% Verification
WN = exp(-j*2xpi/N); x5

difference

x =

Columns 1 through 7

3.6000 -2.2397
Column 8 through 10
0.0217 1.4132
X5 =
Columns 1 through 4
4.0000 + 5.00001 1
Columns 5 through 8
3.0000 - 4.00001i -
Columns 9 through 10
3.0000 + 4.00001
X51 =
Columns 1 through 4
4.0000 + 5.00001 1
Columns 5 through 8
3.0000 - 4.00001i -
Columns 9 through 10
3.0000 + 4.00001
difference

2.4895e-014

2.

2.

2.

2.

2.

2.

1.0721

1.9571

0000

0000

0000

0000

0000

0000

-1.3951

.00001

.00001

.00001

.00001

.00001

[X,conj(X(5:-1:2))]; x = real(idft(X,N))
X5 = [X(m+1:end),X(1:m)]

x.*(WN. (m*n)); X51 = dft(x5,N)
max (abs (X5-X51))

2006

3.7520 1.2000 0.6188
4.0000 - 5.00001 2.0000 + 3.0000i
10.0000 -2.0000 + 3.0000i
4.0000 - 5.00001 2.0000 + 3.0000i
10.0000 + 0.0000i -2.0000 + 3.00001
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P5.18 Complex-valued N-point sequence x(n) can be decomposed intoN-point circular-conjugate-
symmetric and circular-conjugate-antisymmetric seqasmsing the following relations

A 1 E3
Xees) = 5 [x(n) + x*((—=m)n]

1
Xcca(N) = E [X(n) - X*((_n))N]
If Xr(k) and X, (k) are the real and imaginary parts of tNepoint DFT ofx(n), then
DFT [Xees(M] = Xr(k) and  DFT Keca(M)] = j X (k)

1. Using the DFT properties of conjugation and circular ifoig we obtain

DFT [Xees(M] = = {DFT [x(n)] + DFT[x*((—n))n ]}

{X(k) 4 X*((—k))N} . whereX (k) = DFT [x((—m))n]

{Xk) + X*(k} = Re [X (K] = Xr(K)

NIERNI RN

similarly, we can show that
DFT [Xcca(M] = j IM[X(K)] = jX; (k)

2. The modifieccircevod function:

function [xccs, xccal] = circevod(x)

% Complex-valued signal decomposition into circular-even and circular-odd parts
A —
% [xccs, xccal = circecod(x)

yA

N = length(x); n = 0:(N-1);

xccs = 0.5%(x + conj(x(mod(-n,N)+1)));

xcca = 0.5%(x - conj(x(mod(-n,N)+1)));

3. LetX(k) = [3¢c090.27k) + j4sin(0.17k)][u(k) — u(k — 20)] be a 20-point DFTMATLAB Vverification:

N = 20; k = 0:N-1; X = 3%cos(0.2%pixk) + j*sin(0.1*pixk);

n = 0:N-1; x = idft(X,N); [xccs, xccal] = circevod(x);

Xccs = dft(xccs,N); Xcca = dft(xcca,N);

Hf_1 = figure(’Units’,’inches’,’position’,[1,1,6,4],...
’paperunits’,’inches’, ’paperposition’, [0,0,6,4],’color’,[0,0,0]);

set (Hf _1,’NumberTitle’,’off’,’Name’,’P5.18.37);

subplot(2,2,1); H_sl = stem(n,real(X),’filled’); set(H_sl1, ’markersize’,3);

title(’X_R(k)’); ylabel(’Amplitude’); axis([-0.5,20.5,-4,4]);

subplot(2,2,3); H_s2 = stem(n,real(Xccs),’filled’); set(H_s2, ’markersize’,3);

title(’X_{ccs}(k)’); ylabel(’Amplitude’); xlabel(’k’); axis([-0.5,20.5,-4,4]);

subplot(2,2,2); H_s3 = stem(n,imag(X),’filled’); set(H_s3, ’markersize’,3);

title(’X_I(k)’); ylabel(’Amplitude’); axis([-0.5,20.5,-1.1,1.1]);

subplot(2,2,4); H_s4 = stem(n,imag(Xcca),’filled’); set(H_s4,’markersize’,3);

title(’X_{cca}(k)’); ylabel(’Amplitude’); xlabel(’k’); axis([-0.5,20.5,-1.1,1.11);

The plots are shown in Figure 5.13.
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Figure 5.13: Plots in Problem P5.18.3
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P5.19 (Two real DFTs using one complex DFT)X(k) is the N-point DFT of anN-point complex-valued sequence
X(n) = Xxg(N) + jxi ()
wherexg(n) andx; (n) are the real and imaginary partsxai), then
DFT[Xr(N)] = Xces(k) and  DFT[jx;(N)] = Xcca(k)

where Xqs(K) and Xqca(k) are the circular-even and circular-odd componentX ) as defined in Prob-
lem 5.18.

1. Analytical proof: Consider

Xr(K) £ DFT [xr(N)] =

NI -

[DFT [x(n)] + DFT[x*(m]}
1

= > {X(k) + X*((_k))N} £ Xoes

Similarly

1X,(k)

_ 1
DFT[jx (n)] = = {DFT [x(n)] — DFT [x*(n)]} Xeca(K) .
2 = X, (k) = J = — ] Xcea(K)

1 A
= 3 {X(K) = X*((=K)n} = Xcea

2. This property can be used to compute the DFTs of two rdakdaN-point sequences using oé
point DFT operation. Specifically, let (n) andx,(n) be two N-point sequences. Then we can form a
complex-valued sequence

X(n) = x¢(N) + jx2(n)

and use the above properiMaTLAB functionreal2dft:

function [X1,X2] = real2dft(x1,x2,N)
% DFTs of two real sequences
% [X1,X2] = real2dft(x1l,x2,N)
% X1 = N-point DFT of x1
% X2 = N-point DFT of x2
% x1 = real-valued sequence of length <=
% x2 = real-valued sequence of length <= N
% N = length of DFT
b
% Check for length of x1 and x2
if length(x1l) > N
error (’*** N must be >

=

the length of x1 **x’)
end
if length(x2) > N

error (’**x N must be >= the length of x2 **x’)
end
N1 = length(x1); x1
N2 = length(x2); x2
x = x1 + j*x2;
X = dft(x,N);
[X1, X2] = circevod(X); X2 = X2/j;

[x1 zeros(1,N-N1)];
[x2 zeros(1,N-N2)];
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We will also need thecircevod function for complex sequences (see Problem P5.18). Tisbea
obtained from the one given in the text by two simple changes.

function [xccs, xccal = circevod(x)

% Complex signal decomposition into circular-even and circular-odd parts
/O
% [xccs, xccal] = circecod(x)

b

N = length(x); n = 0:(N-1);
xccs = 0.5%(x + conj(x(mod(-n,N)+1)));
xcca = 0.5%(x - conj(x(mod(-n,N)+1)));

3. Compute and plot the DFTs of the following two sequencéasguke above function
X1(n) = c090.17n), Xo(n) = sin(0.2zn); 0<n <39

MATLAB Vverification:

N = 40; n = 0:N-1; x1 = cos(0.1xpi*n); x2 = sin(0.2*pi*n);
[X1,X2] = real2dft(x1,x2,N);

X11 = dft(x1,N); X21 = dft(x2,N);

difference = max(abs(X1-X11))

difference = max(abs(X2-X21))

difference
3.6876e-013
difference =
3.6564e-013
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P5.20 Circular shifting: TheMATLAB routinecirshftf .mto implement circular shiftis written using the frequency-
domain property

y(n) £ x((n —m)y = IDFT [X(KW¥]

This routine will be used in the next problem to generate eué@nt matrix and has the following features. If
m is a scaler they(n) is circularly shifted sequence (or array).nifis a vector thery(n) is a matrix, each row
of which is a circular shift irx(n) corresponding to entries in the vectar

function y = cirshftf (x,m,N)
% Circular shift of m samples wrt size N in sequence x: (freq domain)
/A

% function y=cirshift(x,m,N)

b
b
b
b
b

y :

X
m :
N

% Method

b

output sequence containing the circular shift
input sequence of length <= N

sample shift

size of circular buffer

: y(@) = idft(dft(x(n))*WN~ (mk))

YA If m is a scalar then y is a sequence (row vector)

% If m is a vector then y is a matrix, each row is a circular shift
in x corresponding to entries in vecor m

% M and x should not be matrices

b

b

% Check whether m is scalar, vector, or matrix

[(Rm, Cm]

size(m) ;

if Rm > Cm

m =
end

[Rm, Cm]
if Rm >

m

1

>. 9% make sure that m is a row vector

size(m) ;

error(’**x m must be a vector **x’) % stop if m is a matrix

end

% Check whether x is scalar, vector, or matrix

[Rx,Cx]

size(x);

if Rx > Cx

x =
end

[Rx,Cx]
if Rx >

X

1

>, % make sure that x is a row vector

size(x);

error (’*** x must be a vector ***’) ¥ stop if x is a matrix

end

% Check for length of x
if length(x) > N
error ’N must be >= the length of x’)

end

x=[x zeros(1,N-length(x))];
X=dft(x,N);
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X=ones(Cm, 1) *X;

WN=exp (-2*j*pi/N) ;

k=[0:1:N-1];

Y=(WN. " (m’ * k)).*X;
y=real(conj(dfs(conj(Y),N)))/N;

MATLAB verification:
(@ x(n)=1{543,21001,23,4,0<n<10;m=-5N=11
T
X [5,4,3,2,1,0,0,1,2,3,4,5];

m=-5; N=12;
y = cirshftf(x,m,N); y = real(y)

0 0 1 2 3 4 5 5 4 3 2 1

(b) x(n) =1{5,4,3,2,1,0,0,1,2,3,4,0<n<10;m=8,N =15
T

x = [5,4,3,2,1,0,0,1,2,3,4,5];
m = 8; N = 15;

y = cirshftf(x,m,N); y = real(y)
y =
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P5.21 Parseval’s relation for the DFT:

N—-1 N—-1 N—-1 1 N—1
wm::Zumww{jNwamﬂﬁw
n=0 n=0 =0 k=0
1 N—1 1 -1 N—1 *
= NZX(k){Zx (n)y W }:N X(k){Zx(n)W,Qk}
k=0 k=0 n=0
Therefore,

N-1 1 N—-1 1 N—-1
2 * _ 2
DXME =S X)X ) ==Y IX K
n=0 k=0 k=0
MATLAB verification:

x = [5,4,3,2,1,0,0,1,2,3,4,5]; N = length(x);
% power of x(n) in the time-domain
power_x = sum(x.*conj(x))

power_x =
110

% Power in the frequency-domain
= dft(x,N); power_X = (1/N)*sum(X.*conj (X))

power_X =
110

227
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P5.22 A 512-point DFTX (k) of a real-valued sequencén) has the following DFT values:

X(0) =20+ jo; X(5) =20+j30, X(ki) =-10+j15 X(152 =17+ |23
X(k)) =20— j30, X(kg)=17—j23 X(480=-10— j15 X (256 =30+ jp

and all other values are known to be zero.

1. The real-valued coefficienssand8: Since the sequencén) is real-valued X (k) is conjugate symmetric
which means thaX (0) and X (N/2) are also real-valued. Siné¢ = 512,X(0) andX(256) are real-valued.
Hencex = 8 = 0.

2. The values of the integeks, ko, andks: Again using the conjugate symmetry property of the DFT, anech
X(k) = X*(N — k). Thus

X(5) =20+ j30= X*(512—5) = X*(507) = X(507) = 20— j30= k, = 507
X(480 = —10— j15= X*(512—-480) = X*(32) = X(32) = —10+ j15= k; = 32
X(152 = 17+ j23= X*(512— 152 = X*(360) = X(360) = 17— j23= k3 = 360

3. The energy of the signain): Using Parseval’s relation,

o l o
Ex= ) |x<n>|2=ﬁk2 X (K[>

N=—00

=55 [IX(0)[? + 2[X(5)]* + 2|X(32)|* + 2|X (152 |* + | X(256)|*] = 12082
4, Sequencg(n)inaclosed form: The time-domain sequeRr¢m) is a linear combination of the harmonically
related complex exponential. Hence

1
X(n) — 5_12 [X(O) + X<5)e727r5n/512+ X*<5)eZn5n/512+ X(32)e727r32n/512+ X*(32)eZn32n/512

+X (152 2 152/512 | (15 e?m152/512 1 X (256 g2 25M/512)
= 5i12 [X(0) + 2Re{ X (5)e 2512} 1 2Re{X(32e 2732512} | 2Re[X (152 2"152V512)
+X (256 (—1)"]
= 5%2 [20+ 72111 c080.01953%rn — 56.32°) + 36.056 C0$0.1257n — 12369)
+57.201 ¢0§0.59375rn — 53531°) + 30(—1)"]
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P5.23 Let x(n) be a finite length sequence given by
X(n) = i...,0,0,0, 1,2, -3,4, —5,0,...}
T

Then the sequence

X((=8 —m)7R7(n) = X((—[n + 8]))7R7(n) = X((—=[n+ 8 —7]))7R7(n)
= X((=[n+ 1) 7R7(n)

where
1, 0<n<6®6

Ra(n) = i 0, else

is a circularly folded and circularly shifted-bi-1) version of the 7-point sequenég, 2, —3, 4, —5, 0, 0}.
Hence

X((—=8 —n))7R7(n) ={0,0, -5,4, 3,2, 1}
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P5.24 Circular convolution using circulant matrix operation.

X1 (N) =1{1,2,2}, x2(n) ={1,2,3,4}, x3(N) £ %1 (N @ %z ()

1. Using the results from Example 5.13, we can express theeatignals as

1 1 4 3 2
v | 2 w,_| 2143
=12 7|3 214
0 4 3 2 1

The matrixX, has the property that its every row or column can be obtainau the previous row or
column using circular shift. Such a matrix is calledigculant matrix. It is completely described by the
first column or the row.

2. Circular convolution:

143271 15
214 3|2 12
Xe=XX=| 351 4| 2|7]| 9
4321]|o 14
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P5.25 MATLAB functioncirculnt:

function C = circulnt(x,N)

% Circulant matrix generation using vector data values
A
% function C = circulnt(h,N)

yA

% C : Circulant matrix

% x : input sequence of length <= N

% N : size of the circular buffer

%  Method: C = h((n-m) mod N);

Mx = length(x); % length of x

x = [x, zeros(N-Mx,1)]; % zero-pad x

C = zeros(N,N); % establish size of C
m = 0:N-1; % indices n and m

x = circfold(x,N); % Circular folding

C = cirshift(x,m,N); % Circular shifting

MATLAB verification on sequences in Problem 5.24:

N=24; x1 =1[1,2,2,0]; x2 = [1,2,3,4]; X2 = circulnt(x2,N)

X2 =
1.0000 4.0000 3.0000 2.0000
2.0000 1.0000 4.0000 3.0000
3.0000 2.0000 1.0000 4.0000
4.0000 3.0000 2.0000 1.0000

x3 = X2*xx1’; x3 = x3’

x3 =

15.0000 12.0000 9.0000 14.0000
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P5.26 MATLAB functioncirconvf:

function y = circonvf (x1,x2,N)

b

%function y=circonvf (x1,x2,N)

b

% N-point circular convolution between x1 and x2: (freq domain)

% _____________________________________________________________

% y : output sequence containing the circular convolution
A x1 : input sequence of length N1 <= N

% x2 : input sequence of length N2 <= N

yA N : size of circular buffer

b
% Method: y(n) = idft(dft(x1)*dft(x2))

% Check for length of x1
if length(xl) > N

error (’N must be >= the length of x1°)
end

% Check for length of x2
if length(x2) > N

error (’N must be >= the length of x2’)
end

x1=[x1 zeros(1,N-length(x1))];
x2=[x2 zeros(1,N-length(x2))];

X1=fft(x1); X2=fft(x2);
y=real (1fft (X1.%X2));

Circular convolution{4, 3, 2, 1} (®)({1, 2, 3, 4}:

x1 = [4,3,2,1]; x2 = [1,2,3,4];
x3 = circonvf (x1,x2,4)
x3 =

24 22 24 30
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P5.27 The following four sequences are given:
X1(n) = {%, 3,2, -1} Xo(n) = {% 1,0, =1}; x3(n) = x1(n) * X2(N); X4(N) = x1(N) & X2(N)

1. Linear convolutionksz(n):

X3(N) = X3(N) * X2(N) = {2,7,7, -1, —4, -2, 1}
T

2. Computation ok4(n) usingxz(n) alone: The error in the two convolutions is given by
e(n) £ x4(n) — X3(N) = xg(n+ N)
we have, forN = 5,

e(0) = x4(0) — x3(0) = X3(5) = X4(0) = X3(0) + x3(5) =2—-2=0
e(1) = x4(1) — x3(1) = x3(6) = X4(1) = x3(1) +x3(6) =7+1=38
€(2) = x4(2) — x3(2) = X3(7) = X4(2) = X3(2) + X3(7) =7+0=7
ed) = X4(3) — X3(3) = x3(8) = x4(3) =x3(3) +X3(8) = -1+ 0= -1
e(4) = X4(4) — X3(4) = X3(9) = X4(4) = X3(4) + %3(9) = —4+0=—4
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P5.28 Computation and plotting of thE-point circular convolutions between two finite-length seqces.

1. x1(n) =sin(mrn/3)Re(N), X2(N) =cogmwn/4)Rg(n); N = 10: MATLAB Script:

N =10; n = 0:N-1;n1 = 0:5; x1 = sin(pi*n1/3);
n2 = 0:7; x2 = cos(pi*n2/4); x3 = circonvt(xl,x2,N);
Hf 1 = figure(’Units’,’inches’,’position’,[1,1,5,2],...
>color’,[0,0,0], paperunits’,’inches’, ’paperposition’,[0,0,5,2]);
set (Hf _1,’NumberTitle’,’off’,’Name’,’P5.28.1°);
H_sl1l = stem(n,x3,’filled’); set(H_s1,’markersize’,3);
title(’Circular Convolution {\itx}_3({\itn})’,’fontsize’,10);
ylabel (’Amplitude’); xlabel(’{\itn}’); axis([-1,N,min(x3)-1,max(x3)+1]);

The sample plot is shown in Figure 5.14.

Circular Convolution x3(n)

Amplitude
R
o—
-~ |
-~ |
L

Figure 5.14: The sample plot in Problem P5.28.1

2. X1(n) = cos(2rn/N) Rn(n), Xo(n) =sin(2zn/N) Rn(n); N = 32: MATLAB Script:

N =232; n=0:N-1;

x1 = cos(2*pi*n/N); x2 = sin(2*pi*n/N); x3 = circonvt(x1l,x2,N);

Hf _2 = figure(’Units’,’inches’,’position’,[1,1,5,1.5],...
>color’,[0,0,0], ’paperunits’,’inches’, ’paperposition’,[0,0,5,1.5]);

set (Hf _2,’NumberTitle’,’off’,’Name’,’P5.28.2°);

H_s2 = stem(n,x3,’filled’); set(H_s2, ’markersize’,3);

title(’Circular Convolution {\itx}_3({\itn})’,’fontsize’,10);

ylabel(’Amplitude’); xlabel(’{\itn}’); axis([-1,N,min(x3)-1,max(x3)+1]);

The sample plot is shown in Figure 5.15.

Circular Convolution x3(n)

12?T”H HTT?e‘ ‘-
T

Amplitude

0 5 10 15 20 25 30
n

Figure 5.15: The sample plot in Problem P5.28.2
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3. X1(N) = (0.8)" Rn(n), Xa(n) = (—0.8)"Rn(N); N = 20: MATLAB Script:

N =20; n= 0:N-1;
x1 = (0.8).7°n; x2 = (-0.8).7n; x3 = circonvt(x1,x2,N);
Hf _3 = figure(’Units’,’inches’,’position’,[1,1,5,1.5],...
>color’,[0,0,0], ’paperunits’,’inches’, ’paperposition’,[0,0,5,1.5]);
set (Hf _3,’NumberTitle’,’off’,’Name’,’P5.28.3°);
H_s3 = stem(n,x3,’filled’); set(H_s3, ’markersize’,3);
title(’Circular Convolution {\itx}_3({\itn})’,’fontsize’,10);
ylabel (’Amplitude’); xlabel(’{\itn}’); axis([-1,N,min(x3)-0.5,max(x3)+0.5]);

The sample plot is shown in Figure 5.16.

Circular Convolution x3(n)

Amplitude

OEXIT I ,,

05— L L L L

Figure 5.16: The sample plot in Problem P5.28.3

4, xy(nN) =nRn(M), Xo(nN) =(N —nMRn(); N = 10: MATLAB Script:

N =10; n = 0:N-1;
x1 = n; x2 = (N-n); x3 = circonvt(x1,x2,N);
Hf _4 = figure(’Units’,’inches’,’position’,[1,1,5,1.5],...
>color’,[0,0,0], ’paperunits’,’inches’, ’paperposition’,[0,0,5,1.5]);
set (Hf _4,’NumberTitle’,’off’,’Name’,’P5.28.4°);
H_s4 = stem(n,x3,’filled’); set(H_s4,’markersize’,3);
title(’Circular Convolution {\itx}_3({\itn})’,’fontsize’,10);
ylabel(’Amplitude’); xlabel(’{\itn}’); axis([-1,N,min(x3)-10,max(x3)+10]);

The sample plot is shown in Figure 5.17.

Circular Convolution x3(n)

w
o
(=)

T
1

Amplitude
N
a1
o

200k [ T ! * ? T [ |

Figure 5.17: The sample plot in Problem P5.28.4

5. X1(n) = (0.8)"Ryg,X2(N) = u(n) — u(n — 40); N = 50: MATLAB Script:
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N =50; n =0:N-1; n1 = 0:19; x1 = (0.8)."°n1;

n2 = 0:39; x2 = ones(1,40); x3 = circonvt(x1l,x2,N);

Hf _5 = figure(’Units’,’inches’,’position’,[1,1,5,1.5],...
>color’,[0,0,0], ’paperunits’,’inches’, ’paperposition’,[0,0,5,1.5]);

set (Hf _5, ’NumberTitle’,’off’,’Name’,’P5.28.5’);

H_s5 = stem(n,x3,’filled’); set(H_s5, ’markersize’,3);

title(’Circular Convolution {\itx}_3({\itn})’,’fontsize’,10);

ylabel (’Amplitude’); xlabel(’{\itn}’); axis([-1,N,min(x3)-1,max(x3)+1]);

The sample plot is shown in Figure 5.18.

Circular Convolution x3(n)

8 4t |
< Tm L IHmTTn
0 5 10 15 20 25 30 35 40 45 50

n

Figure 5.18: The sample plot in Problem P5.28.5
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P5.29 Let x1(n) andx,(n) be twoN-point sequences.

1. Sincey(n) = x; (N @ x2(N) = Y rg x1(K) X2((n — k) we have

N-1 N—-1N-1 N-1 N-1
y(n) = X1.(K) X2((N — KD = D~ x1(0) Y xe((n—K)n
n=0 n=0 k=0 k=0 n=0
N-1 k—1 N—1
= Z X, (N) [Z Xo(n — Kk 4+ N) + Z Xo(N — k)}
n=0 n=0 n=k
N-1 N-1 N—1-k N-1 N—k—1 N-1
= x [ D e+ Y Xz(n)} = x) { D x4+ Y Xz(n)}
n=0 n=N-k n=0 n=0 n=0 n=N-—k
N-1 N-1
= (Z X1<n)) (Z x2<n>)
n=0 n=0

2. Verification using the following sequences:
Xl(n) = {97 4a _17 47 _4a _17 87 3}7 X2(n) = {_57 67 27 _7a _57 27 27 _2}

Consider

7
x(n) ={9.4,-1,4,-4,-1,8.3} = Y x(n) =22
n=0
7
Xo(N) = {-5,6,2,-7,-5,2,2, -2} = » x(n) = -7
n=0
7
y(n) = x1(N) ® Xo(n) = {14, -9, —32, —74, -7, —16, —57.27} = Y y(n) = —154
n=0

Hence
7

7 7
DY) = -154= (22 x (-7) = (Z xl<n>> (Z x2<n>>
n=0 n=0

n=0
P5.30 Let X(k) be the 8-point DFT of a 3-point sequenké) = {5, —4, 3}. Let Y(k) be the 8-point DFT of
T

a sequenceg/(n) whereY (k) = Wg’kX((—k))g. Then using the circular folding and the circular shifting
properties of the DFT, we have

y(n) = IDFT [Wg*X ((—K))s] = IDFT [X((—K))gln n_s)
= [X((_n))8|n—>(n—5)] RB(n) = X((s - n))BRB(n) = {?7 0’ Ov 37 _4’ 5’ Ov 0}
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P5.31 Computation of (i) theN-point circular convolutiorxs(n) = x;(n) (N) X2(n), (i) the linear convolutior,(n) =

X1(N) * Xo(n), and (iii) the error sequena&n) = x3(n) — X4(n) for the following sequences:

1. x¢(n) = {1, 1, 1, 1}, X2(n) = cosmn/4Re(n); N = 8

[1,1,1,1]; x2 = cos(pi*[0:5]/4); N = 8; n = 0:N-1;
circonvt (x1,x2,N);

conv(x1,x2); n4 = 0:length(x4)-1;

x3 - x4(1:N); e2 = x4(N+1:end);

x1
x3
x4
el

The plots of various signals are shown in Figure 5.19.

Amplitude Amplitude Amplitude

Amplitude

Circular Convolution: x3(n)

2 T T T T T T T
of T
O ,

1 J

-2F

_3 1 1 1 1 1 1 1 1 1
-1 0 1 2 3 4 5 6 7 8

Linear Convolution: x,(n)

2 T T T T T T T
T T
X }

1 J

-2F

_3 1 1 1 1 1 1 1 1 1
-1 0 1 2 3 4 5 6 7 8

Error: x,(n) —x,(n)

2 T T T T T T T T T
l o
0 l ® * ® ® ® ® ®

-1F

-2F

_3 1 1 1 1 1 1 1 1 1
-1 0 1 2 3 4 5 6 7 8

Error: x4(n+N)

2 T T T T T T T T T
1 o
0 l ® * ® ® ® ® ®

_1 o

_2 o

_3 L L L L L L L L L
-1 0 1 2 3 4 5 6 7 8

Figure 5.19: The sample plot of various signals in Problen3P3
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2. X1(n) = co2rn/N)R16(N), X2(N) = sin(2rn/N)R16(N); N = 32:

N = 32; x1 = cos(2*pix[0:15]/N); x2 = sin(2*pi*[0:15]1/N);
x3 = circonvt(x1,x2,N); n3 = 0:N-1;

x4 = conv(x1,x2); n4 = 0:length(x4)-1;

el = x3 - [x4,0];

e2 = x4(N+1:end);

The plots of various signals are shown in Figure 5.20.

Circular Convolution: x3(n)

Oc..rTTHH“H“r: .
S

_5 1 1 1 1 1 1 1

0 5 10 15 20 25 30

Amplitude

Linear Convolution: x4(n)

Amplitude
o

]
g
d
| o
| o
—e
——e
——e
———e
—e

_5I 1 1 1 1 1 1
0 5 10 15 20 25 30
Error: x3(n) - x4(n)
5_I T T T T T I-
3
2
%_O===============================
£
<
_5I 1 1 1 1 1 1
0 5 10 15 20 25 30
Error: x4(n+N)
5_I T T T T T I-
S
2
E_O===============================
€
<
_5I L L L L L L

Figure 5.20: The sample plot of various signals in Problen3P2
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3. X1(n) = (0.8)"R10(N), X2(n) = (=0.8)"R19(n); N = 15:

N = 15; x1 = (0.8).7[0:9]; x2 = (-0.8).7[0:9];
circonvt (x1,x2,N); n3 = 0:N-1;
conv(x1,x2); n4 = 0:length(x4)-1;
x3 - x4(1:N);

x4(N+1:end); Ne2 = length(e2);

x3 =
x4 =
el =
e2 =

The plots of various signals are shown in Figure 5.21.

Amplitude Amplitude Amplitude

Amplitude

15

0.5

15

0.5

15

0.5

15

0.5

Circular Convolution: x3(n)

2006

- . . o — .
1 1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18
Linear Convolution: x4(n)
T T T T T T T T T T
. I A U S .
. . . . — . . *
1 1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18
Error: x3(n) - X 4(n)
T T T T T T T T T T
1 1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18
Error: x4(n+N)
T T T T T T T T T T
L L L L L L L L L L
0 2 4 6 8 10 12 14 16 18

Figure 5.21: The sample plot of various signals in Problen3P3
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4. X1(N) = NR419(N), X2(N) = (N — N)R10(n); N = 10:

N =10; n = 0:N-1; x1 = n; x2 = N-n;
x3 = circonvt(x1,x2,N); n3 = 0:N-1;

x4 = conv(x1,x2); n4 = 0:length(x4)-1;
el = x3 - x4(1:N);

e2 = x4(N+1:end); Ne2 = length(e2);

The plots of various signals are shown in Figure 5.22.

Circular Convolution: x3(n)
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Error: x3(n) -X 4(n)
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Error: x4(n+N)
T T T T T T T T T T
300 .
3]
e}
2 200f -
a
£
< 100} { I -
O I T ? [} Py L L L L L

Figure 5.22: The sample plot of various signals in Problen3P.8
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{1,-1,1, -1}, xo(n) = {1,0,—-1,0}; N = 5:

; n=0:N-1; x1 = [1,-1,1,-1]; x2 = [1,0,-1,0];
circonvt (x1,x2,N); n3 = 0:N-1;

conv(x1,x2); n4 = 0:length(x4)-1;

x3 - x4(1:N);

x4(N+1:end); Ne2 = length(e2);

The plots of various signals are shown in Figure 5.23.

Amplitude Amplitude Amplitude

Amplitude

Circular Convolution: x3(n)

2 - -
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Figure 5.23: The sample plot of various signals in Problen3P5

2006
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P5.32 The overlap-add method of block convolution is an alteuestd the overlap-save method. b&h) be a long
sequence of lengtML whereM, L > 1. Divide x(n) into M segmentgxy,(n), m=1, ..., M} each of
lengthL

M-1
) x(n), mL<n<(m+1L -1 _
Xm(N) = { 0 elsewhere sothat x(n) = n;] Xm(N)

Let h(n) be anL-point impulse response, then

M-1 M-1
Y =X xh@) = Y Xn(M £h@) = Y ym(M:  Yim(N) = Xm(N) x h(n)
m=0

m=0

Clearly,ym(n)isa(2L — 1)-pointsequence. Inthis method we have to save the inteatgecthnvolution results
and then properly overlap these before adding to form thér@salt y(n). To use DFT for this operation we
have to choos® > (2L — 1).

1. MatLAB function to implement the overlap-add method using theutércconvolution operation:

function [y] = ovrlpadd(x,h,N)
% Overlap-Add method of block convolution

% ________________________________________
% [yl = ovrlpadd(x,h,N)

% y = output sequence

% x = input sequence

% h = impulse response

% N = DFT length >= 2xlength(h)-1

/A

Lx = length(x); L = length(h); L1 = L-1;
h = [h zeros(1,N-L)];

%

M = ceil(Lx/L); % Number of blocks

x = [x, zeros(1,M*L-Lx)]; % append (M*N-Lx) zeros
Y = zeros(M,N); % Initialize Y matrix
%

% convolution with succesive blocks
for m = 0:M-1
xm = [x(m*L+1:(m+1)*L),zeros(1,N-L)];
Y(m+1,:) = circonvt(xm,h,N);
end
yA
% Overlap and Add
Y = [Y,zeros(M,1)]; Y = [Y;zeros(1,N+1)];
Y1 =Y(:,1:0L); Y1 = Y1’; y1 = Y1(:);
Y2 = [zeros(1,L);Y(1:M,L+1:2%L)]; Y2 = Y2°; y2 = Y2(:);
y = yl+y2; y = y’; y = removetrailzeros(y);

2. The radix-2 FFT implementation for high-speed block @dution:

function [y] = hsolpadd(x,h)
% High-Speed Overlap-Add method of block convolution
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% [yl = hsolpadd(x,h)

% y = output sequence (real-valued)
% x = input sequence (real-valued)

% h = impulse response (real-valued)

Lx = length(x); L = length(h); N = 27ceil(log2(2*L-1));

H = fft(h,N);

yA

M = ceil(Lx/L); % Number of blocks

x = [x, zeros(1,M*L-Lx)]; % append (M*N-Lx) zeros
Y = zeros(M,N); % Initialize Y matrix

% convolution with succesive blocks
for m = 0:M-1
xm = [x(m*L+1: (m+1)*L),zeros(1,N-L)];
Y(m+1,:) = real (ifft(fft(xm,N).*H,N));
end
yA
% Overlap and Add
Y = [Y,zeros(M,1)]; Y = [Y;zeros(1,N+1)]1;
Y1 =Y(:,1:L); Y1 = Y1’; y1 = Y1(:);
Y2 = [zeros(1,L);Y(1:M,L+1:2%L)]; Y2 = Y2°; y2 = Y2(:);
y = yl+y2; y = y’; y = removetrailzeros(y);

3. Verification using the following two sequences

X(n) = cos(zn/500) Rao00(n), h(n) ={1,-1,1, -1}

n = 0:4000-1; x = cos(pi*n/500); h = [1,-1,1,-1];
yl = ovrlpadd(x,h,7);

y2 = hsolpadd(x,h);

y3 = conv(x,h);

el = max(abs(yl-y3))

e2 = max(abs(yl-y2(l:end-1)))

el =
2.7756e-017

e2 =
3.6342e-016
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P5.33 Given the sequences(n) andx,(n) shown below:

i =1{2,1,1,2}, % ={1-1 -1 1)

1. Circular convolutions; (n) ) xz(n):
N =4 :x(n)® x(n) = {0,0,0, 0}
N=7:x(n)@ x(n) =1{2,-1,2,0,-2,1, -2}
N=28:x(n® x(n)=1{2-120,-21-20}

2. The linear convolutionx;(n) * xx(n) = {2, —1,2,0, -2, 1, —2}.

3. From the results of the above two parts, the minimum valué  make the circular convolution equal to
the linear convolution is 7.

4. If we makeN equal to the length of the linear convolution which is equalhe length of; (n) plus the
length ofx,(n) minus one, then the desired result can be achieved. In thesstbenN =4+4—-1=7,
as expected.
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P5.34 Let
Acos2zén/N), 0<n<N-1

0, elsewhere = Acos2rén/N)Rn(n)

x(n) = i

where? is an integer. Notice that(n) containsexactly£ periods (or cycles) of the cosine waveformih
samples. This is a windowed cosine sequence contaitorigakage

1. Consider the DFX (k) of x(n) which is given by

N-1 2 nN-1 27 én 21
XK= x(ne T =3 " Acos[ =—— ) e iV 0<k<N-1
() = x(n) > (N) . 0<kx=
n=0 n=0
AN_l j2Z¢n —j2zen| o—jZkn
== {eJN +eIx }eJN , 0<k<N-1
2n:0
N—1 N—1
:é e—Jzﬁ”(k—f)n_,_éZe—j%”(kH)n’ O<k<N-1
2n=0 2n=0
AN

2

which is a real-valued sequence.
2. If £ = 0, then the DFTX (k) is given by

AN
8(k—€)+78(k—N+£); O<k<(N-1), 0<¢<N

N—-1 N—-1
X (K) = Zx(n) g IRk Z AeiFk 0<k<N-1
n=0 n=0

— ANS(K): O0<k<(N-—1

3. If £ < 0orf > N, then we must replace it b¢))n in the result of part 1., i.e.

AN AN
X(K) = ==k — (O] +—-8[k=N+(()n]; O=k=(N-1
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4. Verification of the results of parts 1., 2., and 3. abovagsiatLAB and the following sequences:

(a) x2(n) = 3¢0g0.047N)R200(N):
N = 200; n = 0:N-1; x1 = 3%cos(0.04*pi*n); 1 = 4;
k = 0:N-1; X1 = real(fft(x1,N));
Hf 1 = figure(’Units’,’inches’,’position’,[1,1,6,4],...
>color’,[0,0,0], paperunits’,’inches’, ’paperposition’,[0,0,6,4]);

set (Hf _1,’NumberTitle’,’off’,’Name’,’P5.34.4(a)’);
subplot(2,1,1); H_sl = stem(n,x1,’g’,’filled’); set(H_s1, markersize’,1);
title(’Sequence: {\itx}_1({\itn})’,’fontsize’,10);
ylabel (’Amplitude’); axis([-1,N,-4,4]); xlabel(’\itn’);
subplot(2,1,2); H_s2 = stem(n,X1,’r’,’filled’); set(H_s2, ’markersize’,2);
title (’DFT: {\itX}_1({\itk})’,’fontsize’,10);
ylabel (’Amplitude’); axis([-1,N,-10,310]); xlabel(’\itk’);
set(gca, ’xtick’,[0,1,N-1], ytick’, [0,300])

The sequencg; (n) and its DFTX4(k) are shown in Figure 5.24.

Sequence: xl(n)

4 u T T T T T T T T T
i m “| “
[0}
ke]
g | |
5 0
1S
<
_4 L 1 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160 180 200
n
DFT: X, (k)
300 B
Q
ko)
=
2
€
<
0] . jese)
04 196

Figure 5.24: The signad;(n) and its DFTX(K) in Problem P5.34.4(a)
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(b) X2(n) = 5Rso(n):

N = 50; n = 0:N-1; x2 = 5xcos(O*pi*n); 1 = 0;
k = 0:N-1; X2 = real(fft(x2,N));
Hf _2 = figure(’Units’,’inches’,’position’,[1,1,6,4],...

>color’,[0,0,0], ’paperunits’,’inches’, ’paperposition’,[0,0,6,4]);

set (Hf_2, ’NumberTitle’,’off’,’Name’,’P5.34.4(b)’);

2006

subplot(2,1,1); H_sl = stem(n,x2,’g’,’filled’); set(H_s1, ’markersize’,2);

title(’Sequence: {\itx}_2({\itn})’,’fontsize’,10);
ylabel(’Amplitude’); axis([-1,N,-1,6]); xlabel(’\itn’);

subplot(2,1,2); H_s2 = stem(n,X2,’r’,’filled’); set(H_s2, markersize’,2);

title (’DFT: {\itX}_2({\itk})’,’fontsize’,10);
ylabel(’Amplitude’); axis([-1,N,-10,260]); xlabel(’\itk’);
set(gca, ’xtick’, [0,N-1],’ytick’, [0,250])

The sequencg,(n) and its DFTX, (k) are shown in Figure 5.25.

Sequence:xz(n)

6 T T T T T T T T T T
o 4 b
o
=
R ]
<
0
1 1 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 45
n
DFT: X(K)
250 F e
©
-
=]
=
1S
<
0 ?
0 49
k

Figure 5.25: The signa,(n) and its DFTX,(K) in Problem P5.34.4(b)
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(c) x3(n) = [1+4 2c0g0.57n) 4+ cogmwn)]R100(N):
N = 100; n = 0:N-1; x3 = 1+2*cos(0.5*pi*n)+cos(pi*n); 11 = 0; 12 = 25; 13 = 50;
k = 0:N-1; X3 = real(fft(x3,N));
Hf_3 = figure(’Units’,’inches’,’position’,[1,1,6,4],...
>color’,[0,0,0], paperunits’,’inches’, ’paperposition’,[0,0,6,4]);

set (Hf_3, ’NumberTitle’,’off’,’Name’,’P5.34.4(c)’);
subplot(2,1,1); H_sl = stem(n,x3,’g’,’filled’); set(H_s1, ’markersize’,2);
title(’Sequence: {\itx}_3({\itn})’,’fontsize’,10);
ylabel(’Amplitude’); axis([-1,N,-1,5]); xlabel(’\itn’);
subplot(2,1,2); H_s2 = stem(n,X3,’r’,’filled’); set(H_s2, markersize’,2);
title CDFT: {\itX}_3({\itk})’,’fontsize’,10);
ylabel (’Amplitude’); axis([-1,N,-10,110]); xlabel(’\itk’);
set(gca, ’xtick’,[11,12,13,N-12,N-1], ’ytick’, [0,100])

The sequencgz(n) and its DFTX3(k) are shown in Figure 5.26.

Sequence: x3(n)

5 T T T T T T T T T T
4 i
s 3 J
=
5 2 1
1S
< 1 E
0
_1 1 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100
n
DFT: X (k)
T T T T T
100 K E
Q
ko)
=]
2
€
<
0
1 1 1 1 1
0 25 50 75 99
k

Figure 5.26: The signadz(n) and its DFTX3(k) in Problem P5.34.4(c)
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(d) X4(n) = cox257n/16)Rea(N):

N =64; n = 0:N-1; x4 = cos(25*%pi*n/16); 1 = 50;
k = 0:N-1; X4 = real(fft(x4,N));
Hf _4 = figure(’Units’,’inches’,’position’,[1,1,6,4],...

>color’,[0,0,0], ’paperunits’,’inches’, ’paperposition’,[0,0,6,4]);

set (Hf_4,’NumberTitle’,’off’,’Name’,’P5.34.4(d)’);

2006

subplot(2,1,1); H_sl = stem(n,x4,’g’,’filled’); set(H_s1, ’markersize’,2);

title(’Sequence: {\itx}_4({\itn})’,’fontsize’,10);
ylabel (’Amplitude’); axis([-1,N,-1.1,1.1]1); xlabel(’\itn’);

subplot(2,1,2); H_s2 = stem(n,X4,’r’,’filled’); set(H_s2, markersize’,2);

title (’DFT: {\itX}_4({\itk})’,’fontsize’,10);
ylabel (’Amplitude’); axis([-1,N,-5,35]); xlabel(’\itk’);
set(gca, ’xtick’,[0,N-1,1,N-1], ytick’, [0,32])

The sequenci,(n) and its DFTX4(k) are shown in Figure 5.27.

Sequence:x4(n)

o b I T 0 b i I
LTI PO T

Figure 5.27: The signals(n) and its DFTX4(K) in Problem P5.34.4(d)
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(e) x5(n) = [c090.17n) — 3cog1.97N)[R40(N):
N = 40; n = 0:N-1; x5 = 4*cos(0.1*pi*n)-3*cos(1.9%pi*n); 11 = 2; 12 = 38;
k = 0:N-1; X5 = real(fft(x5,N));
Hf 5 = figure(’Units’,’inches’,’position’,[1,1,6,4],...
>color’,[0,0,0], paperunits’,’inches’, ’paperposition’,[0,0,6,4]);

set (Hf_5, ’NumberTitle’, ’off’,’Name’,’P5.34.4(e)’);
subplot(2,1,1); H_sl = stem(n,x5,’g’,’filled’); set(H_s1, ’markersize’,2);
title(’Sequence: {\itx}_5({\itn})’,’fontsize’,10);
ylabel (’Amplitude’); axis([-1,N,-1.1,1.1]1); xlabel(’\itn’);
subplot(2,1,2); H_s2 = stem(n,X5,’r’,’filled’); set(H_s2, markersize’,2);
title CDFT: {\itX}_5({\itk})’,’fontsize’,10);
ylabel (’Amplitude’); axis([-1,N,-5,25]); xlabel(’\itk’);
set(gca, ’xtick’,[0,11,12,N], ytick’, [0,20])

The sequencgs(n) and its DFTXs(k) are shown in Figure 5.28.

Sequence: x5(n)

i L 1l
S e
(I) | 5 ’ ) DFT an(()5( K) ) ’ ) | )

Figure 5.28: The sample plot of various signals in Problen3£.8(e)
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P5.35 Let x(n) = AcoSwgn)Rn(N), Wherewq is a real number.

1. Consider
N-1 o N-1
X(K) = g x(n)e*'(W)”k = Ag coSwoh) icos(%nk) — jsin (%nk)}
N—-1 o N—-1 o
Xr(K) + X, (k) = A; coS(won) cos<Wnk> - jAnXZ; cowgh) sin (Wnk)
Hence

N—-1 o

Xr(K) = AZ coSwoh) cos<Wnk> (5.5)
n=0
N—-1 o

X, (k) = —Ag coSwoh) Sin <Wnk> (5.6)

Consider the real-part in (5.5),

N-1 N-1

2 A 27 2
Xr(k) = A; coqwgn) cos(Wnk) =3 ; icos(won — Wnk) + cos(a)on + Wnnk)}
N—1
A 2
=3 cos<27rf0n — Wnnk) + cos| 27 fon + —nk)} [." wg = 27 fp]
n=0
A 21 21
= g COS[W(foN — k)n} + cos[W(foN + k)n]}
A 2 21
=3 cos[w(k— foN)n} +COS|:W{k — (N — foN)}n“ ,0<k<N (5.7)
n=0

To reduce the sum-of-cosine terms in (5.7), consider

N—-1 N 1 N—-1 i i
2 2_n o1 ,j(z_n)vn 1/1—el?v 1/1—ei2m
cos| —wn e N - e\ _Z- (= (==
2 () - Z T2 2\1-e%) " 2\i e
_ }e*““’(%) _sin(nv) 1 Jnn(N 1) _sin(nv)
2 sin(wrv/N) sin(rv/N)
— cos mv(N —1) _sm(nn) (5.8)
N sin(rv/N)

Now substituting (5.8) in the first term of (5.7) with= (k — fyN) and in the second term of (5.7) with
v = (k=[N — fgN]), we obtain the desired result

N-—-1
{%(k— foN)}

Acos{n(N -1
N

sinfzr (foN — k)]

sin[5 (foN — k)]

sin{r(k — [N — foN])}
sin[§ (foN — k)]

A
Xr(k) = 5 cos

(5.9)

(k=[N - foN])}
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Similarly, we can show that

sinfzr (fgN — k)]
sin[§ (foN — k)]
sinfr(k — [N — foN]}

ANy gy
2sm{ D (k — [N fON])} SE (N K] (5.10)

A [
X0 = = sin{ 52 (k — foN) |

. The above result implies that the original frequengyof the cosine waveform hdgsakedinto other

frequencies that form the harmonics of the time-limitedsege and hence it is called the leakage property
of cosines. Itis a natural result due to the fact that baritharperiodic cosines are sampled over noninteger
periods. Due to this fact, the periodic extensiornx@f) does not result in a continuation of the cosine
waveform but has a jump at evelN interval. This jump results in the leakage of one frequemty the
abducent frequencies and hence the result of the Proble3d R5lo not apply.

. Verification of the leakage property usirgn) = cos(57n/99) Ro00(N): The sequence(n), the real-part

of its DFT Xgr(Kk), and the imaginary part of its DFX, (k) are shown in Figure 5.29.

£ OE HH“L : I PJI\HHH HHHIH I III\HHH HHH]H I N'”HHH H\Hh,,l I l,]ﬂ\mm HH\h.ll I IJMHH
Y vvewy

k

Figure 5.29: The leakage property of a cosine signal in Rrol##5.35.3
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P5.36 Let
Asin(2r¢n/N), 0<n<N-1

0, elsewhere = Asin(2z¢n/N)Rn ()

x(n) = i

wherel is an integer. Notice that(n) containgexactly? periods (or cycles) of the sine waveformNhsamples.
This is a windowed sine sequence containmagleakage

1. Consider the DFX (k) of x(n) which is given by

N-1

X(k) = x(n)e ¥ = ZAl( ) el 0<k<N-1

n=0

ANl

— {e’h‘”—e*j%‘“}ewk” O<k<N-1
JZn:O

ANfl Nfl
_ 8N giffkeon _ Ze—j%(k—ké)n, O<k<N-1
12n=0

AN

AN
:J—(S(k E)—J—(S(k—N-i-E) O0<k=<(N-1, 0<{¢<N
which is a purely imaginary-valued sequence.
2. If £ = 0, then the DFTX(K) is given by

N-1

X(k) = x(n)e ¥k = ZOeJ*"” 0O<k<(N-1
n=0
=0; OSKS(N—l)

3. If £ < 0or¢ > N, then we must replace it bi¢))y in the result of part 1., i.e

AN AN
X (k) = ﬁé[k— (O)n] = §S[k— N+ (@O)n]: 0=k=(N-1
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4. Verification of the results of parts 1., 2., and 3. abovagsiatLAB and the following sequences:

(8) x2(n) = 3sin(0.047r N)R200(N):
N = 200; n = 0:N-1; x1 = 3*sin(0.04*pi*n); 1 = 4;
k = 0:N-1; X1 = imag(fft(x1,N));
Hf 1 = figure(’Units’,’inches’,’position’,[1,1,6,4],...
>color’,[0,0,0], ’paperunits’,’inches’, ’paperposition’,[0,0,6,4]);

set (Hf _1,’NumberTitle’,’off’,’Name’,’P5.34.4(a)’);
subplot(2,1,1); H_sl = stem(n,x1,’g’,’filled’); set(H_s1, markersize’,1);
title(’Sequence: {\itx}_1({\itn})’,’fontsize’,10);
ylabel (’Amplitude’); axis([-1,N,-4,4]); xlabel(’\itn’);
subplot(2,1,2); H_s2 = stem(n,X1,’r’,’filled’); set(H_s2, ’markersize’,2);
title (’DFT: {\itX}_1({\itk})’,’fontsize’,10);
ylabel(’Amplitude’); axis([-1,N,-350,350]); xlabel(’\itk’);
set(gca, ’xtick’,[0,1,N-1], ytick’, [-300,0,300])

The sequencg; (n) and its DFTX4(k) are shown in Figure 5.30.

Sequence:xl(n)

4 T T T T T T T T T

Amplitude
N o

T

1

0 20 40 60 80 100 120 140 160 180 200
n

DFT: X, (k)

300 b

Amplitude

-300 .
04 196

Figure 5.30: The signad;(n) and its DFTX (k) in Problem P5.36.6(a)
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(b) x2(n) = 5siN(107N)Rsp(N):
N =50; n = 0:N-1; x2 = 5*sin(10*pi*n); 1 = 0;
k = 0:N-1; X2 = imag(£fft(x2,N));
Hf_2 = figure(’Units’,’inches’,’position’,[1,1,6,4],...
>color’,[0,0,0], ’paperunits’,’inches’, ’paperposition’,[0,0,6,4]);

set (Hf_2, ’NumberTitle’,’off’,’Name’,’P5.34.4(b)’);
subplot(2,1,1); H_sl = stem(n,x2,’g’,’filled’); set(H_s1, ’markersize’,2);
title(’Sequence: {\itx}_2({\itn})’,’fontsize’,10);
ylabel(’Amplitude’); axis([-1,N,-1,1]); xlabel(’\itn’);
subplot(2,1,2); H_s2 = stem(n,X2,’r’,’filled’); set(H_s2, markersize’,2);
title CDFT: {\itX}_2({\itk})’,’fontsize’,10);
ylabel (’Amplitude’); axis([-1,N,-1,1]1); xlabel(’\itk’);
set(gca, ’xtick’, [0,N-1], ’ytick’,[-1,0,1])

The sequencg,(n) and its DFTX,(k) are shown in Figure 5.31.

Sequence:xz(n)

1 T T T T T T T T T T

Amplitude

_0.5- -

_1 1 1 1 1 1 1 1 1 1 1

0 5 10 15 20 25 30 35 40 45 50
n

DFT: X,(K)

Amplitude

Figure 5.31: The signad;(n) and its DFTX (k) in Problem P5.34.6(b)
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() x3(n) = [2sin(0.57n) + sin(n)]R100(N):
N = 100; n = 0:N-1; x3 = 2%sin(0.5*pi*n)+0*sin(pi*n); 11 = 0; 12 = 25; 13 = 50;
k = 0:N-1; X3 = imag(£fft(x3,N));
Hf_3 = figure(’Units’,’inches’,’position’,[1,1,6,4],...
>color’,[0,0,0], paperunits’,’inches’, ’paperposition’,[0,0,6,4]);
set (Hf_3, ’NumberTitle’,’off’,’Name’,’P5.34.4(c)’);
subplot(2,1,1); H_sl = stem(n,x3,’g’,’filled’); set(H_s1, ’markersize’,2);
title(’Sequence: {\itx}_3({\itn})’,’fontsize’,10);
ylabel(’Amplitude’); axis([-1,N,-3,3]); xlabel(’\itn’);
subplot(2,1,2); H_s2 = stem(n,X3,’r’,’filled’); set(H_s2, markersize’,2);
title CDFT: {\itX}_3({\itk})’,’fontsize’,10);
ylabel (’Amplitude’); axis([-1,N,-120,120]); xlabel(’\itk’);
set(gca, ’xtick’,[11,12,13,N-12,N-1], ’ytick’, [-100,0,100])
The sequencg,(n) and its DFTX,(k) are shown in Figure 5.32.

Sequence: x3(n)

A L
AT

Figure 5.32: The signad;(n) and its DFTX,(k) in Problem P5.34.6(c)
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(d) x4(n) = sin(257Nn/16)Rea(N):
N =64; n = 0:N-1; x4 = sin(25*pi*n/16); 1 = 50;
k = 0:N-1; X4 = imag(£fft(x4,N));
Hf 4 = figure(’Units’,’inches’,’position’,[1,1,6,4],...

>color’,[0,0,0], ’paperunits’,’inches’, ’paperposition’,[0,0,6,4]);

set (Hf_4,’NumberTitle’,’off’,’Name’,’P5.34.4(d)’);

2006

subplot(2,1,1); H_sl = stem(n,x4,’g’,’filled’); set(H_s1, ’markersize’,2);

title(’Sequence: {\itx}_4({\itn})’,’fontsize’,10);
ylabel (’Amplitude’); axis([-1,N,-1.1,1.1]1); xlabel(’\itn’);

subplot(2,1,2); H_s2 = stem(n,X4,’r’,’filled’); set(H_s2, markersize’,2);

title (’DFT: {\itX}_4({\itk})’,’fontsize’,10);
ylabel (’Amplitude’); axis([-1,N,-40,40]); xlabel(’\itk’);
set(gca, ’xtick’, [0,N-1,1,N-1], ytick’, [-32,0,32])

The sequencg,(n) and its DFTX,(k) are shown in Figure 5.33.

Sequence:x4(n)

e I A
LTI ITI P I T T

Figure 5.33: The signad;(n) and its DFTX(k) in Problem P5.34.6(d)
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(e) x5(n) = [4sin(0.1rn) — 3siN(1.97Nn)]R20(N):
N =20; n = 0:N-1; x5 = 4*sin(0.1*pi*n)-3*sin(1.9%pi*n); 11 = 1; 12 = 19;
k = 0:N-1; X5 = imag(£fft(x5,N));
Hf 5 = figure(’Units’,’inches’,’position’,[1,1,6,4],...
>color’,[0,0,0], paperunits’,’inches’, ’paperposition’,[0,0,6,4]);

set (Hf_5, ’NumberTitle’, ’off’,’Name’,’P5.34.4(e)’);
subplot(2,1,1); H_sl = stem(n,x5,’g’,’filled’); set(H_s1, ’markersize’,2);
title(’Sequence: {\itx}_5({\itn})’,’fontsize’,10);
ylabel (’Amplitude’); axis([-1,N,-10,10]); xlabel(’\itn’);
subplot(2,1,2); H_s2 = stem(n,X5,’r’,’filled’); set(H_s2, markersize’,2);
title CDFT: {\itX}_5({\itk})’,’fontsize’,10);
ylabel(’Amplitude’); axis([-1,N,-80,80]); xlabel(’\itk’);
set(gca, ’xtick’,[0,11,12,N], ’ytick’,[-70,0,70])

The sequencg,(n) and its DFTX,(k) are shown in Figure 5.34.

Sequence: x5(n)
10 T T T T T T T T T T

TITTTTT

—- 1 O 1 1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20

Amplitude

DFT: X(K)

Amplitude

Figure 5.34: The signad;(n) and its DFTX(k) in Problem P5.34.6(e)
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P5.37 Letx(n) = Asin(wgn)Rn(N), wherewq is a real number.

1. Consider
Nl (B AN 2 21
X(K) = ng(‘: x(nye 7)™ — Agsin(won) {cos(wnk> — jsin (Wnk)}
— 21 — 21
Xr(K) + j X (K) = AnZ; sin(won) cos(Wnk) — jA; sin(woh) sin <Wnk>
Hence

Xr(k) = ANlein(a)on) cos(z—nnk) (5.11)
= N

X (k) = —ANzlsin(won) sin (Z—Enk) (5.12)
h=0 N

Consider the real-part in (5.11),

N-1 N-1

. 2 A ) 2 ) 2
Xr(k) = AZ sin(won) cos(%nk) =5 Z {sm (a)on — Wnnk) + sin (a)on + Wnk)}
n=0 n=0
N—-1
A
= — sin <2nf0n—ﬁnk> +sin(2nf0n+ﬁnk>} ['.- wg = 27 1]
2 e N N
N—-1
A 2 2
-3 né‘] sin [W(foN — k)n] + sin[Wn(foN + k)n“
A 2 2
=3 —sin [W(k_ foN)n} + sin [W{k — (N — foN)}n]}, O<k<N (5.13)
n=0

To reduce the sum-of-sine terms in (5.13), consider

N-1 N— N-1 . .
. 2 2_;1 vn 1 g on _ 1 1_eJ2ﬂv) 1 (1 e—Jva)
sin[ =wn - F)on _ L e (R)en _ — (== ) - =
ng(; (Nv> 22(:) 2; 2(1—ejzﬁ“ j2\1_e iy
_ i Jnv(%) Sln(ﬂ—v) . i 7]7.[ (N 1) S|n(7-[v)
2 sin(rv/N) ]2 sin(mv/N)
—sin { 7v(N —1) } _Sln(nv) (5.14)
N sin(zv/N)

Now substituting (5.14) in the first term of (5.13) with= (k — foN) and in the second term of (5.13) with
v = (k=[N — fgN]), we obtain the desired result

A [7(N-D) sinf (foN — k)]
Xr(k) = _Es'n{T(k - fON)} SINZ (foN — k)]
A . (T(N—1) sinfr(k — [N — foNJ)}
+3 smiT(k N - foN])} ST (oK) (5.15)
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Similarly, we can show that

sinfzr (fgN — k)]
sin[§ (foN — k)]
) sin{r(k — [N — foN])}

A [7(N=1
+ Esm{T<k— [N — fON])} SN k) (5.16)

(N —1)
N

X|(k)=—gsi { (k— foN)}

2. The above result is the leakage property of sines. It Espihat the original frequenayy of the sine
waveform hadeakedinto other frequencies that form the harmonics of the timetéd sequence. Itis a
natural result due to the fact that bandlimited periodi@siare sampled over noninteger periods. Due to
this fact, the periodic extension &in) does not result in a continuation of the sine waveform butehas
jump at everyN interval. This jump results in the leakage of one frequemty the abducent frequencies
and hence the result of the Problem P5.36.1 do not apply.

3. Verification of the leakage property usirgn) = sin(57n/99R100(N): The sequenc&(n), the real-part
of its DFT Xgr(K), and the imaginary part of its DFX, (k) are shown in Figure 5.35.

. | _Sequence: x(n) _ | | _
i‘g“ﬁ’m\\”” HH\MI,,I”HIH HHHI,AH\ HMHIH H““l,,]lHHH‘ [
”‘1“... ,,”l‘l
5 .l. | .I
;. e ]

=~

Figure 5.35: The leakage property of a sine signal in Proti#én37.3
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P5.38 An analog signak,(t) = 2sin(4nt) + 5cog8rt) is sampled at = 0.0Inforn =10, 1, ..., N — 1 to obtain
an N-point sequencg&(n). An N-point DFT is used to obtain an estimate of the magnitudetapmoof X, ().

1. Out of the given three valuel, = 50 provides complete cycles of both the sine and the cosim@onents.
ThusN = 50 provides the most accurate estimate as shown in Figug@ 5.3

Real Part of the DFT: XR(k)

150 T T
]
he]
2
=
£
< 0

-40 1 1 1 1

0 2 25 48 50
Imaginary Part of the DFT: Xl(k)

60 T T
3]
k]
2
S o0
€
<

-60-L L L

01 25 49
k

Figure 5.36: The accurate spectrum of the signal in Problgr@&1

2. Out of the given three valuedl = 99 provides almost complete cycles of both the sine and tkimeo
components. Thubl = 99 provides the least amount of leakage as shown in Figuré. 5.3

Real Part of the DFT: XR(k)

300 T T T T
3
2
=
€
<
_38 |'“|' 1 'I‘.
0 4 495 95 99
Imaginary Part of the DFT: Xl(k)
100F ° ' -
3
2 |
3 O
S
<
-100k \ ]
02 495 97

k

Figure 5.37: The least amount of leakage in the spectrumedditinal in Problem P5.38.2
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P5.39 Using (5.49), determine and draw the signal flow graph folNhe 8 point, radix-2 decimation-in-frequency
FFT algorithm. Using this flow graph, determine the DFT of skquence

x(n) =cos(zn/2), 0<n<7.

P5.40 Using (5.49), determine and draw the signal flow graph foNhe 16 point, radix-4 decimation-in-time FFT
algorithm. Using this flow graph determine the DFT of the szumpe

X(n) =cos(tn/2), 0<n<15

P5.41 Letx(n) be a uniformly distributed random number betwéed, 1] for 0 < n < 1°. Let

h(n) = sin(0.47n), 0<n <100

1. Using theconv function, determine the output sequenga) = x(n) x h(n).

2. Consider the overlap-and-save method of block conmiudilong with the FFT algorithm to implement
high-speed block convolution. Using this approach, deiteeng(n) with FFT sizes of 1024, 2048, and
4096.

3. Compare the above approaches in terms of the convolwgguits and their execution times.
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Chapter 6

Digital Filter Structures

P6.1 Direct form | block diagrams.

1. y(n) = x(n) + 2x(n — 1) + 3x(n — 2):

X(n) e p-+—>» > > P—ey(n)

1
1-17z14+15322-0.648 3

2. H(2) =

1
X(n) & > > >—eP—oy(n)
-1

265
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3. y(n) =17y(n—1) — 1.36y(n — 2) + 0.576y(n — 3) + x(n):

1

»—4

x(n) o> >

2006

4. y(n) = 1.6y(n — 1) + 0.64y(n — 2) + x(n) + 2x(n — 1) + x(n — 2):

5. H(Z) =

X(n) —p—o—p

1-3z14+3224 73

1+ 0.2z —0.147272 + 0.44z°3"

->-ey(n)

X(n) e p-+—>»
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P6.2 Consider the following two block diagrams:

-1

z
»
>

Y
Y

2A 4
-1 -1

Y
Y
y

>—e)(n)

x(n) o I:( > »—e (1) x(n) e— > >

y 0.5 A-09 Al.8

1. The system functioil (z) = Y (2)/ X(2):
(i) Referring to signal nodes in the above figure (i):

w(n) = K x(n) + 3y(n — 1)
y(n) = w(n) + 2w(n — 1) = K x(n) + 3y(n — 1) + 2K x(n — 1) + 23y(n — 2)
= K x(n) +2K x(n—1) + Jy(n — 1) + y(n — 2)

Hence L
1+2z7
e 6.1)

H(z) = K—l— %271_272

(i) Referring to signal nodes in the above figure (ii):

B L ~ _ X(2)
w(n) = KX + 18w —1) 09w —2) = W@ = Kg—Fe o

y(n) = 05w(n) + 2w(n— 1) + w(h—2) = Y(2) = (0.5+ 22 " + Z %) W(2)

Hence

Y 05+2z1 -2

2= 1D _ Oo+2z+2 6.2)
X(2) 1-08z21+0.2z2

2. Canonical structure:

(i) The given structure is canonical
(i) The given structure is not canonical. The canonicalctire is

0.5
K
x(n) e = > >—e y(n)
y N vzl A
18 2
<

-0.9 1

3. Value ofK so thatH (el 9) = 1:
(i) From (6.1),H() =1=K

1+2 _ _ _1
7= 6K = K=—4.
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(i) From (6.2),H(1) = 1= K252 = 35K = K = — 5.

P6.3 Consider the LTI system described by
y(n) =ay(n —1) +bx(n) (6.3)

1. Block diagram of the above system with input node) and output nodg(n) is shown below.

Y

x(1n) o—> >—e (1)

2. Transposedlock diagram: The block diagram due to steps (i) and (iihisven below.

<—o x(n)

A

b
»(n) —=

(1) and (i1)
The final block diagram after redrawing is shown below.

x(n) e— > i) g ° y(n)

am Y
-1

z
<
<

(b)

3. Difference equation representation of the transposedtate in part 2 above: Referring to the nodes in

the transposed structure above

wn) =x(n)+awnh—1) = W(2) = % X(2)

1
and
y(n) = bw(n) = Y(2) = bW(2)
or
Y@ (1—-az')=bX(2 =y =bx(n) +ayn—1)

which is the same equation as (6.3).
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P6.4 Consider the LTI system given by

1-2818&1+397272-2818w 3+ z*

H(z) = 6.4
@ 1-— 253621+ 3.21522 — 2.054z2 + 0.656* (6.4)
1. The normal direct form | structure block diagram is showtoty on the left.
1 1
x(n) y(n) x(n) y(n)
7t 7t 7t 7t
-2.818 2536 2536 -2.818
.+. .+. -+b [ ]
vzl A A vz @ A7y v Azl
3.97 -3.215 -3.215 3.97
> < < >
vzt A A vz @ A7y v Azl
-2.818 2.054 2.054 -2.818
> < < >
-1 -1 -1 -1

2. The transposed direct form | structure block diagram esvshabove on the right.
3. The normal direct form Il structure block diagram is shdvefow on the left.

1 1
x(n) y(n) x(n) '—b—l—b—l—b—l—b—c y(n)
7t z*

2536 -2.818 -2.818 2.536
< > ' <
_ -1
A vz A v AZ v
-3.215 3.97 397 -3.215
_’_1.
-1 -1
A vZ A v AZ v
2.054 -2.818 -2.818 2.054
——
-1 -1

Clearly it looks similar to that in part 2.

4. The transposed direct form Il structure block diagranm@s above on the right. Clearly it looks similar
to that in part 1.
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P6.5 Consider the LTI system given by

1-2818&1+39722-2818w 3+ z*
1— 253621 4+ 3.21522 — 2.054z-3 + 0.656Qz—4

H(z) =

1. A cascade structure containing secamder normal direct from Il section®ATLAB script:

b=1[1,-2.818,3.97,-2.818,1]; a = [1,-2.536,3.215,-2.054,0.656] ;
[b0,B,A] = dir2cas(b,a)

b0 =
1
B =
1.0000 -1.2854 1.0000
1.0000 -1.5326 1.0000
A =

1.0000 -1.1553 0.8099
1.0000 -1.3807 0.8100

1 1 1
x(n) e—» > >—1—> —> > »—e y(n)
A vZ_l l vZ_l A
1.155 -1.285 1.381 -1.533
< > < >
A iﬂ A A '1—1 A
-0.8099 T 1 -0.81 1
: >

2. A cascade structure containing second-order transpbeset from Il sectionsSMATLAB Script:

b =1[1,-2.818,3.97,-2.818,1]; a = [1,-2.536,3.215,-2.054,0.656] ;
[b0,B,A] = dir2cas(b,a)
b0 =

1.0000 -1.2854 1.0000
1.0000 -1.5326 1.0000

1.0000 -1.1553 0.8099
1.0000 -1.3807 0.8100

1 1 1
X(n) e—p P—r—>—9 > > > P—e y(n)
\ 4 lz_l vy VY Az_l \ 4
-1.285 1.155 -1533 1.381
> < > <
~ -1
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3. A parallel structure containing secendder normal direct from Il sections:

MATLAB script:
1.524

b = [1,-2.818,3.97,-2.818,1]; X(n) e > * y(n)
a = [1,-2.536,3.215,-2.054,0.656] ;
[C,B,A] = dir2par(b,a)

C =
1.5244
B =
-0.2460 0.2644
-0.2783 0.1222
A =

1.0000 -1.1553 0.8099
1.0000 -1.3807 0.8100

4. A parallel structure containing second-order transpalect from Il sections:

MATLAB Script:

1524
b = [1,-2.818,3.97,-2.818,1]; X(n) e > +— y(n)
a = [1,-2.536,3.215,-2.054,0.656]; -0.246
[C,B,A] = dir2par(b,a)
c =
1.5244
B =

-0.2460 0.2644
-0.2783 0.1222

1.0000 -1.1553 0.8099
1.0000 -1.3807 0.8100
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P6.6 A causal linear timenvariant system is described by

4 5
y(n) = Z co0g0.1rk)x(n — k) — Z(O.S)k sin(0.17k)y(n — k)
k=0 k=1

1. Normal direct form I:
MATLAB SCript:

b = cos(0.1*pi*[0:4]); a = [1,((0.8).7[1:5]).*sin(0.1*pi*[1:5])];

x(n) y(n)

Response of the system to
x(n) =[1+2(-1"], 0=<n<50

MATLAB Script:

n =0:50; x =1+ 2%(-1).7n; y = filter(b,a,x);
H_stem = stem(n,y,’g’,’filled’); set(H_stem, ’markersize’,3); axis([-1,51,-1,4]);
title(’Output Sequence {\ity}({\itnl})’,’fontname’,’times’,’fontweight’, ’normal’)

Output Sequencgn)

3.5F k
2.5F * 'Y _
1.5} k

0.5F 1

0 T 2t .
l EEE SRR SEREEEEEREEE

-0.5

1L 1 1 1 1 1 1 1 1 1 1

0 5 10 15 20 25 30 35 40 45 50
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2. Transposed direct form II:
MATLAB ScCript:

b = cos(0.1xpi*[0:4]); a = [1,((0.8).7[1:5]) .*xsin(0.1*pix*[1:5])];

1
X(n) - y(r)
z
0.9511 -0.2472
> <
-1
AZ \ 4
0.809 -0.3762
> <
-1
AZ v
0.5878 -0.4142
> <
-1
AZ v
0.309 -0.3896
I—P <
-0.3277 |

Response of the system to
x(n) =[1+2(-1"], 0=<n=<50

MATLAB ScCript:

n=20:50; x =1+ 2%(-1)."n; y = filter(b,a,x);
H_stem = stem(n,y,’g’,’filled’); set(H_stem, ’markersize’,3); axis([-1,51,-1,4]);
title(’Output Sequence {\ity}({\itn})’,’fontname’,’times’,’fontweight’, ’normal’)

Output Sequencgn)

0 T °t .
l [ IrTEI R

-1k 1 1 1 1 1 1 1 1 1 1

0 5 10 15 20 25 30 35 40 45 50
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3. Cascade form containing seceowler normal direct form Il sections:
MATLAB ScCript:

b = cos(0.1%pi*[0:4]); a =
[b0,B,A] = dir2cas(b,a)

[1,(€0.8).7[1:5]).*sin(0.1*pi*[1:5])];

b0 =
1
B =
1.0000 1.2047 0.5177
1.0000 -0.2537 0.5969
1.0000 0 0
A =
1.0000 0.6158 0.5556
1.0000 -1.0844 0.8238
1.0000 0.7159 0
1 1 1 1
X(n) e—p—o—> > > > —oPp—o—> > P—e y(Nn)
lA vZ_l A A vl_l l; Al vZ_l A
-0.6158 1.205 1.084 -0.2537 -0.7159 0
< > < > < >
A zt A A vii A 4 zt A
—0.5556T 0.5177 -0.8238 | 0.5969 0 T 0
<+ < > <+— >
Response of the system to
x(n) =[1+2(-1"], 0=<n<50

MATLAB ScCript:

n =0:50; x =1+ 2%(-1)."n; y = casfiltr(b0,B,A,x);
H_stem = stem(n,y,’g’,’filled’); set(H_stem, ’markersize’,3); axis([-1,51,-1,4]);
title(’Output Sequence {\ity}({\itnl})’,’fontname’,’times’,’fontweight’,’normal’)

Output Sequencgn)

0 T ot .
l [ IrTFIE e

0 5 10 15 20 25 30 35 40 45 50

|
=
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4. Parallel form containing secoutder transposed direct form Il sections:

MATLAB Script:

) X(n) e > * y(n)
b = COS(O.l*pl* [04]); 0.3221
a = [1,(0(0.8).7[1:5]).%... > > >—o
sin(0.1*pi*[1:5])]; -1
AZ
[C,B,A] = dir2par(b,a) Y Y
C = 0.2644 -0.6158
4 > < A
(]
B =
0.3221 0.2644 -0.5556 |
0.5145 0.1969 )
0.5145
0.1634 0 > > >
A= -1
1.0000 0.6158 0.5556 \ 4 AZ 4
1.0000 -1.0844 0.8238 0.1969 1.084
4 > < A
1.0000 0.7159 0
Response of the system to ) ‘0-82| 38 |
_ n 0.1634
4

-0.7159

MATLAB ScCript:

n =0:50; x =1+ 2%(-1)."n; y = parfiltr(C,B,A,x);
H_stem = stem(n,y,’g’,’filled’); set(H_stem, ’markersize’,3); axis([-1,51,-1,4]);
title(’Output Sequence {\ity}({\itn})’,’fontname’,’times’,’fontweight’, ’normal’)
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Output Sequencgn)

3.5F k
2.5F * 'Y _
1.5} k

0.5F 1

0 T R .
l EEEERERSEREEEEEREEE

-0.5F

1L 1 1 1 1 1 1 1 1 1 1

0 5 10 15 20 25 30 35 40 45 50
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5. Latticeladder form:
MATLAB Script:

b = cos(0.1*pi*[0:4]1); a = [1,((0.8).7[1:5]) .*sin(0.1*pi*[1:5])];
[K,C] = dir2ladr(b,a)
K =
-0.0361 0.2141 0.3176 0.3457 0.3277
C =
0.5950 0.7722 0.7126 0.5464 0.3090 0

Response of the system to

x(n) =[1+2(-1"], 0=<n=<50
MATLAB Script:

n =0:50; x =1+ 2%(-1)."n; [y] = ladrfilt(X,C,x);
H_stem = stem(n,y,’g’,’filled’); set(H_stem, ’markersize’,3); axis([-1,51,-1,4]1);
title(’Output Sequence {\ity}({\itn})’,’fontname’,’times’,’fontweight’, ’normal’)

Output Sequencgn)

3.5F b

1.5}F 1

0.5F i

0 T ot .
l [ IrTFIE R

-1k 1 1 1 1 1 1 1 1 1 1

0 5 10 15 20 25 30 35 40 45 50
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P6.7 An IIR filter is described by the following system function
1+0z14+272 2-z1 1422714272
H(z) =2 -~ — |+ — ) + !
1-0.8z71+4 0.64z 2 1-0.75z1 1+0.81z2

1. Transposed direct form I:
MATLAB Script:

%% (a) Transposed Direct form-I
% Given H(z)
bl = [2,0,1]; a1l = [1,-0.8,0.64]; [R1,pl,k1] = residuez(bl,al);

b2 = [2,-1]; a2 = [1,-0.75]; [R2,p2,k2] = residuez(b2,a2);
b3 = [1,2,1]; a3 = [1,0,0.81]; [R3,p3,k3] = residuez(b3,al3);
R = [R1;R2;R3]; p = [pl;p2;p3]; k = k1+k2+k3; [b,a] = residuez(R,p,k)
b =
5.0000 -3.6500 5.4600 -4.2610 2.7748 -1.6059
4 =

1.0000 -1.5500 2.0500 -1.7355 1.0044 -0.3888

2. Normal direct form II:
MATLAB Script:

%% (a) Transposed Direct form-I

% Given H(z)

bl = [2,0,1]; a1l = [1,-0.8,0.64]; [R1,pl,k1] = residuez(bl,al);
b2 = [2,-1]; a2 = [1,-0.75]; [R2,p2,k2] = residuez(b2,a2);

b3 = [1,2,1]; a3 = [1,0,0.81]; [R3,p3,k3] = residuez(b3,al);
R = [R1;R2;R3]; p = [pl;p2;p3]; k = k1+k2+k3; [b,al] = residuez(R,p,k)
b =
5.0000 -3.6500 5.4600 -4.2610 2.7748 -1.6059
a =
1.0000 -1.5500 2.0500 -1.7355 1.0044 -0.3888
5
x(n) * ' g y(n) X(n) e—p—¢ > * > —>—e y(n)
7t l l {z‘l l
155 155 -3.65
—« < >
Azl A +z_1 A
-2.05 2,05 546
< < >
Az A *z_l A
1.736 1.736 -4.261
< >
Az? A +z_1 A
-1.004 -1.004 2.775
< <
-1 Z—l
0.3888 -1.606
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3. Cascade form containing transposed seawdeér direct form Il sections:
MATLAB Script:

%% (c) Transposed Cascade form

% Given H(z)

bl = [2,0,1]; a1l = [1,-0.8,0.64]; [R1,pl,k1] = residuez(bl,al);

b2 = [2,-1]; a2 = [1,-0.75]; [R2,p2,k2] = residuez(b2,a2);

b3 = [1,2,1]; a3 = [1,0,0.81]; [R3,p3,k3] = residuez(b3,al);

R = [R1;R2;R3]; p = [pl;p2;p3]; k = k1+k2+k3; [b,al] = residuez(R,p,k)

b =

5.0000 -3.6500 5.4600 -4.2610 2.7748 -1.6059
5 =

1.0000 -1.5500 2.0500 -1.7355 1.0044 -0.3888
[b0,B,A] = dir2cas(b,a)
b0 =

5
B =

1.0000 0.5424 0.7734

1.0000 -0.5876 0.6064

1.0000 -0.6848 0
A =

1.0000 -0.0000 0.8100
1.0000 -0.8000 0.6400

1.0000 -0.7500 0
5 1 1 1
x(n) —> >+ > +>e > > e b e >+ > o bev)
lZ_l L 2R / AZT gy * lZ_l 4
0.5424 0 -0.5876 0.8 -0.6848 0.75
' g < | g < —>) <
) CI S & A7t 4
T 0.7734 -081 0.6064 ~0.64 T 0
)\ <« ) ——
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4. Parallel form containing normal secendder direct form Il sections:

MATLAB ScCript:

%% (d) Normal Parallel form
% Given H(z)
bl = [2,0,1]; a1l = [1,-0.8,0.64]; [R1,pl,k1] = residuez(bl,al);

2006

b2 = [2,-1]; a2 = [1,-0.75]; [R2,p2,k2] = residuez(b2,a2);
b3 = [1,2,1]; a3 = [1,0,0.81]; [R3,p3,k3] = residuez(b3,al);
R = [R1;R2;R3]; p = [pl;p2;p3]; k = k1+k2+k3; [b,al] = residuez(R,p,k)
b =
5.0000 -3.6500 5.4600 -4.2610 2.7748 -1.6059
a =
1.0000 -1.5500 2.0500 -1.7355 1.0044 -0.3888
[C,B,A] = dir2par(b,a),
Xn) e
C =
4.1304
B =
-0.2346 2.0000
0.4375 1.2500 \ 4
0.6667 0 1
A = A \ £
1.0000 -0.0000  0.8100 L&
1.0000 -0.8000  0.6400 04375
1.0000 -0.7500 0

* y(n)
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5. Latticeladder form:
MATLAB Script:

%% Lattice-Ladder form

% Given H(z)

bl = [2,0,1]; a1l = [1,-0.8,0.64]; [R1,pl,k1] = residuez(bl,al);

b2 [2,-1]; a2 = [1,-0.75]; [R2,p2,k2] = residuez(b2,a2);

b3 [1,2,1]; a3 = [1,0,0.81]; [R3,p3,k3] = residuez(b3,al);

R = [R1;R2;R3]; p = [pl;p2;p3]; k = k1+k2+k3; [b,a]l = residuez(R,p,k);

[K,C] = dir2ladr(b,a)
K:

-0.3933 0.7034 -0.5916 0.4733 -0.3888
C:

2.7756 -0.0253 1.5817 -0.5787 0.2857 -1.6059
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P6.8 An IIR filter is described by the following system function

—1475—-129z1 24542682271\ [1+2z2 14272
H(2) = 71,3527 1, 1,2 -2
1-gz21+ 352 l-z++3z 1+ 0.81z
1. Normal direct form I:
MATLAB ScCript:
%% (a) Normal Direct form-I
% Given H(z)
b1 = [-14.75,-12.9]; al = [1,-7/8,3/32];
b2 = [24.5,26.82,0]; a2 = [1,-1,1/2];
b3 = [1,2,1]; a3 = [1,0,0.81];
[b4,ad4] = cas2dir(1,[b2;b3],[a2;a3]);
[C,B,A] = dir2par(b4,ad);
B = [B;bl]l; A = [A;all;
[b,al = par2dir(C,B,A)
b =
9.7500 56.2325 7.6719 -39.3959 -11.6666 -2.7101 0
a =
1.0000 -1.8750 2.2787 -2.0500 1.2366 -0.4303 0.0380
9.75
X(n) o p—o—p——>—¢+—>—9¢ P y(n)
-1 -1
\ Z4 A A vZ
56.23 1.875
-1 -1
\ 24 A A vz
7.672 -2.279
-1 -1
\ Z4 A A \ 24
-39.4 2.05
—Ph—o —<4—
-1 -1
v’ A A vZ
-11.67 -1.237
—h—o —<4—¢
-1 -1
\ f4 A A \ 24
=-2.71 0.4303
—Pp—+ —<—
-1
A \ 24
-0.038

2006
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2. Normal direct form II:

%% (b) Normal Direct form-II

% Given H(z)
bl =
b2
b3
[b4,ad] =

[-14.75,-12.9]; al
[24.5,26.82,0]; a2
[1,2,1]; a3 = [1,0,0.81];
cas2dir (1, [b2;b3], [a2;a3]);

[C,B,A] = dir2par(b4,ad);

B = [B;bl];

A = [A;all;

[b,a] = par2dir(C,B,A)

[1,-7/8,3/32];
[1,-1,1/2];

b =
9.7500 56.2325 7.6719 -39.3959 -11.6666 -2.7101
-
1.0000 -1.8750 2.2787 -2.0500 1.2366 -0.4303
9.75
X(N) —P—9—P————> P
A vz_l A
1.875 56.23
¢ < ® > ®
A vz ! A
-2.279 7.672
¢ 4 ® > ®
A vz ! A
2.05 -394
¢ 4 ® > ®
A vz_l A
-1.237 -11.67
¢ < ® > ®
A vz ! A
0.4303 -2.71
¢ 4 ¢ > ®
-1
A wvZ
-0.038
® 4 ®

0.0380

y(n)

283
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3. Cascade form containing transposed seawdeér direct form Il sections:
MATLAB ScCript:

%% (c) Transposed Cascade form

% Given H(z)

bl = [-14.75,-12.9]; a1l [1,-7/8,3/32];
b2 [24.5,26.82,0]; a2 [1,-1,1/2];

b3 [1,2,1]; a3 = [1,0,0.81];

[b4,ad4] = cas2dir(1,[b2;b3],[a2;a3]);
[C,B,A] = dir2par(b4,ad);

B = [B;bl]l; A = [A;al]l;

[b,a] = par2dir(C,B,A);

[b0,B,A] = dir2cas(b,a)

b0 =
9.7500
B =
1.0000 0.2731 0.0663
1.0000 6.3691 4.7918
1.0000 -0.8748 0
A =
1.0000 0.0000 0.8100
1.0000 -1.0000 0.5000
1.0000 -0.8750 0.0937
9.75 1 1 1
X(N)o—p—o—>—9o—>—9¢ >+ —>—9o—>p p—eo—Pp—oP—-oy(n)
\ Az Yy VY Az 4 Az 4
0.2731 0 6.369 1 -0.8748 0.875
¢ > ! > ® ¢ > ! > 9 > 2 > ®
-1 -1
\ 4 AL Y VY AL 4 4
0.0663 -0.81 4,792 -0.5 -0.0937
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4. Parallel form containing transposed seconder direct form Il sections:
MATLAB Script:

%% (d) Transposed Parallel form
% Given H(z)

b1

b2 =

b3

[b4,a4]

[-14.75,-12.9]; al
[24.5,26.82,0]; a2

[1,-1,1/2];

[1,2,1]; a3 = [1,0,0.81];

= cas2dir(1, [b2;b3], [a2;a3]);

[C,B,A] = dir2par(b4,ad);

B = [B;b1]l; A = [A;all;
[b,a] = par2dir(C,B,A);
[C,B,A] = dir2par(b,a)
C:

B

0

-58.
82.
-14.

1234
6234
7500

1.0000
1.0000
.0000

[1,-7/8,3/32];

-40.2767
57.9733
-12.9000
0.0000 0.8100
-1.0000 0.5000
-0.8750 0.0937
-58.12
X(n) o — —o»—)> p—o——e y(n)
lz_l
-40.28 0
® > < A
-0.81
.,—4—.
82.62
— ——> >—o
lz_l
57.97 1
® > < A
-05
<
-14.75
r—> > p—o
lz_l
-12.9 0.875
> <
-0.0937

285
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5. Latticeladder form:
MATLAB Script:

%% Lattice-Ladder form
% Given H(z)

bl = [-14.75,-12.9]; al
b2 = [24.5,26.82,0]; a2
[1,2,1]; a3 = [1,0,0.81];

b3

[b4,a4]

[1,-7/8,3/32];
[1,-1,1/2];

= cas2dir(1, [b2;b3], [a2;a3]);

[C,B,A] = dir2par(b4,ad);
B = [B;bl]l; A = [Aj;all;

[b,al
[X,C]
K:

-0.

C =

43.

z ! z 1! z ! z 1

par2dir(C,B,A);
dir2ladr(b,a)

6719 0.5069 -0.6124 0.5539 -0.3596 0.0380

1171 556.8710 -49.2642 -61.1147 -16.7111 -2.7101

2006

y(n)
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P6.9 The causal linear tim@wariant system describes the lattice/ladder structure

1. Direct form I: Given Lattice-Ladder

K = [-0.56,2/3,1/2]; C = [0,0,0,1]; [b,a] = ladr2dir(K,C)
b =

0.5000 0.2000 -0.6000 1.0000
a =

1.0000 -0.6000 0.2000 0.5000

0.5
x(n) — > > > »—e y(n)
-1 -1
v z A A v z
0.2 0.6
<
-1 -1
v z A A v z
-0.6 -0.2
> +—<—¢
-1 -1
v z A A v z
1 -05
—q——

2. Direct form Il:Given Lattice-Ladder

~
I

[-0.56,2/3,1/2]; C = [0,0,0,1]; [b,a]l] = ladr2dir(X,C)
0.5000 0.2000 -0.6000 1.0000

1.0000 -0.6000 0.2000 0.5000

05
x(n) —» » > >—e y(n)
-1
A L A A
06 0.2
<
-1
A v A
-0.2 -0.6
< ' g
-1
A v A
-05 1
<
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3. Cascade form containing seceadler direct form Il sections: Given Lattice-Ladder

K = [-0.56,2/3,1/2]; C = [0,0,0,1]; [b,a] = ladr2dir(K,C);
[b0,B,A] = dir2cas(b,a),

b0 =
0.5000
B =
1.0000 -1.3448  1.1463
1.0000  1.7448 0
A =
1.0000 -1.1731  0.8724
1.0000  0.5731 0
x(n) y(n)
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4. Parallel form containing secomtder direct form Il sections: Given Lattice-Ladder

K = [-0.56,2/3,1/2]; C = [0,0,0,1]; [b,al] = ladr2dir(K,C);
[C,B,A] = dir2par(b,a)

C =
2
B =
-0.2748 0.1201
-1.2252 0
A =
1.0000 -1.1731 0.8724
1.0000 0.5731 0
2
X(n) e—¢ > * y(n)
-0.2748
¢ —p—o—>
-1
A vz
1.173 0.1201
v ¢ < * > A
-1
A vZ
-0.8724
-1.225
¢ * b—o >
-1
A A ZA
-0.5731 0
<>
-1
A vz
0
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P6.10 Given linear timeinvariant system with system function:
H(2) = 0.05—0.01z7! - 0.13272 +0.13z %+ 0.01z > — 0.052°°
 1-0.77z714 159208823+ 1224 —0.3525+0.31z 6
1. The required form is the cascade forMAaTLAB Script:
b = [0.05,-0.01,-0.13,0.13,0.01,-0.05];
a=[1,-0.77,1.59,-0.88,1.2,-0.35,0.31];
[b0,B,A] = dir2cas(b,a)
b0 =
0.0500
B =
1.0000 -1.5900 1.0000
1.0000 2.3900 1.0000
1.0000 -1.0000 0
A =
1.0000 0.5732 0.7751
1.0000 -0.2611 0.4961
1.0000 -1.0821 0.8062
Block diagram:
0.05 1 1 1
x(n) oPp—g—p—o—o—>—¢—> o—Pp—o—p—0 £ e V(1)
- Z»l
A Y A Y A Y A
-0.5732 0.2611 2.39 1.082 -1 -1.59
o—<F—0 © +——> ® +——> ® o—> —o
z z! ’
A Y A Y A \ 4 A
-0.7751 —-0.4961 1 —-0.8062 0 1
O——1—0O [ < O > [ < O > O o—h—o@

2. This solution is not unique since numerator and denomir@fuads can be grouped differently.
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P6.11 Given linear timeinvariant system with system function:

0.051+ 0.088 ! + 0.06z°2 — 0.0292% — 0.06%2* — 0.046z >

H((z) =
@) 1-134z14+14782—-0.78923 4+ 0.232z4

The given flow graph is a parallel structutdATLAB Script:

b [0.051,0.088,0.06,-0.029,-0.069,-0.046] ;
a=1[1,-1.34,1.478,-0.789,0.232];
[C,B,A] = dir2par(b,a)

c:
-0.9717 -0.1983
B:
-0.3654 0.0465
1.3881 -0.6876
A =
1.0000 -0.4929 0.7519
1.0000 -0.8471 0.3086
Block diagram:
-0.9717
> >
-1
A —0.1983
> >
x(n) —-0.3652 t n(n)
—> *—> *—> *—> > > ®
-1
A Z
0.4929 I 0.0465
® < >
\ 4 1 A
z
a 4
-0.7519
Oo———0
1.388
> o) > o > >
Z—l
A 4
0.8471 —0.6876
L < >
-1
z
A \ 4

This solution is unique.
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P6.12 The linear timeinvariant system function:

H(z) =

0.05—0.01z°! - 0.1322+0.13z % + 0.01z°> — 0.05z°°

1-0.77z71+ 15922 -0.88z3%+1.2z4—0.3525+0.31z°6

2006

1. The given signal flow graph is a parallel connection coigi one second-order cascade branch.

MATLAB Script:

% Given Direct form
b = [0.05,-0.01,-0.13,0,0.13,0.01,-0.05];
a=1[1,-0.77,1.59,-0.88,1.2,-0.35,0.31];
% Convert to a parallel form

[C,B,A] = dir2par(b,a)

C:
-0.1613

-0.2654
0.7206
-0.2439

1.0000
1.0000
1.0000

-0.0295
-0.1148
0.0964

0.5732
-0.2611
-1.0821

0.7751
0.4961
0.8062

% Convert the first two biquads into direct form
[b1,a1] = par2dir(C,B(1:2,:),A(1:2,:)); bl = real(bl), al = real(al)

bl =
0.2939

al =
1.0000

% Convert the resulting direct into

0.2878

0.3121

0.1879

1.1215

[b0,B1,A1] = dir2cas(bl,al)

b0 =
0.2939

Bl =
1.0000
1.0000

Al =
1.0000
1.0000

Block diagram:

1.1383
-0.1592

0.5732
-0.2611

x(n)

-0.1168

0.0820

-0.

0.

0620

3845

cascade form

n(n)

1.0262
-0.2056

0.7751
0.4961

\ 4

-
L

A Yz
_0'54732

L

-1
1.1383

[
L

Y

A \ 43 A A \ £3 A
-0.7751 | 1.0262 —0.4961 [ ~0.2056
< - < -

—-0.2439
» :
A \ &3 y
1.0821 | 0.0964
< >
A Y
70.8‘062
-

2. The solution is not unique since any two out of three palrailjuads can be used to construct a cascade

branch.
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P6.13 The filter structure contains a parallel connection of cdsaections.

1. Direct form (normal) structureMATLAB Script:

%% (a) Normal Direct form-I

% Given Structure

% Upper parallel branch

[bl1,al] = cas2dir(1,[0.5,2,1.5;1,3,0],[1,1,0.9;1,-1,0.8]1);
bl = removetrailzeros(bl); [C1,B1,A1] = dir2par(bl,al);

% Lower parallel branch

[b0,B2,A2] = dir2cas([1,2,1],[1,0.5,0.5,-0.4]1);

[b2,a2] = cas2dir (b0, [3,-0.5,2;B2],[1,0.4,0.4;A2]);

b2 = removetrailzeros(b2); a2 = removetrailzeros(a2);
[C2,B2,A2] = dir2par(b2,a2);

% Overall parallel

C = C1+C2; B = [B1;B2]; A
% Overall direct

[b,a] = par2dir(C,B,A); b = real(b), a = real(a)

b =

Columns 1 through 9

3.5000 9.4500 17.3000 22.1500 18.7300 11.0200 3.6700 1.3000 0.7200
a =

Columns 1 through 10

1.0000 0.9000 1.8000 0.5300 1.4400 0.3780 0.8200 -0.1160 0.0448

[A1;A2];

Block diagram:

x(n) y(n)
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2. Direct form (transposed) structur®fATLAB Script:

%% (a) Transposed Direct form-II

% Given Structure

% Upper parallel branch

[bl,al] = cas2dir(1,[0.5,2,1.5;1,3,0],[1,1,0.9;1,-1,0.8]1);
bl = removetrailzeros(bl); [C1,B1,A1] = dir2par(bl,al);

% Lower parallel branch

[b0,B2,A2] = dir2cas([1,2,1],[1,0.5,0.5,-0.4]);

[b2,a2] = cas2dir(b0, [3,-0.5,2;B2],[1,0.4,0.4;A2]);

b2 = removetrailzeros(b2); a2 = removetrailzeros(a2);
[C2,B2,A2] = dir2par(b2,a2);

% Overall parallel

C = C1+C2; B = [B1;B2]; A
% Overall direct

[b,a] = par2dir(C,B,A); b = real(b), a = real(a)

b =

Columns 1 through 9

3.5000 9.4500 17.3000 22.1500 18.7300 11.0200 3.6700 1.3000 0.7200
a =

Columns 1 through 10

1.0000 0.9000 1.8000 0.5300 1.4400 0.3780 0.8200 -0.1160 0.0448

[A1;A2];

Block diagram:

x(n) y(n)
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3. Cascade form structure containing seconger sectionSMATLAB Script:

%% (c) Normal Cascade form

% Given Structure
% Upper parallel branch

[bl,al] = cas2dir(1,[0.5,2,1.5;1,3,0],[1,1,0.9;1,-1,0.8]1);

[C1,B1,A1] = dir2par(bl,al);

% Lower parallel branch

[b0,B2,A2] = dir2cas([1,2,1],[1,0.5,0.5,-0.4]);
[b2,a2] = cas2dir(b0,[3,-0.5,2;B2],[1,0.4,0.4;A2]);
removetrailzeros(a2);

b2 = removetrailzeros(b2)

; a2

[C2,B2,A2] = dir2par(b2,a2);

% Overall parallel
C = C1+C2; B = [B1;B2]; A
% Overall direct

[b,a] = par2dir(C,B,A); b =

[b0,Bc,Ac] = dir2cas(b,a)
b0 =

3.5000

Bc =
1.0000 1.0414 0
1.0000 0.2423 1
1.0000 -0.3323 0
1.0000 1.7486 0
1.0000 0.0000

Ac =
1.0000 1.0000 0
1.0000 0.9387 0
1.0000 0.4000 0
1.0000 -1.0000 0
1.0000 -0.4387 0

Block diagram:

0.2423

Z—l
-0.9118

Z—l
-0.9387

1.582

.9377
.5819
.1852
. 7486

.9000
.9118
.4000
.8000
.0000

[A1;A2];

real(b); a =

!!!!!
’!!!‘

Z—l

-0.3323
Z—l
0.1852

real(a);

295

y(n)
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4. Parallel form structure containing seceordier sections:

%% (d) Normal Parallel form
% Given Structure
% Upper parallel branch
[bl1,al] = cas2dir(1,[0.5,2,1.5;1,3,0],[1,1,0.9;1,-1,0.8]);
[C1,B1,A1] = dir2par(bil,al);
% Lower parallel branch
[b0,B2,A2] = dir2cas([1,2,1],[1,0.5,0.5,-0.4]);
[b2,a2] = cas2dir(b0,[3,-0.5,2;B2],[1,0.4,0.4;A2]);
b2 = removetrailzeros(b2); a2 = removetrailzeros(a2);
[C2,B2,A2] = dir2par(b2,a2);
% Overall parallel
C = C1+C2, B = [B1;B2], A = [A1;A2],
C = Block diagram:
[]
° e X(n)
0.9370 -1.1349
-0.4370 6.0088
2.1502 5.0236
-3.3424 -3.3813

y(n)

4.1923 0

A =
1.0000 1.0000 0.9000
1.0000 -1.0000 0.8000
1.0000 0.9387 0.9118
1.0000 0.4000 0.4000
1.0000 -0.4387 0
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P6.14 In filter structure shown the systeri (z) andH,(2) are in parallel where

0.2-0.3z1 N 0.4+ 05z1
1+09z14+09z22 14 -08z1+0.822

Hi(2) = 2+

and

2+z1t—277? )( 3+4z145272 )

Hy(2) =
2(2) (1 +1721407222) \1- 1521405622

1. H(2) as arational functionMATLAB Script:

% Given Structure

% H1(z) in parallel form: Leave as is

C1=2; B1 = [0.2,-0.3;0.4,0.5]; A1 = [1,0.9,0.9;1,-0.8,0.8];

% H2(z) in cascade form: Convert to parallel form

b0 = 1; B2 = [2,1,-1;3,4,5]; A2 = [1,1.7,0.72;1,-1.5,0.56];

[b2,a2] = cas2dir(b0,B2,A2); [C2,B2,A2] = dir2par(b2,a2);

% Combine two parallel forms

C = C1+C2; B = [B1;B2]; A = [A1;A2];

% (a) Rational function H(z)

[b,a] = par2dir(C,B,A); b = real(b), a = real(a)

b =
8.6000 12.7200 17.9680 12.6292 8.6276 8.2575 2.4425
0.6204 -3.0194

1.0000 0.3000 -0.2700 -0.0590 -0.1342 0.0589 -0.5193
-0.0922 0.2903

2. Cascade form structure:

[b0,Bc,Ac] = dir2cas(b,a)

b0 =
8.6000

Bc =
1.0000 0.9999 0.7846
1.0000 0.8038 1.2272
1.0000 -0.8268 0.7566
1.0000 0.5022 -0.4820

Ac =
1.0000 0.9000 0.9000
1.0000 -0.8000 0.8000
1.0000 1.7000 0.7200
1.0000 -1.5000 0.5600

0.7566
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3. Parallel form structure:

[C,B,A] = dir2par(b,a)

C =
-10.4008
B =
0.2000 -0.3000
0.4000 0.5000
5.6943 5.5629
12.7065 -5.1424
A =

.0000 0.9000 0.9000
.0000 -0.8000 0.8000
.0000 1.7000 0.7200
.0000 -1.5000 0.5600

e

x(n)e * y(n)
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P6.15 The digital filter structure shown is a cascade of two paraéietions and corresponds to &™6rder IR digital
filter system function

1-22724+ 16368 % —0.4892& 6 + 5395456x 10828 — 147456x 108z 10

H(z) =
@ 1-1.6522+0.8778& % —0.17281%z° 4 1057221x 10-8z-8 — 893025x 10-10z-10

1. Due to a mistake in labeling, two of the multiplier coefficis in this structure hav@correct values
(rounded to 4 decimals). To locate these two multipliers datérmine their correct values we will
investigate their pole-zero structure and combine theqpate pairsMATLAB Script:

clc; format short;

% Given Rational Function
b=1[1,0,-2.2,0,1.6368,0,-0.48928,0,5395456e-8,0,-147456e-8] ;
a=[1,0,-1.65,0,0.8778,0,-0.17281,0,1057221e-8,0,-893025e-10] ;

% Poles/Zeros of the System function

zs = roots(b); zs = sort(zs); ps = roots(a); ps = sort(ps);

% Poles and zeros chosen from each half to create two parallel sections

% Parallel Section-1

b3 = poly(zs([1:5])); a3 = poly(ps([1:5])); [C3,B3,A3] = dir2par(b3,a3)
C3 =
4.0635
B3 =
-0.0973 -0.0815
-0.5052 -0.2245
-2.4609 0
A3 =

1.0000 1.6000 0.6300
1.0000 0.8000 0.1500
1.0000 0.1000 0

% Parallel Section-2
b4 = poly(zs([6:10])); a4 = poly(ps([6:10])); [C4,B4,A4] = dir2par(b4,ad)

C4 =
4.0635
B4 =
-2.8255 0.7747
-0.2076 0.1319
-0.0304 0
Ad =

1.0000 -0.4000 0.0300
1.0000 -1.2000 0.3500
1.0000 -0.9000 0

Hence from inspection, the two incorrect values af®5502 in the first parallel section aneD.9 in the
second parallel section. The correct block diagram is:
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4.0635 4.0635
o 00973 | | 28255
T -6 "27—10.0‘815 \ T o4 v2_10.7247 \

I 1 —(;.63 o Tt —(;.03 = |
S O 0502 | | 02076 |
[ 08 Y7 02245 7 T 2 Yo Y
1 —(;.15 o T 11 —(;.35 o 1
o ~2.4600 o ~0.0304

T o1 ' T oo 17

2. An overall cascade structure containing seeorter section and which contains the least number of
multipliers: This can be obtained by combining pole or zeawgpwith the same magnitude but differing
signs.MATLAB Script:

%% (b) Overall Cascade structure containing the least number of multipliers

yA Combine the poles and zeros with the same magnitude but +- signs.
b0 = 1;
B = [poly(zs([1,end]));poly(zs([2,end-1])) ;poly(zs([3,end-2]1));...

poly(zs([4,end-3])) ;poly(zs([5,end-4]))]

A = [poly(ps([1,end]));poly(ps([2,end-1]));poly(ps([3,end-2]));...
poly(ps([4,end-3]))]

B =
1.0000 0.0000 -1.0000
1.0000 -0.0000 -0.6400
1.0000 0.0000 -0.3600
1.0000 -0.0000 -0.1600
1.0000 -0.0000 -0.0400

A =
1.0000 0.0000 -0.8100
1.0000 -0.0000 -0.4900
1.0000 0.0000 -0.2500
1.0000 -0.0000 -0.0900

The following block diagram has only 7 multipliers (not cdimg multiplication by 0, 1, or1).

1 1 1 1 1

x(n) y(n)
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P6.16 A linear-phase FIR filter is obtained by requiring certain symmetmditions on its impulse responses.

1. Inthe case of symmetrical impulse response, we havg=h(M —1—-n),0<n<M —1. If Misan
odd number then

M=3 M—1

" 2 M =1\ (e
oy _jon __ _iw - — | [0)
H(eJ)_Zh(n)el”_Zh(n)eJ”+h(T)e +Zh(n)e1“
0 0 M2+1
M-3
z _ M—1 i M-1
:Zh(n)e‘“’“—i—h(—)e‘ (" +Zh(M—1—n)e’“’“
2
0 M2+1
N2 MT
; M-—-1\ _;
= h(n e“‘””+h(—) e jo (M h(n) e JeM-1-m

= eﬁjw<%) Z h(n) eﬁjw (n- ) +h < > Z h(n) ejw ):|
0

- M-3

h <¥> + XT:Zh(n) cos[(n — %)H (6.5)

= e_1w<%)

Since the term in the bracket on the right in (6.5) is realigdl the resulting phase response is given by
the first term. Itis linear irv and is given by

4H(eiw)=_(M2_1)w, r<w<n (6.6)

Similarly, if M is an even number then the temﬁ%) = 0in (6.5) and instead of the terotM — 3)/2,
we get the terniM /2 — 1) in (6.5). Hence the phase response is still linear and isidiye(6.6).

2. Linear-phase structures for the symmetric form wkks= 5 andM = 6:

71 71! 71! 71!
X(n) —»— > > X(n) — »>—s > >
4 4 4
-1
—® v —e —e vz
A A A
71 71! 71! 71!
< —<¢—+—<«¢ <

A 4 VA 4 3 1y VA 4 k) 4
> >—I—>—< y(n) > > >——e y(n)
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3. Inthe case of antisymmetrical impulse response, we have= —h(M —1—-n),0<n<M—-1. If M
is an odd number theim(*-1) = 0. Hence

M-1

He) = Y hme e = Zh(me 3 et
0

M+l

Y M—1 s s
= Z h(n)e 1" — Z h(M—1—nyelen = Z h(n) e~io" — Z h(n) e 1eM-1-n
0 M+l 0 0
2

_ e—jw(T) Z h(n) e—jw(n—%) _ Z h(n) er(anl):|
0 0

_ e i) | | 22: 2h(n) sin{(n - %) }}

_ oI[EE()e ZZh(n)sm{(n—MTl)} (6.7)

Again the term in the bracket on the right in (6.7) is realued and hence the resulting phase response is
given by the first term. Itis a linear equationdnand is given by

- M-1
AH(eJ“’)zi%—( 5 )a) T <w<m (6.8)

Similarly, if M is an even number then instead of the t€ivh— 3)/2, we get the terniM /2 — 1) in (6.7).
Hence the phase response is still linear and is given by.(6.8)

4. Linear-phase structures for the antisymmetric form wiklea- 5 andM = 6:

71! 71! 71!
X(n) —p ' g . X(n) —p ' g ’ ' g ' g
4 4 4
-2 -1
— v 74 — — v z
A-1 -1 A-1 -1 A-1
71! 71! 71!
¢ —<¢—+—<«¢ <
1y 2y 1y P 4 3y
> p— y(n) » | p——e y(N)
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P6.17 An FIR filter is described by the difference equation

6
yn =) e xn -k
k=0
1. Direct form:MATLAB script:

% (a) Direct form
% Given FIR filter coefficients
k = [0:6]; b = exp(-0.9*abs(k-3))

b =
0.0672 0.1653 0.4066 1.0000 0.4066 0.1653 0.0672

The block diagram is:

71 71 71 71 71 71!
X(n) e—» > b—o—p—9o > >—o
V00672 ¥0.1653 0.4066 1 W¥0.4066 0.1653 0.0672
p—o—p—o—) p—eo—Pp—o—p—oy(n)

2. Linearphase formMATLAB Script:

% (b) Linear-phase form
% Given FIR filter coefficients
k = [0:6]; b = exp(-0.9%abs(k-3))

b =
0.0672 0.1653 0.4066 1.0000 0.4066 0.1653 0.0672

The block diagram is:

71 71 71
x(n) e—» > > >—o
4 4 4
—e —9 —9 v
A A A
71 71 71
< < <

00672y 01653y  0.4066Y lI
> >— y(n)
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3. Cascade formMATLAB Sscript:

% (c) Cascade Form
% Given FIR filter coefficients
k = [0:6]; b = exp(-0.9%abs(k-3)); a = 1;
[b0,B,A] = dir2cas(b,a)
b0 =
0.0672

1.0000 -0.0366 0.1817
1.0000 -0.2015 5.5030
1.0000 2.6978 1.0000

The block diagram is:

4. Frequency sampling formrMATLAB Script:

% (d) Frequency-sampling form

2006

% Given FIR filter coefficients x(n) . > . y(n)
-1
k = [0:6]; b = exp(-0.9%abs(k-3)); |: | | z |

[C,B,A] = dir2fs(b) -7
C =

2.6246

1.2100

0.8872

2.2781
B =

-0.9010 0.9010
0.6235 -0.6235
-0.2225 0.2225

A =
1.0000 -1.2470  1.0000
1.0000  0.4450  1.0000 0.8872 00025
1.0000  1.8019  1.0000 ' '
1.0000  -1.0000 0

Z—l
-1.802 | 0.2225
Z—l

The block diagram is:
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P6.18 A linear timeinvariant system is given by the system function
H(z) =2+4321+522-323%4+4z54+82" - 728+ 47°

1. Direct form: MATLAB Script:

% (a) Direct form
% Given FIR filter coefficients
b = [2,3,5,-3,0,4,0,8,-7,4]; a = 1;

The block diagram is:

2. Cascade formMATLAB Script:

% (b) Cascade form

% Given FIR filter coefficients
b=1[2,3,5,-3,0,4,0,8,-7,4]; a = 1;
[b0,B,A] = dir2cas(b,a)

b0 =

1.0000 1.9987 3.5650
1.0000 0.6721 1.1062
1.0000 -0.8648 0.4364
1.0000 -1.5766 0.9146
1.0000 1.2706 0

The block diagram is:

2 1 1 1 1 1
X(n) e —p——>—> > ' P> ' > ' P>—o>—ey(n)

\ 4 A Y 4

1.999 0.6721 -0.8648 -1577 1.271

> > P>
\ 4 A Y 4

3.565 1.106 0.4364 0.9146 0

> > p—a p—s >

3. Lattice form:MATLAB Script:

% (c) Lattice form

% Given FIR filter coefficients

b =[2,3,5,-3,0,4,0,8,-7,4]; a = 1;
[K] = dir2latc(b)

2.0000 -1.8759 -0.9002 -6.5739 1.0170 1.4501 -1.4653
-1.7519 2.1667 2.0000
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The block diagram is:

T AANF AN AN v v A s v v
1 876 0 9002 -6.574 l 465
1 l

4. Frequency sampling formrMATLAB Script:

% (d) Frequency-sampling form
% Given FIR filter coefficients

= [2,3,5,-3,0,4,0,8,-7,4]; a = 1;
[C,B,A] = dir2fs(b)

C:
3.0867 X(n)
27.6302
4.2979
44.9952
16.0000
~16.0000
B:
0.9719  -0.6479
0.4152  0.7369
0.6980 -0.4653
0.0562 -0.5414
A:
1.0000 -1.6180  1.0000
1.0000 -0.6180  1.0000
1.0000  0.6180  1.0000
1.0000  1.6180  1.0000
1.0000 -1.0000 0
1.0000  1.0000 0

The block diagram is:
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P6.19 For reatvalued FIR filters, the DFTH (k), is conjugate symmetric the DFT
< [H(©), k=0
H(k)_{ﬂ*(M—k)=l:|*(—k), k=1..,M—-1 (6-9)
and theWh;k factor is also conjugate symmetric
Wy = Wl = (Wyg)° (6.10)
Then -
—zM H (k
H(z):( Z ) __Hdo L (6.11)
= 1- WM z-
can be put in the form
H(z) = " iZ‘I:I(k)‘H(Z)-i— HO | HM/2 (6.12)
— X 1-z1 1+42z1 '
whereL = Y1 for M odd,L = % — 1 for M even, and
cos[ll—?(k)] —z1 cos[éH(k) 2”k]
Hk(2) = 6.13
(@) 1—2z-tcos(&K) +z-2 (6.13)
Proof. The sum in (6.11) can be expressed as (assuidirgyen)
1-z"\ [ Ao “A' A AM2 M Ak
H(Z):( = ) 1—<zil+ > 1 V\ﬁ‘i —+ 1<+z/—1)+ > TowWoa V\j‘i -
i kel - Vw2 k=M/2+1~~ "M z
B (1— z—M) M/fl H (k) “f H*M—k  HO | H(M/2)
M | k=1 1-Wyz? keMyze1 1~ (Wy)'zt 1-zt 14z
B (1— z—M) 'M/fl H (k) M/fl H* (k) HO  H(M/2
- M o 1= Wz o1 1 (Wl\]k)* zt 1-zt 14277
~ <1_ ZM) ‘M/il Hk) — HK) (Wy )zt + H k) — H* Wk 2t H@©O)  H(M/2)
M == [1— Wykz- 11 — (W) z-1] 1-z1 147z1
Consider
Hk) — Hk) (Wy*) 272+ H*(k) — H* (kW *z 2
[1— W k211 - (W,\]k)* z1]
H k) + H*(k) — H(K) (W) 27t — H*(Wy*z?

1— 227 Wy + (W) 1+ 22
2 ‘ H (k)‘ cos[ZH (k)] 71 ] H (k)] cos[ZH () — 2“]

1—2z-1cos( 2”") +z2

:2‘I—~|(k)‘ Hi (2)

which completes the proof.
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P6.20 To avoid poles on the unit circle in the frequency samplimgaitire,H (2) is sampled ag, = re/Z/M k =
0,...,M —1wherer ~ 1(but< 1).
1. Revised frequenegampling structure: Replacing
z—r1z, Wy —rWy*, and Hk) — H (re/#™)~ H (k)
in (6.11), we obtain

1

—(rzy~M\ Y= ]
H(Z)EHUZ)&(&)Z]_ H (k)

M —~ 11— rwy“z-1
1—(rz~M\ ¥ H (k)
— 6.14
( M )g 1-Wy*(rzY) (6.14)

Following steps similar to those in P6.19, we obtain

1™l HO)  HM/2)
H(Z)— M {gle(k)’Hk(Z)-i_l—rzl 121
where
cos[zﬂ(k)] —rz7t cos[zﬁ(k) — Z”Wk]
He(2) = k=1,...,L

1—2rz-tcos(&E) +r2z-2
andM is even.
2. NewMATLAB functiondir2fs:
function [C,B,A,rM] = dir2fs(h,r)

% Direct form to Frequency Sampling form conversion

A —
% [C,B,A,rM] = dir2fs(h,r)

% C = Row vector containing gains for parallel sections

% B = Matrix containing numerator coefficients arranged in rows

% A = Matrix containing denominator coefficients arranged in rows
% rM = r°M factor needed in the feedforward loop

% h = impulse response vector of an FIR filter

% r = radius of the circle over which samples are taken (r<1)

b

M = length(h);
if nargin ==

r=1; rM=1;
elseif nargin == 2

rM = r°M;
end
H = fft(h,M); magH = abs(H); phaH = angle(H)’;
% check even or odd M
if (M == 2%floor(M/2))

L = M/2-1; % M is even
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Al = [1,-r,0;1,r,0];

Cl = [real(H(1)),real (H(L+2))];
else

L= (M-1)/2; % M is odd

Al = [1,-1r,0];

Cl = [real(H(1))]1;
end
k = [1:L]7;

% initialize B and A arrays

B = zeros(L,2); A = ones(L,3);

% compute denominator coefficients

A(1:L,2) = [-2*r*cos(2xpixk/M)]; A(1:L,3) = [r*r]; A = [A;Al1];
% compute numerator coefficients

B(1:L,1) = cos(phaH(2:L+1));

B(1:L,2) = -rxcos(phaH(2:L+1)-(2*pi*k/M));

% compute gain coefficients

C = [2*magH(2:L+1),C1]’;

3. The frequency sampling structure for the impulse respghen in Example 6.6 using the above function:

MATLAB Script:

% 3. Example 6.6 impulse response
h = [1,2,3,2,11/9;
[C,B,A,rM] = dir2fs(h,0.99)

C =
0.5818
0.0849
1.0000
B =
-0.8090 0.8009 Block diagram:
0.3090 -0.3059
1/5 1
A= X(n) - > > P—9—p—e y(n)
1.0000 -0.6119  0.9801 e AU 4 Zt 1|
1.0000 1.6019 0.9801 ;5 0.5818 0,809
1.0000 -0.9900 0 > > > >
M = A vz' A
0.9510 0.6119 0.8009
4 < > A
4 vZ
—0.2801
0.0849 0.309
A vZ' A
—14602 —O.EOSQ
4 vz
—0.2801




310 SOLUTIONS MANUAL FOR DSP USING MATLAB (2ND EDITION) 2006

P6.21 Impulse response of an FIR filter with lattice parameters

Ko=2, K;=06 K;=03 K3z3=05 K;4=09

% Direct form

% Given Lattice Structure
K =[2,0.6,0.3,0.5,0.9];
latc2dir (K)

o
I

2.0000 2.7600 2.6220 2.6740 1.8000

1. The block diagram of the direct form is

71 71 71 71
X(n) —p > > > >
2 2.76 2.622 2,674 1.8
> > > > p—e y(Nn)

2. The block diagram of the lattice form is
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P6.22 Consider the following system function of an FIR filter
H(z)=1-4z1+64z2—-5127%+2048 * - 0.3276& °

1. Block diagram structures in the following form:
(&) Normal direct form:

71 7t 7t 7t 7t
Xne—p—+—>—+—>—o+—>—+—>

1 -4 6.4 -5.12 2.048 -0.3277

p——Pp——Pp——Pp——Pp——Pp—o\n)

Transposed direct form:

X(n) —Pp—¢—>—o—>—o—p—9o—>

-0.3277 '§2.048 -5.12 6.4 -4 1

zEl . zEl . zEl . zEl . zEl o

(b) Cascade of five firabrder sectionsSMATLAB Script:
b=1[1,-4,6.4,-5.12,2.048,-0.32768] ;

broots = round(real(roots(b))*10)/10; broots = broots’
broots

0.8000 0.8000 0.8000 0.8000 0.8000
Block diagram:

(c) Cascade of one first-order section and two second-oed#ioes: MATLAB Script:
% Given FIR filter
b=1[1,-4,6.4,-5.12,2.048,-0.32768]; a = 1;

[b0,B,A] = dir2cas(b,a)
b0 =
1

1.0000 -1.5995 0.6396
1.0000 -1.6013 0.6411
1.0000 -0.7992 0

Block diagram:

x(n) y(n)

311
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(d) Cascade of one secondder section and one third-order sectidfaTLAB Script:
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% Given FIR filter
b=1[1,-4,6.4,-5.12,2.048,-0.32768] ;
broots =

bl =

b2 =

1.0000

1.0000
Block diagram:

-1.6000

-2.4000

x(n)

0.6400

1.9200

-0.5120

(e) Frequency-sampling structure with real coefficieMiTLAB Script:

% Given FIR filter
b=1[1,-4,6.4,-5.12,2.048,-0.32768]
[C,B,A] = dir2fs(b)

C =

1.
18.
.0003
.8957

L

2934
5996

.4142
.6645

.0000
.0000
.0000
1.

2. The computational complexity:

0000

0.9953
-0.9794

-1.0000
1.0000
-1.0000
1.0000

1/6

x(n) o—b-[:jrk >
\ 4

1.0000
1.0000

| Structure | #of Mults | # of Adds |
i. Direct 5 5
ii. Cascade-1 5 5
iii. Cascade-2 5 5
iv. Cascade-3 5 5
v. Freq. Samp 9 12

_2_6

round(real(roots(b))*10)/10; broots = broots’;
bl = poly(broots(1:2)), b2 = poly(broots(3:5))

Block diagram:

2006

y(n)

18.9
o > o
R R
. < ®
0.0003
& > &
R
. < ®
1.293 -0.4142
—>—o—>
vZ_l
1 0.9953
4 < p—o A
vZ_l
-1
18.6 -0.6645
—) > ]
vZ_l
-1 —0.9794‘
< p—s

-1

vZ
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P6.23 A causal digital filter is described by the following zeros:
z1= 05ei%”  z,= 05180 z,=2el8C 7z, =27 160
75=0.25e3"  z5=025e13", z,=4e30, z5=4&7137,
and poles{p}®_, = 0.
1. Phase response of the filter:

% Pole-zero description
rl = 0.5; thetal = 30; r2 = 0.25; theta2 = 60;

z1 = rilxexp( j*thetal*pi/180); z2 = ril*exp(-j*thetal*pi/180);
z3 = 1/rlxexp( j*thetal*pi/180); z4 = 1/rl*exp(-j*thetal*pi/180);
z5 = r2xexp( j*theta2xpi/180); z6 = r2*exp(-j*theta2+*pi/180);
z7 = 1/r2xexp( j*theta2+%pi/180); z8 = 1/r2*exp(-j*theta2+*pi/180);
z = [z1;22;23;24;25;26;27;28]; b = poly(z)
b =
1.0000 -8.5801 42.7155 -113.2754 162.5092 -113.2754 42.7155
-8.5801 1.0000
Hence

H(z) = 1-8.5801z 1+427155% 2—1132754 3+1625092 4—-1132754 °+42.7155% °—-8.5801z '+z 8

Due to symmetry in the coefficients, the phase respongédigel®) = —4w, which is linear.
2. Impulse response of the filter:

h(n) = {1, —8.5801 42.7155 —1132754 1625092 —1132754 42.7155 —8.5801, 1}

3. Direct form structure:

x(n)

4. Linearphase form structure:

71 71! 71 71!
X(n) —>— ' g . ' g ’ ' g | g
4
—9 v
A
71 71! 71 71!
o ¢—|o—+«¢ <
1y  -858y 4272y -1133¥y 1625y
> > > ———>— y(n)
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Chapter 7

FIR Filter Design

P7.1 The absolute and relative (dB) specifications for a lowpdiss fire related by (7.1) and (7.2).

(@) function [Rp,As] = delta2db(deltal,delta2)
% Conversion from Absolute delta specs to Relative dB specs
% [Rp,As] = delta2db(deltal,delta2)
% Rp = Passband ripple
% As = Stopband attenuation
% d1 = Passband tolerance
% d2 = Stopband tolerance
Rp -20%1log10((1-deltal)/(1+deltal));
As = -20*log10(delta2/(1+deltal));

MATLAB Verification:

deltal = 0.01; delta2 = 0.001;
[Rp,As] = delta2db(deltal,delta2)
Rp =

0.1737
As =

60.0864

(b) function [d1,d2] = db2delta(Rp,As)
% Conversion from Relative dB specs to Absolute delta specs.
% [d1,d2] = db2delta(Rp,As)
% d1 = Passband tolerance

% d2 = Stopband tolerance
% Rp = Passband ripple
% As = Stopband attenuation

K = 10~ (Rp/20);
dl = (K-1)/(K+1); d2 = (1+d1)*(10"(-As/20));
MATLAB Verification:

[deltal,delta2] = db2delta(Rp,As)
deltal =
0.0144
delta2 =
0.0032
315
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P7.2 The Typel linear-phase FIR filter is characterized by a symméi¢iy andM-odd. Hence

hin=h(M—-1-n)), 0<n<M-1 «a= is an integer
Consider the frequency respondée! ) given by
M-1 M3 M—1
jow —jo —j ol M-1 —jo( M2 —jo
H(E?) = Zh(n)e J ”=Zh(n)e ) ”+h(T>e ( 2 )+ Z h(n)e /"
n=0 n=0 n:%
Using change of variables in the third sum:
M+ 1 M -3
n->M-1-n= ;_ — 5 , M—1— 0, andh(M —1—-n) — h(n)
we obtain
- o M—1\ jo(¥2 —jo(M-1-n)
H(eJ)=Zh(n)e‘“+h<T)e (z)nLX:h(n)eJ n
n=0 n=0
L —je( M5t —jontjo( M52 M-1 —jo(M—1-n)+jo( Y52
—e <2)l2h(n)e (2)+h(7>+2h(n)e (
n=0 n=0
%
e 3 B o]
2 n=0
%
i M-1 M-1 M-—-1
_ () lh(_)+ ancncosfo _n)”
2 2
n=0
Hence

o - {h(MT—l)+n§32h<mcos[w<Mz—l_n)]]

Definea(n) = 2h (M2 —n),n=1,2,..., (M — 1)/2 anda(0) = h[(M — 1)/2]. Then

H; (w) = la(O) + Z a(n) cos(a)n)] = Z a(n) cogwn)
n=1 n=0
M-1

L
= Za(n) coswn); L = ——
n=0

|

2006
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P7.3 The Type2 linear-phase FIR filter is characterized by symmédific) andM-even, i.e.,

hiny=h(M—-1—-n), 0<n<M-1, o=

is not an integer

(a) Consider,
M1

H (e)*) = Zh(n)e“”“ Zh(n)e"”“JrZh(n)eJ“’”

Change of variable in the second sum above:

M M
n—>M—1—n:>?—>?—1,M—1—>O, andh (n) — h(n)
Hence,
. M_
H(el) = Yigh <n>e1w”+zno h (n) e-joM-1-0

— e jw MT) Zn . h(n) e Ja)nJrJa)( )+e jo(M—1— n)+Jw<M 1)}

X
e () St fet () e j‘”(len)}
(

§

Ja)

)y L 2o cos{ (M52~ n) o]

Change of variable:

M n—>n=>n—0—>n—|vI n—M 1—->n=
2 - 272 -

{2520 oo )]

and

Hence,

Defineb(n) = 2h (& — n). Then,

jo —'a)% 1 % 1
He)=e"' (%) 1b(n)cos[a)(n—§>]:> H, (w):éb(n)cos[w(n—zﬂ

n=
(b) Now cosw (n — 3)] can be recursively computed using the trigonometric itienti
w w w
cos[(Zn — 1)5] =2cos|n—1w] cos(§> — cos[(Zn — 3)5] , h=223 ...
and hence can be written as a linear combination of highendaics in cog» multiplied by cos(%), ie.,

1w w

cos| — | = cos— {cos@
5 ) 5 }
3

cos —w) = cos% {2 cosw — 1}

2

5
cos(%)) = cosg {cos Qv — cosw + cos v}
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etc. Note that the lowest harmonic frequency is zero anditifeebt harmonic frequency (8 — 1) w in
the cosw (n — 3) expansion. Hence,

He (@) =Y b cos[a) (n - }ﬂ — cos g Z (n) cos(wn)
n=1 0

whereb (n) are related td (n) through the above trigonometric identities.

M
2
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P7.4 The Type3 linear-phase FIR filter is characterized by antisymmét(tn) andM odd, i.e.,

M—-1 M-—-1
h(n)=—h(M—1—n),OfngM—l;h(T>=O; o= 2 is an integer

(a) Consider,

| M—1 . M2 . M-1 .
H(E@) =Y hme " =Y hme ™+ hme
n=0 n=0 Wil

Change of variable in the second sum above:
M+1 M-—3

nNn—-M-1-n= > — > , M—1— 0, andh(n) - —h(n)

Hence,

M-3 M-3
2 2

H(e”) = Y hmel"—> hmeloM
n=0 n=0

M-1

_ i) XT: h(n) {eiw““w(T) _ ej‘”(Ml”)”‘“(%)}

M-1

= (") > hm {eﬂw(MZl_ﬂ) -~ e_j’”(Z_")}

B 2
= je i) ZZh(n) sin[(— — )a)i|
n=0
Change of variable:
M-t nononcoon=MZt (M8 Ll
2 - T2 T2 -
and
. M-1 .
sin [(T — n) a):| — sin(wn)
Hence,
= M
H (&) = je oM7) Zzh (—_ — n) sin (wn)
n=1
Definec(n) = 2h (%2 —n). Then,
M-t M-1
. . M—1 2 2
H (el°) = je_’“’(T) > cmsin(@n) = H, (@) = Y c(n)sin(wn)
n=1 n=1

(b) Now sin(wn) can be expressed as &ir) times a polynomial in cqs) as

sin(wn) = sin(w)Up_1[coSw)]



320

SOLUTIONS MANUAL FOR DSP USING MATLAB (2ND EDITION) 2006

whereU, is a Chebyshev polynomial of the second kind. Thug«m can be written as a linear
combination of higher harmonics in aas multiplied by sinw), i.e.,

sinfw) = sin(w) {cog0w)}
sin(2w) = sin(w) {2 cosw)}
sin(Bw) = sin(w) {cos Qv + 2 cos v}

etc. Note that the lowest harmonic frequency is zero anditifeebt harmonic frequency (8 — 1) w in
the sinwn expansion. Hence,

He (@) = ) c(n)sin(on) = sinw ) _ &(n) cos(wn)
n=1 0

wherec (n) are related ta@ (n) through the above trigopnometric identities.
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P7.5 The Type4 linear-phase FIR filter is characterized by antisymmodt(n) and M-even, i.e.,

hn=-hM—-1-n), 0<n<M-1, o= is not an integer

(a) Consider,
M_1
2

M-1 M-1
H(e)=> hmel =Y "hmel"+> hmel"
n=0 n=0 %
Change of variable in the second sum above:

M M
n—>M—1—n:>7—>——1, M—-1— 0, andh(M —1—n) — —h(n)

2
Hence,
M1 M1
H()=> hme =Y hmele™1n
n=0 n=0
M1
_ oiof4) ha) {ejwnﬂw(%) B ejw(Mln)Jrjw(%)}

=}
o

(NS

|

@,

£

£
g

ey

h(n) {e”’”(%_”) - e‘j‘”(%_”)}

=}
o

N
[’

_elo(M?) 2jh(n) sin [(% - n) a):|

>
o

Change of variable:

M n—>n:>n—0—>n—M n—M 1—->n=
2 - 272 -

5 ) ] 3]

and

Hence,

H (ejw) _ e—jw(%%) d (n) sin |:w <n — %)] = H; () = ;d (n) sin |:a) (n — :—2L>:|

(b) Now sin[w (n — )] can be written as a linear combination of higher harmoniasosw multiplied by
sin(%), i.e.,

(%23
=}
VR
N[ E
N——
Il

sin% {cos Qv}

(28
=}
VR
Sk
N——
Il

sin% {1+ 2 cosw}

(25
=]
A
o[ €
~—
Il

sin% {cos Qv + 2 cosw + 2 COS v}
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etc. Note that the lowest harmonic frequency is zero anditifeebt harmonic frequency (8 — 1) w in
the sinw (n — ) expansion. Hence,

-1

INES

d (n) cos(wn)

Hy (@) = > d(n)sin |:a) (n — %)} = sin%
n=1

whered (n) are related tal (n) through the above trigonometric identities.

-7
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P7.6 MATLAB Function:

function [Hr,w,P,L] = ampl_res(h);

b

% function [Hr,w,P,L] = ampl_res(h)

b

% Computes Amplitude response Hr(w) and its polynomial P of order L,
% given a linear-phase FIR filter impulse response h.

% The type of filter is determined automatically by the subroutine.
b

% Hr = Amplitude Response

% w = frequencies between [0 pi] over which Hr is computed
% P = Polynomial coefficients

% L = Order of P

% h = Linear Phase filter impulse response

/A

M = length(h);

L = floor(M/2);

if fix(abs(h(1:1:1L))*10710) ~= fix(abs(h(M:-1:M-L+1))*10710)
error (’Not a linear-phase impulse response’)
end

if 2xL "= M
if fix(h(1:1:L)*10710) == fix(h(M:-1:M-L+1)*10710)
disp(’*x* Type-1 Linear-Phase Filter **x’)
[Hr,w,P,L] = hr_typel(h);

elseif fix(h(1:1:L)*10710) == -fix(h(M:-1:M-L+1)*10710)
disp(’*x* Type-3 Linear-Phase Filter **x’)
h(L+1) = 0;
[Hr,w,P,L] = hr_type3(h);
end
else

if fix(h(1:1:L)*10710) == fix(h(M:-1:M-L+1)*10710)
disp(’*x* Type-2 Linear-Phase Filter *x*x’)
[Hr,w,P,L] = hr_type2(h);

elseif fix(h(1:1:L)*10710) == -fix(h(M:-1:M-L+1)*10710)
disp(’*** Type-4 Linear-Phase Filter *x*x*’)
[Hr,w,P,L] = hr_type4(h);

end

end

MATLAB Verification:

%% P7.6: Amplitude Response Function
clc; close all;

%% 1. h_I(n)
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n =0:10; h_I = (0.9). abs(n-5).*cos(pi*(n-5)/12);
[Hr,w,P,L] = ampl_res(h_I); P, L
*%* Type-1 Linear-Phase Filter **x
P=
1.0000 1.7387 1.4030 1.0310 0.6561 0.3057

%% 2. h_II(n)
n=0:9; h_IT = (0.9). abs(n-4.5) .*cos(pi*(n-4.5)/11);
[Hr,w,P,L] = ampl_res(h_II); P, L
*%* Type-2 Linear-Phase Filter **x
P=
1.8781 1.5533 1.1615 0.7478 0.3507

%% 3. h_III(n)

n = 0:10; h_IIT = (0.9). abs(n-5) .*sin(pi*(n-5)/12);
[Hr,w,P,L] = ampl_res(h_III); P, L

**x* Type-3 Linear-Phase Filter ***

0 -0.4659 -0.8100 -1.0310 -1.1364 -1.1407

%% 4. h_IV(n)
n=0:9; h_IV = (0.9)."abs(n-4.5) .*sin(pi*(n-4.5)/11);
[Hr,w,P,L] = ampl_res(h_IV); P, L
**%x Type-4 Linear-Phase Filter *x*x*
P =
-0.2700 -0.7094 -1.0064 -1.1636 -1.1944
L =

%% 5. h(n)

n=0:9; h_IV = (0.9). n.*cos(pi*(n-5)/12);
[Hr,w,P,L] = ampl_res(h_IV); P, L

??? Error using ==> ampl_res

Not a linear-phase impulse response
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P7.7 Properties of lineaphase FIR filters:

1. The filterH (z) has the following four zeros

_ 1 . _ _
z; =rel?, zzzFeJ(’, zz=re’l? z,="e

The system function can be written as
H@=01-2z")(1-2z"Y)(1-2z"1-2z?)
= (1-rel’z?) (1 —~ r}ej"zl) (1-rei?z7Y) (1 —~ r}ej"zl)
={1—(2rcost)z ' +r?z %} {1 (2rtcosp)zt +r1 2z 7?}
=1-2cof (r +r Yz 4+ (r®+r?+4codp)z?—2cod (r +r Nz 3427

Hence the impulse response of the filter is
h(n) = {1, —2cos (r +17%), (r?+r?4+4cos6), —2cod (r +r71), 1}
T

which is a finite-duration symmetric impulse response. Tiniglies that the filter is a linear-phase FIR
filter.

2. The filterH (z) has the following two zeros
zz=¢eand z=¢e1
The system function can be written as
H2=01-zz)(1-zzY)=01-€e%2")(1-el2Y)
={1-@cos)z '+ 272}
Hence the impulse response of the filter is

h(n) = {% —2c0%9, 1}

which is a finite-duration symmetric impulse response. Tiniglies that the filter is a linear-phase FIR
filter.

3. The filterH (2) has the following two zeros
Z1=r andz, = r}
The system function can be written as
Ho=01-zz')1-2zY)=(@1-rz? (l — r}zl>
=1-(r+rYzt+z?
Hence the impulse response of the filter is
h(n) = {% —(r +r—1),1}

which is a finite-duration symmetric impulse response. Tiniglies that the filter is a linear-phase FIR
filter.
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4. If H(z) has a zero at; = 1 or a zero ag; = —1 thenH (z) can be written as
Hz=1-zY%orH@ =1+2z"Y

with impulse responses
h(n) = {1, 1} orh(n) = {1, —1}
1 1

both of which are finiteduration with symmetric and antisymmetric impulse resgan respectively. This
implies that the filter is a linear-phase FIR filter.

5. Zero plots usingIATLAB :

%% PT7.7: Pole-Zero Plots of Linear-Phase Filters

clc; close all;

%% 1. h_I(n)

n=0:10; h_.I = (0.9). abs(n-5) .*cos(pi*(n-5)/12);

Hf 1 = figure(’Units’,’inches’,’position’,[1,1,3,3],...
>color’,[0,0,0], paperunits’,’inches’,’paperposition’, [0,0,3,3]);

set (Hf _1,’NumberTitle’,’off’,’Name’,’P7.7.1°);

zplane(h_I,1); title(’{\ith}_{I}({\itn})’)

%% 2. h_II(n)

n=0:9; h_IT = (0.9). abs(n-4.5) .*cos(pi*(n-4.5)/11);

Hf _2 = figure(’Units’,’inches’,’position’,[1,1,3,3],...
>color’,[0,0,0], paperunits’,’inches’, ’paperposition’, [0,0,3,3]);

set (Hf _2,’NumberTitle’,’off’,’Name’,’P7.7.2°);

zplane (h_II,1); title(’{\ith}_{II}({\itn})’)

%% 3. h_III(n)

n = 0:10; h_IIT = (0.9). abs(n-5) .*sin(pi*(n-5)/12);

Hf_3 = figure(’Units’,’inches’,’position’,[1,1,3,3],...
>color’,[0,0,0], paperunits’,’inches’, ’paperposition’,[0,0,3,3]);

set (Hf _3,’NumberTitle’,’off’,’Name’,’P7.7.3°);

zplane(h_IIT,1); title(’{\ith}_{IIT}({\itn})’)

%% 4. h_IV(n)

n=0:9; h_IV = (0.9)."abs(n-4.5) .*sin(pi*(n-4.5)/11);

Hf_4 = figure(’Units’,’inches’,’position’,[1,1,3,3],...
>color’,[0,0,0], paperunits’,’inches’, ’paperposition’,[0,0,3,3]);

set (Hf _4,’NumberTitle’,’off’,’Name’,’P7.7.4°);

zplane(h_IV,1); title(’{\ith}_{IV}({\itn})’)

%% 5. h(n)

n=0:9; h=(0.9). n.*xcos(pi*(n-5)/12);

Hf 5 = figure(’Units’,’inches’,’position’,[1,1,3,3],...
>color’,[0,0,0], paperunits’,’inches’,’paperposition’, [0,0,3,3]);

set (Hf _5,’NumberTitle’,’off’,’Name’,’P7.7.5°);

zplane(h,1); title(’{\ith}({\itn})’)

The zero-plots are shown in Figure 7.1. Clearly the first fats satisfy the zero-placement requirements
and hence the corresponding filters are linear-phase filters
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Figure 7.1: Plots of zeros in Problem 7.7
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P7.8 A notch filteris an LTI system which is used to eliminate aritaaby frequency» = wg. The ideal lineaphase

notch filter frequency response is given by

0,

joy _ _ lw| = wo; , :
Hq (e'°) = { 1.e-i%0, otherwise. (o is a delay in samples)

(a) Determine the ideal impulse responisgn), of the ideal notch filter.

(b) Usinghg(n), design a linear-phase FIR notch filter using a length 5kregtlar window to eliminate the
frequencywo = /2 rad/sample. Plot amplitude the response of resulting.filte

(c) Repeat the above part using a length 51 Hamming windownpg2oe your results.
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lower stopband edge: .Br
upper stopband edge: .7
lower passband edge: .37
upper passband edge: .56

%% Specifications:

wsl = 0.2x%pi;
wpl = 0.35%pi;
wp2 = 0.55%pi;
ws2 = 0.75%pi;
Rp = 0.25;
As = 40;

/A

% Select the min(deltal,delta2) since deltal=delta2 in windodow design

/A
b
/A
A
A
A

lower stopband edge
lower passband edge
upper passband edge
upper stopband edge
passband ripple
stopband attenuation

[deltal,delta2] = db2delta(Rp,As);
if (deltal < delta2)
delta2 = deltal; disp(’Deltal is smaller than delta2’)
[Rp,As] = delta2db(deltal,delta2)

end

/A

tr_width = min((wpl-wsl), (ws2-wp2));

M = ceil(6.2*pi/tr_width); M = 2xfloor(M/2)+1, 7 choose odd M

M:
43

n = 0:M-1; w_han
wcl = (wsl+wpl)/2; wc2 = (ws2+wp2)/2;
hd = ideal_lp(wc2,M)-ideal_lp(wcl,M); h = hd .* w_han;
[db,mag,pha,grd,w] = freqz_m(h,1); delta_w = pi/500;

Rpd = -min(db((wpl/delta_w)+1: (wp2/delta_w)+1)), % Actual passband ripple

Rpd =
0.1030

= (hann(M))’;

Asd = floor(-max(db(1l: (wsl/delta_w)+1))),

Asd =
44
%

%% Filter Response Plots

Hf _1 = figure(’Units’,’inches’,’position’,[1,1,6,4], color’,[0,0,0],...

As =40dB

R, = 0.25 dB

% Actual Attn

’paperunits’,’inches’,’paperposition’,[0,0,6,4]);
set (Hf _1,’NumberTitle’,’off’,’Name’,’P7.97%);

subplot(2,2,1); Hs_1= stem(n,hd,’filled’); set(Hs_1, ’markersize’,3);
title(’Ideal Impulse Response’); set(gca,’XTick’,[0;M-1],’fontsize’,8)
axis([-1,M,min(hd)-0.1,max(hd)+0.1]); xlabel(’n’); ylabel(’h_d(n)’)
subplot(2,2,2); Hs_1 = stem(n,w_han,’filled’); set(Hs_1, markersize’,3);
axis([-1,M,-0.1,1.1]1); xlabel(’n’); ylabel(’w_{han}(n)’); title(’Hann Window’);
set(gca,’XTick’, [0;M-1], ’fontsize’,8); set(gca,’YTick’,[0;1], ’fontsize’,8)
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subplot(2,2,3); Hs_1 = stem(n,h,’filled’); set(Hs_1, ’markersize’,3);
title(’Actual Impulse Response’); set(gca,’XTick’,[0;M-1],’fontsize’,8)
axis([-1,M,min(hd)-0.1,max(hd)+0.1]); xlabel(’n’); ylabel(’h(n)’)
subplot(2,2,4); plot(w/pi,db,’linewidth’,1); title(’Magnitude Response in dB’);
axis([0,1,-As-30,5]); xlabel(’\omega/\pi’); ylabel(’Decibels’)

set(gca, ’XTick’,[0;0.2;0.35;0.55;0.75;1])

set(gca, ’XTickLabel’,[> 0 ’;’0.2 ’;’0.35’;°0.557;°0.75°;’ 1 ’],’fontsize’,8)
set(gca,’YTick’, [-40;0]); set(gca,’YTickLabel’,[’ 40’;’ 0 ’]);grid

The filter response plots are shown in Figure 7.2.
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Figure 7.2: Filter design plots in Problem 7.9
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P7.10 Design of a bandstop filter using the Hamming window desighrigue with specifications:

lower stopband edge: .4t
upper stopband edge: .6
lower passband edge: .3
upper passband edge:.7@

As =50dB

R, =0.2dB

clc; close all;
%% Specifications:
wpl = 0.3%pi; Y’ lower passband edge
wsl = 0.4%pi; % lower stopband edge
ws2 = 0.6%pi; Y’ upper stopband edge
wp2 = 0.7*pi; 7 upper passband edge
Rp = 0.2; % passband ripple
As = 50; % stopband attenuation
yA
% Select the min(deltal,delta2) since deltal=delta2 in windodow design
[deltal,delta2] = db2delta(Rp,As);
if (deltal < delta2)

delta2 = deltal; disp(’Deltal is smaller than delta2’)

[Rp,As] = delta2db(deltal,delta2)
end
yA
tr_width = abs(min((wpl-wsl), (ws2-wp2)));
M = ceil(6.6*pi/tr_width); M = 2xfloor(M/2)+1, % choose odd M
M =

67
n = 0:M-1; w_ham = (hamming(M))’;
wcl = (wsl+wpl)/2; wc2 = (ws2+wp2)/2;
hd = ideal_lp(pi,M)+ideal_lp(wcl,M)-ideal_lp(wc2,M); h = hd .* w_ham;
[db,mag,pha,grd,w] = freqz_m(h,1); delta_w = pi/500;
Asd = floor(-max(db(ceil(wsl/delta_w)+1:floor(ws2/delta_w)+1))), % Actual Attn
Asd =

50
Rpd = -min(db(1:floor(wpl/delta_w)+1)), % Actual passband ripple
Rpd =

0.0435
yA
%% Filter Response Plots
Hf _1 = figure(’Units’,’inches’,’position’,[1,1,6,4], color’,[0,0,0],...

’paperunits’,’inches’, ’paperposition’, [0,0,6,4]);
set (Hf _1,’NumberTitle’,’off’,’Name’,’P7.10°);
subplot(2,2,1); Hs_1= stem(n,hd,’filled’); set(Hs_1, ’markersize’,3);
title(’Ideal Impulse Response’); set(gca,’XTick’,[0;M-1], ’fontsize’,8)
axis([-1,M,min(hd)-0.1,max(hd)+0.1]); xlabel(’n’); ylabel(’h_d(n)’)
subplot(2,2,2); Hs_1 = stem(n,w_ham,’filled’); set(Hs_1, ’markersize’,3);
axis([-1,M,-0.1,1.11); xlabel(’n’); ylabel(’w_{ham}(n)’); title(’Hamming Window’);
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set(gca, ’XTick’, [0;M-1],’fontsize’,8); set(gca,’YTick’,[0;1], fontsize’,8)
subplot(2,2,3); Hs_1 = stem(n,h,’filled’); set(Hs_1, ’markersize’,3);
title(’Actual Impulse Response’); set(gca,’XTick’,[0;M-1],’fontsize’,8)
axis([-1,M,min(hd)-0.1,max(hd)+0.1]); xlabel(’n’); ylabel(’h(n)’)
subplot(2,2,4); plot(w/pi,db,’linewidth’,1); title(’Magnitude Response in dB’);
axis([0,1,-As-30,5]); xlabel(’\omega/\pi’); ylabel(’Decibels’)

set(gca, ’XTick’,[0;0.3;0.4;0.6;0.7;1]1)

set(gca,’XTickLabel’,[> 0 ;°0.37;°0.4°;°0.6°;°0.7’;> 1 °],’fontsize’,8)
set(gca,’YTick’, [-50;0]); set(gca,’YTickLabel’,[’ 50’;’ 0 ’]);grid

The filter response plots are shown in Figure 7.3.
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Figure 7.3: Filter design plots in Problem 7.10
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P7.11 Design of a bandpass filter using the Hamming window desigmigue with The specifications:

lower stopband edge: .8
upper stopband edge: .6x
lower passband edge: .4
upper passband edge: .58

As =50dB

R, =05dB

clc; close all;
%% Specifications:
wsl = 0.3%pi; Y’ lower stopband edge
wpl = 0.4xpi; 7 lower passband edge
wp2 = 0.5%pi; Y’ upper passband edge
ws2 = 0.6*pi; % upper stopband edge
Rp = 0.5; % passband ripple
As = 50; % stopband attenuation
yA
% Select the min(deltal,delta2) since deltal=delta2 in windodow design
[deltal,delta2] = db2delta(Rp,As);
if (deltal < delta2)
delta2 = deltal; disp(’Deltal is smaller than delta2’)
[Rp,As] = delta2db(deltal,delta2)
end
yA
tr_width = abs(min((wpl-wsl), (ws2-wp2)));
M = ceil(6.6*pi/tr_width); M = 2xfloor(M/2)+1, % choose odd M
M =
67
n = 0:M-1; w_ham = (hamming(M))’;
wcl = (wsl+wpl)/2; wc2 = (ws2+wp2)/2;
hd = ideal_lp(wc2,M)-ideal_lp(wcl,M); h = hd .* w_ham;
[db,mag,pha,grd,w] = freqz_m(h,1); delta_w = pi/500;
Rpd = -min(db(ceil(wpl/delta_w)+1:floor (wp2/delta_w)+1)), % Actual passband ripple
Rpd =
0.0488
Asd = floor(-max(db(1l:(wsl/delta_w)+1))), % Actual Attn
Asd =
51
yA
%% Filter Response Plots
Hf _1 = figure(’Units’,’inches’,’position’,[1,1,6,4], color’,[0,0,0],...
’paperunits’,’inches’, ’paperposition’, [0,0,6,4]);
set (Hf _1,’NumberTitle’,’off’,’Name’,’P7.11°);
subplot(2,2,1); Hs_1= stem(n,hd,’filled’); set(Hs_1, ’markersize’,3);
title(’Ideal Impulse Response’); set(gca,’XTick’,[0;M-1], ’fontsize’,8)
axis([-1,M,min(hd)-0.1,max(hd)+0.1]); xlabel(’n’); ylabel(’h_d(n)’)
subplot(2,2,2); Hs_1 = stem(n,w_ham,’filled’); set(Hs_1, ’markersize’,3);
axis([-1,M,-0.1,1.11); xlabel(’n’); ylabel(’w_{ham}(n)’); title(’Hamming Window’);
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set(gca, ’XTick’, [0;M-1],’fontsize’,8); set(gca,’YTick’,[0;1], fontsize’,8)
subplot(2,2,3); Hs_1 = stem(n,h,’filled’); set(Hs_1, ’markersize’,3);
title(’Actual Impulse Response’); set(gca,’XTick’,[0;M-1],’fontsize’,8)
axis([-1,M,min(hd)-0.1,max(hd)+0.1]); xlabel(’n’); ylabel(’h(n)’)
subplot(2,2,4); plot(w/pi,db,’linewidth’,1); title(’Magnitude Response in dB’);
axis([0,1,-As-30,5]); xlabel(’\omega/\pi’); ylabel(’Decibels’)

set(gca, ’XTick’,[0;0.3;0.4;0.5;0.6;1])

set(gca,’XTickLabel’,[> 0 >;°0.37;°0.4°;°0.5°;°0.6;> 1 °],’fontsize’,8)
set(gca,’YTick’, [-50;0]); set(gca,’YTickLabel’,[’ 50’;’ 0 ’]);grid

The filter response plots are shown in Figure 7.4.
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Figure 7.4: Filter design plots in Problem 7.11
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P7.12 Design of a highpass filter using the Blackman window desigh gpecifications:

stopband edge: .07, As=50dB
passband edge: .@, R, =0.001dB

clc; close all;
%% Specifications:
ws = 0.4*pi; Y stopband edge

wp = 0.6%pi; Y’ passband edge
Rp = 0.004; % passband ripple
As = 50; % stopband attenuation

pA
% Select the min(deltal,delta2) since deltal=delta2 in windodow design
[deltal,delta2] = db2delta(Rp,As);
if (deltal < delta2)
delta2 = deltal; disp(’Deltal is smaller than delta2’)
Deltal is smaller than delta2
[Rp,As] = delta2db(deltal,delta2)
Rp =
0.0040
As =
72.7577
end
yA
tr_width = abs(wp-ws);
M = ceil(11*pi/tr_width); M = 2%floor(M/2)+1, % choose odd M
M =
55
n = 0:M-1; w_blk = (blackman(M))’;
wc = (ws+wp)/2;
hd = ideal_lp(pi,M)-ideal_lp(wc,M); h = hd .* w_blk;
[db,mag,pha,grd,w] = freqz_m(h,1); delta_w = pi/500;

Rpd = -min(db(ceil(wp/delta_w)+1:floor(pi/delta_w)+1)), % Actual passband ripple
Rpd =
0.0039
Asd = floor(-max(db(1: (ws/delta_w)+1))), % Actual Attn
Asd =
71

yA

%% Zoomed Filter Response Plot

Hf _1 = figure(’Units’,’inches’,’position’,[1,1,5,3],’color’,[0,0,0],...
’paperunits’,’inches’, ’paperposition’, [0,0,5,3]);

set (Hf_1,’NumberTitle’,’off’,’Name’,’P7.12°);

plot(w(301:501) /pi,db(301:501),’1linewidth’,1); title(’Zoomed Magnitude Response in dB’);

axis([0.6,1,-0.005,0.001]); xlabel(’\omega/\pi’); ylabel(’Decibels’)

set(gca,’XTick’,[0.6;1])

set(gca, ’XTickLabel’,[’0.6°;’> 1 °],’fontsize’,8)

set(gca,’YTick’,[-0.004;0]); set(gca,’YTickLabel’,[’-0.004’;’> 0 ’]);grid
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The zoomed magnitude filter response plot is shown in Figlge 7
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Figure 7.5: Filter design plots in Problem 7.12
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P7.13 Design of a lineaphase FIR digital filter Using the Kaiser window method timegets the following specifi-

cations:
0.975 < |H(e®)| < 1.025 0 < w < 0257
0 < |H(e®)| < 0005 0357t < w < 0657
0975 < |HE®)| < 1025 0757 < w < =«

clc; close all;
%% Specifications:
wpl = 0.25%pi; 7 lower passband edge
wsl = 0.35%pi; % lower stopband edge
ws2 = 0.65%pi; 7% upper stopband edge
wp2 = 0.75%pi; % upper passband edge
deltal = 0.025; 7% passband ripple
delta2 = 0.005; % stopband ripple
b
% Convert to decibels
[Rp,As] = delta2db(deltal,delta2)
Rp =
0.4344

As =

46.2351

yA
tr_width = abs(min((wpl-wsl), (ws2-wp2))); M = ceil((As-7.95)/(2.285*tr_width)+1)+1;
M = 2xfloor(M/2)+1, % choose odd M
M =

57
n = [0:1:M-1]; beta = 0.1102*(As-8.7); w_kai = (kaiser(M,beta))’; % Kaiser Window
wcl = (wsl+wpl)/2; wc2 = (ws2+wp2)/2;
hd = ideal_lp(pi,M)+ideal_lp(wcl,M)-ideal_lp(wc2,M); % Ideal HP Filter
h = hd .* w_kai; % Window design
[db,mag,pha,grd,w] = freqz_m(h,1); delta_w = pi/500;
Asd = floor(-max(db(ceil(wsl/delta_w)+1:floor(ws2/delta_w)+1))), % Actual Attn
Asd =

49

Rpd = -min(db(1:floor(wpl/delta_w)+1)), % Actual passband ripple

Rpd =
0.0492

[Hr,w,P,L] = Ampl_res(h);

pA

%% Filter Response Plots

Hf _1 = figure(’Units’,’inches’,’position’,[1,1,7,4],’color’,[0,0,0],...
’paperunits’,’inches’, ’paperposition’, [0,0,7,4]);

set (Hf_1,’NumberTitle’,’off’,’Name’,’P7.13°);

subplot (’position’,[0.08,0.6,0.25,0.35]);

Hs_1= stem(n,hd,’filled’); set(Hs_1, ’markersize’,3);

title(’Ideal Impulse Response’); set(gca,’XTick’,[0;M-1], ’fontsize’,8)

axis([-1,M,min(hd)-0.1,max(hd)+0.1]); xlabel(’n’); ylabel(’h_d(n)’);
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subplot (’position’,[0.41,0.6,0.25,0.35]);

Hs_2 = stem(n,w_kai,’filled’); set(Hs_2, ’markersize’,3);
axis([-1,M,-0.1,1.1]1); xlabel(’n’); ylabel(’w_{ham}(n)’); title(’Kaiser Window’);
set(gca, ’XTick’,[0;M-1], fontsize’,8); set(gca,’YTick’,[0;1], fontsize’,8);
subplot (’position’,[0.74,0.6,0.25,0.35]);

Hs_3 = stem(n,h,’filled’); set(Hs_3, ’markersize’,3);

title(’Actual Impulse Response’); set(gca,’XTick’,[0;M-1],’fontsize’,8);
axis([-1,M,min(hd)-0.1,max(hd)+0.1]); xlabel(’n’); ylabel(’h(n)’);

subplot (’position’,[0.09,0.1,0.4,0.35]);

plot(w/pi,db,’linewidth’,1); title(’Magnitude Response in dB’);
axis([0,1,-As-30,5]); xlabel(’\omega/\pi’); ylabel(’Decibels’);

set(gca, ’XTick’,[0;0.25;0.35;0.65;0.75;1])

set(gca, ’XTickLabel’,[> 0 ’;°0.25”;°0.357;°0.65°;°0.75°;> 1 ’],’fontsize’,8)
set(gca,’YTick’, [-Asd;0]); set(gca,’YTickLabel’, [’ 49°;’> 0 ’]1);grid;

subplot (’position’,[0.59,0.1,0.4,0.35]);

plot(w/pi,Hr,’linewidth’,1); title(’Apmlitude Response’);
axis([0,1,-0.05,1.05]); xlabel(’\omega/\pi’); ylabel(’Amplitude’);

set(gca, ’XTick’,[0;0.25;0.35;0.65;0.75;1]);

set(gca,’XTickLabel’,[> 0 ’;°0.25”;°0.357;°0.65°;°0.75°;> 1 ’],’fontsize’,8)
set(gca,’YTick’, [0;1]); grid;

The filter response plots are shown in Figure 7.6.
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Figure 7.6: Filter design plots in Problem 7.13
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P7.14 Design a lineaphase FIR digital filter using the Kaiser window method tcetrtee following specifications:

clc; close all;
%% Specifications:

wsl = 0.26xpi; %
wpl = 0.3bxpi; %
wp2 = 0.65%pi; %
ws2 = 0.75xpi; %

deltal = 0.05; 9%
delta2 = 0.01; %
%

0.95

0

IANTA A

0

lower
lower
upper
upper

passband ripple
stopband ripple

% Convert to decibels
[Rp,As] = delta2db(deltal,delta2)

Rp =
0.8693
As =
40.4238
A

IH(@E")|
LICRY
ICRY

stopband
passband
passband
stopband

=
=
=

edge
edge
edge
edge

0.01
1.05,
0.01

tr_width = abs(min((wpl-wsl), (ws2-wp2)));

M =
M =

49
n = [0:1:M-1]; beta

= 0.1102*(As-8.7); w_kai

wcl = (wsl+wpl)/2; wc2 = (ws2+wp2)/2;
hd = ideal_lp(wc2,M)-ideal_lp(wcl,M);
% Determine the Window Design Impulse Response and Frequency Response
h = hd .* w_kai; [db,mag,pha,grd,w] = freqz_m(h,1); delta_w = pi/500;

Rpd
Rpd

o

.1033
Asd
Asd =

42

[Hr,w,P,L] = Ampl_res(h);

/A
%% Filter Response

Plots

0 < w
0357 < w
0757 < w

0.257
0.657
b4

IANIAIA

ceil((As-7.95)/(2.285%tr_width)+1)+1; M = 2*xfloor(M/2)+1, % choose odd M

= (kaiser(M,beta))’; % Kaiser Window

-min(db(ceil (wpl/delta_w)+1:floor (wp2/delta_w))),

floor (-max(db(1:floor(wsl/delta_w)+1))),

% Actual passband ripple

% Actual Attn

Hf _1 = figure(’Units’,’inches’,’position’,[1,1,7,4],’color’,[0,0,0],...
’paperunits’,’inches’, ’paperposition’, [0,0,7,4]);

set (Hf_1,’NumberTitle’,’off’,’Name’,’P7.14°);

subplot (’position’,[0.08,0.6,0.25,0.35]);

Hs_1= stem(n,hd,’filled’); set(Hs_1, ’markersize’,3);

title(’Ideal Impulse Response’); set(gca,’XTick’,[0;M-1], ’fontsize’,8)

axis([-1,M,min(hd)-0.1,max(hd)+0.1]); xlabel(’n’); ylabel(’h_d(n)’);
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subplot (’position’,[0.41,0.6,0.25,0.35]);

Hs_2 = stem(n,w_kai,’filled’); set(Hs_2, ’markersize’,3);
axis([-1,M,-0.1,1.1]1); xlabel(’n’); ylabel(’w_{ham}(n)’); title(’Kaiser Window’);
set(gca, ’XTick’,[0;M-1], fontsize’,8); set(gca,’YTick’,[0;1], fontsize’,8);
subplot (’position’,[0.74,0.6,0.25,0.35]);

Hs_3 = stem(n,h,’filled’); set(Hs_3, ’markersize’,3);

title(’Actual Impulse Response’); set(gca,’XTick’,[0;M-1],’fontsize’,8);
axis([-1,M,min(hd)-0.1,max(hd)+0.1]); xlabel(’n’); ylabel(’h(n)’);

subplot (’position’,[0.09,0.1,0.4,0.35]);

plot(w/pi,db,’linewidth’,1); title(’Magnitude Response in dB’);
axis([0,1,-As-30,5]); xlabel(’\omega/\pi’); ylabel(’Decibels’);

set(gca, ’XTick’,[0;0.25;0.35;0.65;0.75;1])

set(gca, ’XTickLabel’,[> 0 ’;°0.25”;°0.357;°0.65°;°0.75°;> 1 ’],’fontsize’,8)
set(gca,’YTick’, [-Asd;0]); set(gca,’YTickLabel’,[’ 42°;’ 0 ’]);grid;

subplot (’position’,[0.59,0.1,0.4,0.35]);

plot(w/pi,Hr,’linewidth’,1); title(’Apmlitude Response’);
axis([0,1,-0.05,1.05]); xlabel(’\omega/\pi’); ylabel(’Amplitude’);

set(gca, ’XTick’,[0;0.25;0.35;0.65;0.75;1]);

set(gca,’XTickLabel’,[> 0 ’;°0.25”;°0.357;°0.65°;°0.75°;> 1 ’],’fontsize’,8)
set(gca,’YTick’, [0;1]); grid;

The filter response plots are shown in Figure 7.7.
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Figure 7.7: Filter design plots in Problem 7.14
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P7.15 Design of the staircase filter of Example 7.26 using the Kaisedow approach with the specifications:

Band1: 0 < w < 03r, ldealgain=1, 851 =0.01
Band-2: 04n < w < 0.77, Idealgain=0.5 4§, =0.005
Band-3: 087 < w < m, Ideal gain= 0, 83 = 0.001

clc; close all;

%% Specifications:

wl = 0.0%pi; % lower Band-1 edge

w2 = 0.3*pi; % upper Band-1 edge

w3 = 0.4*pi; % lower Band-2 edge

w4 = 0.7%pi; % upper Band-2 edge

wb = 0.8%pi; % lower Band-3 edge

w6 = 1.0%pi; % upper Band-3 edge

deltal = 0.01; % Band-1 ripple

delta2 = 0.005; % Band-2 ripple

delta3 = 0.001; % Band-3 ripple

yA

% Determine Kaiser Window Parameters

delta = min([deltal,delta2,delta3]); tr_width = min([w3-w2,wb-w4]);
[Rp,As] = delta2db(deltal,deltal);

M = ceil((As-7.95)/(2.285*tr_width)+1)+1; M = 2*xfloor(M/2)+1, % choose odd M
M =
75
n = [0:1:M-1]; beta = 0.1102*(As-8.7); w_kai = (kaiser(M,beta))’; % Kaiser Window

% Determine Ideal Impulse Response
wel = (w2+w3)/2; wc2 = (w4+wb)/2;
hd = ideal_lp(wcl,M)+0.5%(ideal_lp(wc2,M)-ideal_lp(wcl,M));
% Determine the Window Design Impulse Response and Frequency Response
h = hd .* w_kai; [db,mag,pha,grd,w] = freqz_m(h,1); delta_w = pi/500;
Asd = floor(-max(db(ceil (w5/delta_w)+1:501))), % Actual Attn
Asd =
65
[Hr,w,P,L] = Ampl_res(h);
pA
%% Filter Response Plots
Hf _1 = figure(’Units’,’inches’,’position’,[1,1,7,4],’color’,[0,0,0],...
’paperunits’,’inches’,’paperposition’, [0,0,7,4]);
set (Hf_1,’NumberTitle’,’off’,’Name’,’P7.15°);

subplot (’position’,[0.08,0.6,0.25,0.35]);

Hs_1= stem(n,hd,’filled’); set(Hs_1, ’markersize’,3);

title(’Ideal Impulse Response’); set(gca,’XTick’,[0;M-1],’fontsize’,8)
axis([-1,M,min(hd)-0.1,max(hd)+0.1]); xlabel(’n’); ylabel(’h_d(n)’);

subplot(’position’,[0.41,0.6,0.25,0.35]);
Hs_2 = stem(n,w_kai,’filled’); set(Hs_2, ’markersize’,3);
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axis([-1,M,-0.1,1.1]); xlabel(’n’); ylabel(’w_{ham}(n)’); title(’Kaiser Window’);

set(gca, ’XTick’,[0;M-1], fontsize’,8); set(gca,’YTick’,[0;1], fontsize’,8);

subplot (’position’,[0.74,0.6,0.25,0.35]);

Hs_3 = stem(n,h,’filled’); set(Hs_3, ’markersize’,3);

title(’Actual Impulse Response’); set(gca,’XTick’,[0;M-1],’fontsize’,8);
axis([-1,M,min(hd)-0.1,max(hd)+0.1]); xlabel(’n’); ylabel(’h(n)’);

subplot (’position’,[0.09,0.1,0.4,0.35]);
plot(w/pi,db,’linewidth’,1); title(’Magnitude Response in dB’);
axis([0,1,-As-30,5]); xlabel(’\omega/\pi’); ylabel(’Decibels’);
set(gca,’XTick’,[0;0.3;0.4;0.7;0.8;11);

set(gca,’YTick’, [-Asd;0]); set(gca,’YTickLabel’,[’ 65°;’ 0 ’]);grid;

subplot (’position’,[0.59,0.1,0.4,0.35]);
plot(w/pi,Hr,’linewidth’,1); title(’Apmlitude Response’);
axis([0,1,-0.05,1.05]); xlabel(’\omega/\pi’); ylabel(’Amplitude’);
set(gca,’XTick’,[0;0.3;0.4;0.7;0.8;11);

set(gca, ’YTick’,[0;0.5;1]1); grid;

The windowdesigned filter has the length of 75 while the one designé&tkample 7.26 has the length of 49.

The filter response plots are shown in Figure 7.8.
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Figure 7.8: Filter design plots in Problem 7.15
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P7.16 Design of a bandpass filter using the Kaiser window desighnigce that has the minimum length and that
satisfies the following specifications:

lower stopband edge 0.37 } A. = 40dB

upper stopband edge 0.6

lower passband edge 0.47 } R, — 0.5dB.

upper passband edge0.57

clc; close all;

%% Specifications:

wsl = 0.3%pi; % lower stopband edge
wpl = 0.4%pi; % lower passband edge

wp2 = 0.5%pi; % upper passband edge
ws2 = 0.6*pi; % upper stopband edge
Rp = 0.5; % passband ripple
As = 40; % stopband attenuation

b
% Select the min(deltal,delta2) since deltal=delta2 in windodow design
[deltal,delta2] = db2delta(Rp,As);
if (deltal < delta2)
delta2 = deltal; disp(’Deltal is smaller than delta2’)
[Rp,As] = delta2db(deltal,delta2)
end
% Determine Kaiser Window Parameters
tr_width = abs(min((wpl-wsl), (ws2-wp2)));

M = ceil((As-7.95)/(2.285*tr_width)+1)+1; M = 2*xfloor(M/2)+3, % choose odd M
M =
49
n = [0:1:M-1]; beta = 0.1102*(As-8.7); w_kai = (kaiser(M,beta))’; % Kaiser Window

% Determine Ideal Impulse Response

wcl = (wsl+wpl)/2; wc2 = (ws2+wp2)/2;

hd = ideal_lp(wc2,M)-ideal_lp(wcl,M);

% Determine the Window Design Impulse Response and Frequency Response
h = hd .* w_kai; [db,mag,pha,grd,w] = freqz_m(h,1); delta_w = pi/500;

Rpd = -min(db(ceil(wpl/delta_w)+1:floor(wp2/delta_w))), % Actual passband ripple
Rpd =
0.1872
Asd = floor(-max(db(1l:floor(wsl/delta_w)))), % Actual Attn
Asd =
40

[Hr,w,P,L] = Ampl_res(h);

pA

%% Filter Response Plots

Hf _1 = figure(’Units’,’inches’,’position’,[1,1,7,4],’color’,[0,0,0],...
’paperunits’,’inches’,’paperposition’,[0,0,7,4]);

set (Hf_1,’NumberTitle’,’off’,’Name’,’P7.16°);

subplot (’position’,[0.08,0.6,0.25,0.35]);
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Hs_1= stem(n,hd,’filled’); set(Hs_1, ’markersize’,3);

title(’Ideal Impulse Response’); set(gca,’XTick’,[0;M-1],’fontsize’,8)
axis([-1,M,min(hd)-0.1,max(hd)+0.1]); xlabel(’n’); ylabel(’h_d(n)’);
subplot (’position’,[0.41,0.6,0.25,0.35]);

Hs_2 = stem(n,w_kai,’filled’); set(Hs_2,’markersize’,3);
axis([-1,M,-0.1,1.11); xlabel(’n’); ylabel(’w_{ham}(n)’); title(’Kaiser Window’);
set(gca, ’XTick’,[0;M-1], fontsize’,8); set(gca,’YTick’,[0;1], fontsize’,8);
subplot (’position’,[0.74,0.6,0.25,0.35]);

Hs_3 = stem(n,h,’filled’); set(Hs_3, ’markersize’,3);

title(’Actual Impulse Response’); set(gca,’XTick’,[0;M-1],’fontsize’,8);
axis([-1,M,min(hd)-0.1,max(hd)+0.1]); xlabel(’n’); ylabel(’h(n)’);

subplot (’position’,[0.09,0.1,0.4,0.35]);

plot(w/pi,db,’linewidth’,1); title(’Magnitude Response in dB’);
axis([0,1,-As-30,5]); xlabel(’\omega/\pi’); ylabel(’Decibels’);

set(gca, ’XTick’,[0;0.3;0.4;0.5;0.6;1]1)

set(gca,’YTick’, [-Asd;0]); set(gca,’YTickLabel’, [’ 40°;’> 0 ’]1);grid;
subplot (’position’,[0.59,0.1,0.4,0.35]);

plot(w/pi,Hr,’linewidth’,1); title(’Apmlitude Response’);
axis([0,1,-0.05,1.05]); xlabel(’\omega/\pi’); ylabel(’Amplitude’);

set(gca, ’XTick’,[0;0.3;0.4;0.5;0.6;1]); set(gca,’YTick’,[0;1]); grid;

The filter response plots are shown in Figure 7.9.
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Figure 7.9: Filter design plots in Problem 7.16
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P7.17 Repeat of the Problem P7.9 using thier1 function:

clc; close all;
%% Specifications:

wsl = 0.2%pi; % lower stopband edge
wpl = 0.35xpi; J lower passband edge
wp2 = 0.55%pi; 7 upper passband edge
ws2 = 0.75xpi; J upper stopband edge
Rp = 0.25; % passband ripple
As = 40; % stopband attenuation

/A
% Select the min(deltal,delta2) since deltal=delta2 in windodow design
[deltal,delta2] = db2delta(Rp,As);
if (deltal < delta2)
delta2 = deltal; disp(’Deltal is smaller than delta2’)
[Rp,As] = delta2db(deltal,delta2)
end
A
tr_width = min((wpl-wsl), (ws2-wp2));
ceil(6.2*pi/tr_width); M = 2*floor(M/2)+1, % choose odd M

= =
o

43
n = 0:M-1; w_han = (hann(M))’;
wcl = (wsl+wpl)/2; wc2 = (ws2+wp2)/2; hd = ideal_lp(wc2,M)-ideal_lp(wcl,M);
h = firt(M-1, [wcl,wc2]/pi, ’bandpass’,w_han);
[db,mag,pha,grd,w] = freqz_m(h,1); delta_w = pi/500;

Rpd = -min(db((wpl/delta_w)+1: (wp2/delta_w)+1)), % Actual passband ripple
Rpd =
0.1030
Asd = floor(-max(db(1l: (wsl/delta_w)+1))), % Actual Attn
Asd =
44

yA

%% Filter Response Plots

Hf _1 = figure(’Units’,’inches’,’position’, [1,1,6,4],’color’,[0,0,0],...
’paperunits’,’inches’, ’paperposition’, [0,0,6,4]);

set (Hf_1,’NumberTitle’,’off’,’Name’,’P7.17°);

subplot(2,2,1); Hs_1= stem(n,hd,’filled’); set(Hs_1, ’markersize’,3);

title(’Ideal Impulse Response’); set(gca,’XTick’, [0;M-1],’fontsize’,8)

axis([-1,M,min(hd)-0.1,max(hd)+0.1]); xlabel(’n’); ylabel(’h_d(n)’)

subplot(2,2,2); Hs_1 = stem(n,w_han,’filled’); set(Hs_1, markersize’,3);

axis([-1,M,-0.1,1.1]1); xlabel(’n’); ylabel(’w_{han}(n)’); title(’Hann Window’);

set(gca, ’XTick’, [0;M-1],’fontsize’,8); set(gca,’YTick’,[0;1], fontsize’,8)

subplot(2,2,3); Hs_1 = stem(n,h,’filled’); set(Hs_1, ’markersize’,3);

title(’Actual Impulse Response’); set(gca,’XTick’,[0;M-1],’fontsize’,8)

axis([-1,M,min(hd)-0.1,max(hd)+0.1]); xlabel(’n’); ylabel(’h(n)’)

subplot(2,2,4); plot(w/pi,db,’linewidth’,1); title(’Magnitude Response in dB’);

axis([0,1,-As-30,5]); xlabel(’\omega/\pi’); ylabel(’Decibels’)
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set(gca, ’XTick’,[0;0.2;0.35;0.55;0.75;11)
set(gca,’XTickLabel’,[’ 0O ’;°0.2 °;’0.35’;’0.557;°0.75’;> 1 ’],’fontsize’,8)
set(gca,’YTick’, [-40;0]); set(gca,’YTickLabel’, [’ 40°;’ 0 ’]);grid

The filter response plots are shown in Figure 7.10.
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Figure 7.10: Filter design plots in Problem 7.17
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P7.18 Repeat of the Problem P7.10 using the 1 function:

clc; close all;
%% Specifications:

wpl = 0.3%pi; 7 lower passband edge
wsl = 0.4%pi; % lower stopband edge
ws2 = 0.6*pi; % upper stopband edge
wp2 = 0.7*pi; Y’ upper passband edge
Rp = 0.2; % passband ripple
As = 50; % stopband attenuation

/A
% Select the min(deltal,delta2) since deltal=delta2 in windodow design
[deltal,delta2] = db2delta(Rp,As);
if (deltal < delta2)
delta2 = deltal; disp(’Deltal is smaller than delta2’)
[Rp,As] = delta2db(deltal,delta2)
end
/A
tr_width = abs(min((wpl-wsl), (ws2-wp2)));
ceil(6.6*pi/tr_width); M = 2*floor(M/2)+1, % choose odd M

= =
o

67
n = 0:M-1; w_ham = (hamming(M))’;
wcl = (wsl+wpl)/2; wc2 = (ws2+wp2)/2; hd = ideal_lp(pi,M)+ideal_lp(wcl,M)-ideal_lp(wc2,M);
h = fir1(M-1, [wel,wc2]/pi,’stop’,w_ham);
[db,mag,pha,grd,w] = freqz_m(h,1); delta_w = pi/500;
Asd = floor(-max(db(ceil(wsl/delta_w)+1:floor(ws2/delta_w)+1))), % Actual Attn
Asd =

50
Rpd = -min(db(1:floor(wpl/delta_w)+1)), % Actual passband ripple
Rpd =

0.0435
yA
%% Filter Response Plots
Hf _1 = figure(’Units’,’inches’,’position’,[1,1,6,4], color’,[0,0,0],...

’paperunits’,’inches’, ’paperposition’, [0,0,6,4]);
set (Hf_1,’NumberTitle’,’off’,’Name’,’P7.18°);
subplot(2,2,1); Hs_1= stem(n,hd,’filled’); set(Hs_1, ’markersize’,3);
title(’Ideal Impulse Response’); set(gca,’XTick’,[0;M-1],’fontsize’,8)
axis([-1,M,min(hd)-0.1,max(hd)+0.1]); xlabel(’n’); ylabel(’h_d(n)’)
subplot(2,2,2); Hs_1 = stem(n,w_ham,’filled’); set(Hs_1, markersize’,3);
axis([-1,M,-0.1,1.1]1); xlabel(’n’); ylabel(’w_{ham}(n)’); title(’Hamming Window’);
set(gca, ’XTick’, [0;M-1],’fontsize’,8); set(gca,’YTick’,[0;1], fontsize’,8)
subplot(2,2,3); Hs_1 = stem(n,h,’filled’); set(Hs_1, ’markersize’,3);
title(’Actual Impulse Response’); set(gca,’XTick’,[0;M-1],’fontsize’,8)
axis([-1,M,min(hd)-0.1,max(hd)+0.1]); xlabel(’n’); ylabel(’h(n)’)
subplot(2,2,4); plot(w/pi,db,’linewidth’,1); title(’Magnitude Response in dB’);
axis([0,1,-As-30,5]); xlabel(’\omega/\pi’); ylabel(’Decibels’)
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set(gca, ’XTick’,[0;0.3;0.4;0.6;0.7;1]1)
set(gca, ’XTickLabel’,[> 0 ;°0.37;°0.4°;°0.6°;°0.7>;> 1 °],’fontsize’,8)
set(gca,’YTick’, [-50;0]); set(gca,’YTickLabel’,[’ 50’;’ 0 ’]);grid

The filter response plots are shown in Figure 7.11.
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Figure 7.11: Filter design plots in Problem 7.18
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P7.19 Repeat of the Problem P7.11 using the1 function:

clc; close all;
%% Specifications:

wsl = 0.3*pi; % lower stopband edge
wpl = 0.4%pi; % lower passband edge
wp2 = 0.5%pi; 7 upper passband edge
ws2 = 0.6%pi; Y’ upper stopband edge
Rp = 0.5; % passband ripple
As = 50; % stopband attenuation

/A
% Select the min(deltal,delta2) since deltal=delta2 in windodow design
[deltal,delta2] = db2delta(Rp,As);
if (deltal < delta2)
delta2 = deltal; disp(’Deltal is smaller than delta2’)
[Rp,As] = delta2db(deltal,delta2)
end
/A
tr_width = abs(min((wpl-wsl), (ws2-wp2)));
ceil(6.6*pi/tr_width); M = 2*floor(M/2)+1, % choose odd M

= =
o

67
n = 0:M-1; w_ham = (hamming(M))’;
wcl = (wsl+wpl)/2; wc2 = (ws2+wp2)/2; hd = ideal_lp(wc2,M)-ideal_lp(wcl,M);
h = firt(M-1, [wcl,wc2]/pi, ’bandpass’,w_ham);
[db,mag,pha,grd,w] = freqz_m(h,1); delta_w = pi/500;

Rpd = -min(db(ceil(wpl/delta_w)+1:floor(wp2/delta_w)+1)), % Actual passband ripple
Rpd =
0.0488
Asd = floor(-max(db(1l: (wsl/delta_w)+1))), % Actual Attn
Asd =
51

yA

%% Filter Response Plots

Hf _1 = figure(’Units’,’inches’,’position’,[1,1,6,4], color’,[0,0,0],...
’paperunits’,’inches’, ’paperposition’, [0,0,6,4]);

set (Hf_1,’NumberTitle’,’off’,’Name’,’P7.19°);

subplot(2,2,1); Hs_1= stem(n,hd,’filled’); set(Hs_1, ’markersize’,3);

title(’Ideal Impulse Response’); set(gca,’XTick’, [0;M-1],’fontsize’,8)

axis([-1,M,min(hd)-0.1,max(hd)+0.1]); xlabel(’n’); ylabel(’h_d(n)’)

subplot(2,2,2); Hs_1 = stem(n,w_ham,’filled’); set(Hs_1, markersize’,3);

axis([-1,M,-0.1,1.1]1); xlabel(’n’); ylabel(’w_{ham}(n)’); title(’Hamming Window’);

set(gca, ’XTick’, [0;M-1],’fontsize’,8); set(gca,’YTick’,[0;1], fontsize’,8)

subplot(2,2,3); Hs_1 = stem(n,h,’filled’); set(Hs_1, ’markersize’,3);

title(’Actual Impulse Response’); set(gca,’XTick’,[0;M-1],’fontsize’,8)

axis([-1,M,min(hd)-0.1,max(hd)+0.1]); xlabel(’n’); ylabel(’h(n)’)

subplot(2,2,4); plot(w/pi,db,’linewidth’,1); title(’Magnitude Response in dB’);

axis([0,1,-As-30,5]); xlabel(’\omega/\pi’); ylabel(’Decibels’)
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set(gca, ’XTick’,[0;0.3;0.4;0.5;0.6;1]1)
set(gca,’XTickLabel’,[’ 0 °;°’0.3’;°0.4°;°0.5°;°0.67;’> 1 ’],’fontsize’,8)
set(gca,’YTick’, [-50;0]); set(gca,’YTickLabel’,[’ 50’;’ 0 ’]);grid

The filter response plots are shown in Figure 7.12.
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Figure 7.12: Filter design plots in Problem 7.19
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P7.20 Repeat of the Problem P7.12 using the 1 function:

clc; close all;
%% Specifications:
ws = 0.4*pi; Y stopband edge
wp = 0.6%pi; 7’ passband edge
Rp = 0.004; % passband ripple
As = 50; % stopband attenuation
/A
% Select the min(deltal,delta2) since deltal=delta2 in windodow design
[deltal,delta2] = db2delta(Rp,As);
if (deltal < delta2)
delta2 = deltal; disp(’Deltal is smaller than delta2’)
Deltal is smaller than delta2
[Rp,As] = delta2db(deltal,delta2)
Rp =
0.0040
As =
72.7577
end
/A
tr_width = abs(wp-ws);
M = ceil(11*pi/tr_width); M = 2*floor(M/2)+1, % choose odd M
M =
55
n = 0:M-1; w_blk = (blackman(M))’;
wc = (ws+wp)/2; hd = ideal_lp(pi,M)-ideal_lp(wc,M);
h = firt(M-1,wc/pi, ’high’ ,w_blk);
[db,mag,pha,grd,w] = freqz_m(h,1); delta_w = pi/500;
Rpd = -min(db(ceil(wp/delta_w)+1:floor(pi/delta_w)+1)), % Actual passband ripple
Rpd =
0.0039
Asd = floor(-max(db(1: (ws/delta_w)+1))), % Actual Attn
Asd =
71

yA

%% Zoomed Filter Response Plot

Hf _1 = figure(’Units’,’inches’,’position’,[1,1,5,3],’color’,[0,0,0],...
’paperunits’,’inches’, ’paperposition’, [0,0,5,3]);

set (Hf_1,’NumberTitle’,’off’,’Name’,’P7.12°);

plot(w(301:501)/pi,db(301:501),’linewidth’,1);

title(’Zoomed Magnitude Response in dB’);

axis([0.6,1,-0.005,0.001]); xlabel(’\omega/\pi’); ylabel(’Decibels’)

set(gca, ’XTick’, [0.6;1])

set(gca,’XTickLabel’,[’0.6°;> 1 ’],’fontsize’,8)

set(gca,’YTick’, [-0.004;0]); set(gca,’YTickLabel’,[’-0.004’;> 0 ’]);grid

The zoomed magnitude response plot is shown in Figure 7.13.
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Figure 7.13: Filter design plots in Problem 7.20



2006 SOLUTIONS MANUAL FOR DSP USING MATLAB (2ND EDITION) 353

P7.21 Repeat of the Problem P7.13 using the1 function:

clc; close all;
%% Specifications:
wpl = 0.25%pi; 7 lower passband edge
wsl = 0.35%pi; % lower stopband edge
ws2 = 0.65%pi; 7% upper stopband edge
wp2 = 0.75%pi; % upper passband edge
deltal = 0.025; Y passband ripple
delta2 = 0.005; Y% stopband ripple
A
% Convert to decibels
[Rp,As] = delta2db(deltal,delta2)
Rp =
0.4344

As =

46.2351

yA
tr_width = abs(min((wpl-wsl), (ws2-wp2))); M = ceil((As-7.95)/(2.285*tr_width)+1)+1;
M = 2xfloor(M/2)+1, % choose odd M
M =
57
n = [0:1:M-1]; beta = 0.1102%(As-8.7); w_kai = (kaiser(M,beta))’; % Kaiser Window
wcl = (wsl+wpl)/2; wc2 = (ws2+wp2)/2;
hd = ideal_lp(pi,M)+ideal_lp(wcl,M)-ideal_lp(wc2,M); % Ideal HP Filter
h = firt(M-1, [wecl,wc2]/pi,’stop’,w_kai);
[db,mag,pha,grd,w] = freqz_m(h,1); delta_w = pi/500;
Asd = floor(-max(db(ceil(wsl/delta_w)+1:floor(ws2/delta_w)+1))), % Actual Attn
Asd =
49
Rpd = -min(db(1:floor(wpl/delta_w)+1)), % Actual passband ripple
Rpd =
0.0492
[Hr,w,P,L] = Ampl_res(h);
yA
%% Filter Response Plots
Hf _1 = figure(’Units’,’inches’,’position’,[1,1,7,4], color’,[0,0,0],...
’paperunits’,’inches’, ’paperposition’, [0,0,7,4]);
set (Hf_1,’NumberTitle’,’off’,’Name’,’P7.21°);
subplot (’position’,[0.08,0.6,0.25,0.35]);
Hs_1= stem(n,hd,’filled’); set(Hs_1, ’markersize’,3);
title(’Ideal Impulse Response’); set(gca,’XTick’,[0;M-1], ’fontsize’,8)
axis([-1,M,min(hd)-0.1,max(hd)+0.1]); xlabel(’n’); ylabel(’h_d(n)’);
subplot (’position’,[0.41,0.6,0.25,0.35]);
Hs_2 = stem(n,w_kai,’filled’); set(Hs_2,’markersize’,3);
axis([-1,M,-0.1,1.11); xlabel(’n’); ylabel(’w_{ham}(n)’); title(’Kaiser Window’);
set(gca, ’XTick’,[0;M-1],’fontsize’,8); set(gca,’YTick’,[0;1], fontsize’,8);
subplot (’position’,[0.74,0.6,0.25,0.35]);
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Hs_3 = stem(n,h,’filled’); set(Hs_3, ’markersize’,3);

title(’Actual Impulse Response’); set(gca,’XTick’,[0;M-1],’fontsize’,8);
axis([-1,M,min(hd)-0.1,max(hd)+0.1]); xlabel(’n’); ylabel(’h(n)’);

subplot (’position’,[0.09,0.1,0.4,0.35]);

plot(w/pi,db,’linewidth’,1); title(’Magnitude Response in dB’);
axis([0,1,-As-30,5]); xlabel(’\omega/\pi’); ylabel(’Decibels’);

set(gca, ’XTick’,[0;0.25;0.35;0.65;0.75;1])

set(gca,’XTickLabel’,[> 0 ’;’0.25’;°0.357;°0.65°;°0.75°;> 1 ’],’fontsize’,8)
set(gca,’YTick’, [-Asd;0]); set(gca,’YTickLabel’, [’ 49°;’> 0 ’]1);grid;

subplot (’position’,[0.59,0.1,0.4,0.35]);

plot(w/pi,Hr,’linewidth’,1); title(’Apmlitude Response’);
axis([0,1,-0.05,1.05]); xlabel(’\omega/\pi’); ylabel(’Amplitude’);

set(gca, ’XTick’,[0;0.25;0.35;0.65;0.75;1]1);

set(gca, ’XTickLabel’,[> 0 ’;’0.25;°0.357;°0.65°;°0.75°;’ 1 ’],’fontsize’,8)
set(gca,’YTick’,[0;1]1); grid;

The filter response plots are shown in Figure 7.14.
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Figure 7.14: Filter design plots in Problem 7.21
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P7.22 Repeat of the Problem P7.14 using the 1 function:

clc; close all;
%% Specifications:

wsl = 0.26%pi; 7% lower stopband edge
wpl = 0.35%pi; % lower passband edge
wp2 = 0.65%pi; 7 upper passband edge
ws2 = 0.75%pi; % upper stopband edge

deltal = 0.05; % passband ripple
delta2 = 0.01; % stopband ripple
/A
% Convert to decibels
[Rp,As] = delta2db(deltal,delta2)
Rp =
0.8693

As =

40.4238
A
tr_width = abs(min((wpl-wsl), (ws2-wp2)));

M = ceil((As-7.95)/(2.285*tr_width)+1)+1; M = 2*xfloor(M/2)+1, % choose odd M
M =
49
n = [0:1:M-1]; beta = 0.1102%(As-8.7); w_kai = (kaiser(M,beta))’; % Kaiser Window

wcl = (wsl+wpl)/2; wc2 = (ws2+wp2)/2;

hd = ideal_lp(wc2,M)-ideal_lp(wcl,M);

% Determine the Window Design Impulse Response and Frequency Response

h = firt(M-1, [wcl,wc2]/pi, ’bandpass’,w_kai);

[db,mag,pha,grd,w] = freqz_m(h,1); delta_w = pi/500;

Rpd = -min(db(ceil(wpl/delta_w)+1:floor(wp2/delta_w))), % Actual passband ripple
Rpd

.1033
floor(-max(db(1:floor(wsl/delta_w)+1))), % Actual Attn

I o

Asd
Asd

42
[Hr,w,P,L] = Ampl_res(h);
pA
%% Filter Response Plots
Hf _1 = figure(’Units’,’inches’,’position’,[1,1,7,4],’color’,[0,0,0],...
’paperunits’,’inches’,’paperposition’, [0,0,7,4]);
set (Hf_1,’NumberTitle’,’off’,’Name’,’P7.22°);
subplot (’position’,[0.08,0.6,0.25,0.35]);
Hs_1= stem(n,hd,’filled’); set(Hs_1, ’markersize’,3);
title(’Ideal Impulse Response’); set(gca,’XTick’,[0;M-1], ’fontsize’,8)
axis([-1,M,min(hd)-0.1,max(hd)+0.1]); xlabel(’n’); ylabel(’h_d(n)’);
subplot (’position’,[0.41,0.6,0.25,0.35]);
Hs_2 = stem(n,w_kai,’filled’); set(Hs_2, ’markersize’,3);
axis([-1,M,-0.1,1.1]1); xlabel(’n’); ylabel(’w_{ham}(n)’); title(’Kaiser Window’);
set(gca, ’XTick’,[0;M-1], fontsize’,8); set(gca,’YTick’,[0;1], fontsize’,8);
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subplot(’position’,[0.74,0.6,0.25,0.35]);
Hs_3 = stem(n,h,’filled’); set(Hs_3, ’markersize’,3);
title(’Actual Impulse Response’); set(gca,’XTick’,[0;M-1],’fontsize’,8);
axis([-1,M,min(hd)-0.1,max(hd)+0.1]); xlabel(’n’); ylabel(’h(n)’);
subplot(’position’,[0.09,0.1,0.4,0.35]);
plot(w/pi,db,’linewidth’,1); title(’Magnitude Response in dB’);
axis([0,1,-As-30,5]); xlabel(’\omega/\pi’); ylabel(’Decibels’);
set(gca, ’XTick’,[0;0.25;0.35;0.65;0.75;1])
set(gca, ’XTickLabel’,[> 0 ’;’0.257;°0.357;°0.65°;°0.75°;’ 1 ’],’fontsize’,8)
set(gca,’YTick’, [-Asd;0]); set(gca,’YTickLabel’,[’ 42’;’ 0 ’]1);grid;
subplot (’position’,[0.59,0.1,0.4,0.35]);
plot(w/pi,Hr,’linewidth’,1); title(’Apmlitude Response’);
axis([0,1,-0.05,1.05]); xlabel(’\omega/\pi’); ylabel(’Amplitude’);
set(gca,’XTick’,[0;0.25;0.35;0.65;0.75;1]);
set(gca, ’XTickLabel’,[> 0 ’;°0.25”;°0.357;°0.65°;°0.75°;> 1 ’],’fontsize’,8)
set(gca,’YTick’, [0;1]); grid;
The filter response plots are shown in Figure 7.15.
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Figure 7.15: Filter design plots in Problem 7.22
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P7.23 Consider an ideal lowpass filter with the cutoff frequeagy= 0.37. We want to approximate this filter using
a frequency sampling design in which we choose 40 samples.

(a) Choose the sample @t equal to 0.5 and use the naive design method to contpie Determine the
minimum stopband attenuation.

(b) Now vary the sample ab. and determine the optimum value to obtain the largest minminstopband
attenuation.

(c) Plot the magnitude responses in dB of the above two desigone plot and comment on the results.
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P7.24 Design of the bandstop filter of Problem P7.10 using the ®agy sampling method with two optimum samples
in the transition band and comparison of results with thdgained using th€ir2 function.

clc; close all;
% Specifications:
wpl = 0.3%pi; Y’ lower passband edge

wsl = 0.4%pi; % lower stopband edge
ws2 = 0.6%pi; Y upper stopband edge
wp2 = 0.7*pi; 7 upper passband edge
Rp = 0.2; % passband ripple
As = 50; % stopband attenuation

Hf _1 = figure(’Units’,’inches’,’position’,[1,1,7,5], color’,[0,0,0],...
’paperunits’,’inches’,’paperposition’, [0,0,7,5]);

set (Hf_1,’NumberTitle’,’off’,’Name’,’P7.24°);

%% Frequency Sampling Design

% Choose M = 65 to get two samples in the transition band

M = 65; alpha = (M-1)/2; k = 0:M-1; wk = (2%pi/M)*k;

% Samples of the Frequency Response

T1 = 0.58753; T2 = 0.10508;

Hrs = [ones(1,11),T1,T2,zeros(1,8),T2,T1,ones(1,20),...
T1,T2,zeros(1,8),T2,T1,ones(1,10)];

% Ideal Amplitude Response for Plotting

fcl = (wpl+wsl)/(2*pi); fc2 = (ws2+wp2)/(2xpi);

Hdr = [1,1,0,0,1,1]; fdr = [0,fcl,fcl,fc2,fc2,1];

% Compute the Impulse Response

k1 = 0:floor((M-1)/2); k2 = floor((M-1)/2)+1:M-1;

angH = [-alphax(2*pi)/Mxkl, alpha*(2xpi)/M*x(M-k2)];

H = Hrs.*exp(j*angH); h = real (ifft(H,M));

% Compute Frequency Responses

[db,mag,pha,grd,w] = freqz_m(h,1); delta_w = pi/500;

% Actual Attn

Asd = floor(-max(db(ceil(wsl/delta_w)+1:floor(ws2/delta_w)+1)));

% Filter Response Plots

subplot (’position’,[0.09,0.6,0.4,0.35]);

Hp_1 = plot(wk(1l: (M+1)/2)/pi,Hrs(1: (M+1)/2),’mo’); hold on;

set(Hp_1, ’markersize’,3);

plot(fdr,Hdr,’g’,’linewidth’,2); axis([0,1,0,1.1]);

plot(w/pi,mag,’r’,’linewidth’,1.5);

xlabel(’\omega/\pi’); ylabel(’Magnitude’);

title(’Frequency Sampling Design: Magnitude Plot’);

set(gca, ’xtick’, [0,wpl,wsl,ws2,wp2,pil/pi, ’xgrid’,’on’);

set(gca,’ytick’,[0,1]); hold off;

subplot (’position’,[0.59,0.6,0.4,0.35]);

plot(w/pi,db,’g’,’linewidth’,2); axis([0,1,-80,10]);

xlabel(’\omega/\pi’); ylabel(’Decibels’);

title(’Frequency Sampling Design: Log-Magnitude Plot’);

set(gca, ’xtick’, [0,wpl,wsl,ws2,wp2,pil/pi,’ ’xgrid’,’on’);

set(gca,’ytick’, [-Asd,0],’ygrid’,’on’);
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%% Design Using the FIR2 Function

fcl = (wpl+wsl)/(2xpi); fc2 = (ws2+wp2)/(2%pi);

Hdr = [1,1,0,0,1,1]; fdr = [0,fcl,fcl,fc2,fc2,1];

h = fir2(82,fdr,Hdr) ;

% Compute Frequency Responses

[db,mag,pha,grd,w] = freqz_m(h,1); delta_w = pi/500;

% Actual Attn

Asd = floor(-max(db(ceil(wsl/delta_w)+1:floor(ws2/delta_w)+1)));
% Filter Response Plots

subplot (’position’,[0.09,0.1,0.4,0.35]);

Hp_2 = plot(wk(1l:(M+1)/2)/pi,Hrs(1: (M+1)/2),’mo’); hold on;set(Hp_2, ’markersize’,3);
plot(fdr,Hdr,’g’,’linewidth’,2); axis([0,1,0,1.1]);
plot(w/pi,mag,’r’,’linewidth’,1.5);
xlabel(’\omega/\pi’); ylabel(’Magnitude’);

title("FIR2 Function Design: Magnitude Plot’);

set(gca, ’xtick’, [0,wpl,wsl,ws2,wp2,pil/pi,’ ’xgrid’,’on’);
set(gca,’ytick’,[0,1]); hold off;

subplot (’position’,[0.59,0.1,0.4,0.35]);
plot(w/pi,db,’g’,’linewidth’,2); axis([0,1,-80,10]);
xlabel(’\omega/\pi’); ylabel(’Decibels’);

title("FIR2 Function Design: Log-Magnitude Plot’);
set(gca, ’xtick’, [0,wpl,wsl,ws2,wp2,pil/pi, ’xgrid’,’on’);
set(gca,’ytick’, [-Asd,0],’ygrid’,’on’);

The filter response plots are shown in Figure 7.16.
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Figure 7.16: Filter design plots in Problem 7.24
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P7.25 Design of the bandpass filter of Problem P7.10 using the &ecusampling method with two optimum samples
in the transition band and comparison of results with thdgained using th€ir2 function.

clc; close all;
% Specifications:

wsl
wpl
wp2
ws2
Rp
As

0.3*pi;
0.4x*pi;
0.5%pi;
0.6*pi;
0.5;
50;

b
/A
A
/A
A
A

lower stopband edge
lower passband edge
upper passband edge
upper stopband edge
passband ripple
stopband attenuation

Hf _1 = figure(’Units’,’inches’,’position’,[1,1,7,5], color’,[0,0,0],...
’paperunits’,’inches’,’paperposition’, [0,0,7,5]);

set (Hf_1,’NumberTitle’,’off’,’Name’,’P7.25°);

%% Frequency Sampling Design

% Choose M = 60 to get two samples in the transition band

M = 60; alpha

M-1)/2; k = 0:M-1; wk = (2*%pi/M)x*Kk;

% Samples of the Frequency Response

TO =

1; T1 =

0.58753; T2 = 0.10508; T3 = 0;

TL = [T3,T2,T1,T0]; TR = fliplr(TL);
[zeros(1,9),TL,ones(1,2),TR,zeros(1,23), ...
TL,ones(1,2),TR,zeros(1,8)];

% Ideal Amplitude Response for Plotting
(wpl+wsl)/(2xpi); fc2 = (ws2+wp2)/(2%pi);
(0,0,1,1,0,0]; fdr = [0,fcl,fcl,fc2,fc2,1];

% Compute the Impulse Response

k1 = 0:floor((M-1)/2); k2 = floor((M-1)/2)+1:M-1;
angH = [-alpha*(2*pi)/M*k1l, alpha*(2*pi)/M*(M-k2)];
H = Hrs.*exp(j*angH); h = real (ifft(H,M));

% Compute Frequency Responses

[db,mag,pha,grd,w] = freqz_m(h,1); delta_w = pi/500;

Hrs

fci
Hdr

% Actual Attn

Asd = floor(-max(db(1l:floor(wsl/delta_w))));

% Filter Response Plots

subplot (’position’,[0.09,0.6,0.4,0.35]);

Hp_1 = plot(wk(1l:(M+1)/2)/pi,Hrs(1: (M+1)/2),’mo’); set(Hp_1, ’markersize’,3);
hold on; plot(fdr,Hdr,’g’,’linewidth’,2); axis([0,1,0,1.1]);
plot(w/pi,mag,’r’,’linewidth’,1.5);

xlabel(’\omega/\pi’); ylabel(’Magnitude’);

title(’Frequency Sampling Design: Magnitude Plot’);

set(gca,’xtick’, [0,wsl,wpl,wp2,ws2,pil/pi, ’xgrid’,’on’,’ygrid’,’on’);
set(gca,’ytick’,[0,1]); hold off;

subplot (’position’,[0.59,0.6,0.4,0.35]);
plot(w/pi,db,’g’,’linewidth’,2); axis([0,1,-80,10]);
xlabel(’\omega/\pi’); ylabel(’Decibels’);

title(’Frequency Sampling Design: Log-Magnitude Plot’);

set(gca, ’xtick’, [0,wsl,wpl,wp2,ws2,pil/pi,’ ’xgrid’,’on’);
set(gca,’ytick’, [-Asd,0],’ygrid’,’on’);
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%% Design Using the FIR2 Function

fcl = (wpl+wsl)/(2xpi); fc2 = (ws2+wp2)/(2%pi);

Hdr = [0,0,1,1,0,0]; fdr = [0,fcl,fcl,fc2,fc2,1];

h = fir2(78,fdr,Hdr) ;

% Compute Frequency Responses

[db,mag,pha,grd,w] = freqz_m(h,1); delta_w = pi/500;

% Actual Attn

Asd = floor(-max(db(1l:floor(wsl/delta_w))));

% Filter Response Plots

subplot (’position’,[0.09,0.1,0.4,0.35]);

Hp_2 = plot(wk(1l: (M+1)/2)/pi,Hrs(1: (M+1)/2),’mo’); set(Hp_2, ’markersize’,3);
hold on; plot(fdr,Hdr,’g’,’linewidth’,2); axis([0,1,0,1.1]);
plot(w/pi,mag,’r’,’linewidth’,1.5);

xlabel(’\omega/\pi’); ylabel(’Magnitude’);

title(’FIR2 Function Design: Magnitude Plot’);

set(gca, ’xtick’, [0,wsl,wpl,wp2,ws2,pil/pi, ’xgrid’,’on’,’ygrid’,’on’);
set(gca,’ytick’,[0,1]); hold off;

subplot (’position’,[0.59,0.1,0.4,0.35]);
plot(w/pi,db,’g’,’linewidth’,2); axis([0,1,-80,10]);
xlabel(’\omega/\pi’); ylabel(’Decibels’);

title (’FIR2 Function Design: Log-Magnitude Plot’);

set(gca, ’xtick’, [0,wsl,wpl,wp2,ws2,pil/pi, ’xgrid’,’on’);
set(gca,’ytick’, [-Asd,0],’ygrid’,’on’);

The filter response plots are shown in Figure 7.17.
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Figure 7.17: Filter design plots in Problem 7.25
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P7.26 Design of the highpass filter of Problem P7.12 using the ®agy sampling method with two optimum samples
in the transition band and comparison of results with thdgained using th€ir2 function.

clc; close all;
% Specifications:

ws = 0.3%pi; % Stopband edge
wp = 0.4%pi; % Passband edge
Rp = 0.004; % passband ripple
As = 50; % stopband attenuation

Hf _1 = figure(’Units’,’inches’,’position’,[1,1,7,5], color’,[0,0,0],...
’paperunits’,’inches’,’paperposition’, [0,0,7,5]);
set (Hf _1,’NumberTitle’,’off’,’Name’,’P7.26°);

%% Frequency Sampling Design

% Choose M = 65 to get two samples in the transition band
M = 65; alpha = (M-1)/2; k = 0:M-1; wk = (2%pi/M)*k;

% Samples of the Frequency Response

T1 = 0.58753; T2 = 0.10508;

Hrs = [zeros(1,11),T2,T1,ones(1,40),T1,T2,zeros(1,10)];

% Ideal Amplitude Response for Plotting

fc = (wptws)/(2*pi); Hdr = [0,0,1,1]; fdr = [0,fc,fc,1];
% Compute the Impulse Response

k1 = 0:floor((M-1)/2); k2 = floor((M-1)/2)+1:M-1;

angH = [-alpha*(2*pi)/M*k1l, alpha*(2*pi)/M*(M-k2)];

H = Hrs.*exp(j*angH); h = real (ifft(H,M));

% Compute Frequency Responses

[db,mag,pha,grd,w] = freqz_m(h,1); delta_w = pi/500;

% Actual Attn

Asd = floor(-max(db(1l:floor(ws/delta_w))));

% Filter Response Plots

subplot (’position’,[0.09,0.6,0.4,0.35]);

Hp_1 = plot(wk(1l:(M+1)/2)/pi,Hrs(1l:(M+1)/2),’mo’); set(Hp_1, ’markersize’,3);
hold on; plot(fdr,Hdr,’g’,’linewidth’,2); axis([0,1,0,1.1]);
plot(w/pi,mag,’r’,’linewidth’,1.5);

xlabel(’\omega/\pi’); ylabel(’Magnitude’);
title(’Frequency Sampling Design: Magnitude Plot’);
set(gca, ’xtick’, [0,ws,wp,pil/pi, ’xgrid’,’on’,’ygrid’,’on’);
set(gca,’ytick’,[0,1]); hold off;

subplot (’position’,[0.59,0.6,0.4,0.35]);
plot(w/pi,db,’g’,’linewidth’,2); axis([0,1,-80,10]);
xlabel(’\omega/\pi’); ylabel(’Decibels’);
title(’Frequency Sampling Design: Log-Magnitude Plot’);
set(gca, ’xtick’, [0,ws,wp,pil/pi, ’xgrid’,’on’);
set(gca,’ytick’, [-Asd,0],’ygrid’,’on’);

%% Design Using the FIR2 Function
fc = (wptws)/(2%pi); Hdr = [0,0,1,1]; fdr = [0,fc,fc,1];
h = fir2(78,fdr,Hdr);
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% Compute Frequency Responses

[db,mag,pha,grd,w] = freqz_m(h,1); delta_w = pi/500;

% Actual Attn

Asd = floor(-max(db(1l:floor(ws/delta_w))));

% Filter Response Plots

subplot (’position’,[0.09,0.1,0.4,0.35]);

Hp_2 = plot(wk(1l:(M+1)/2)/pi,Hrs(1:(M+1)/2),’mo’); set(Hp_2, ’markersize’,3);
hold on; plot(fdr,Hdr,’g’,’linewidth’,2); axis([0,1,0,1.1]);
plot(w/pi,mag,’r’,’linewidth’,1.5);

xlabel (’\omega/\pi’); ylabel(’Magnitude’);

title("FIR2 Function Design: Magnitude Plot’);

set(gca, ’xtick’, [0,ws,wp,pil/pi, ’xgrid’,’on’, ’ygrid’,’on’);
set(gca,’ytick’,[0,1]); hold off;

subplot (’position’,[0.59,0.1,0.4,0.35]);
plot(w/pi,db,’g’,’linewidth’,2); axis([0,1,-80,10]);
xlabel(’\omega/\pi’); ylabel(’Decibels’);

title (’FIR2 Function Design: Log-Magnitude Plot’);

set(gca, ’xtick’, [0,ws,wp,pil/pi, ’xgrid’,’on’);
set(gca,’ytick’, [-Asd,0],’ygrid’,’on’);

The filter response plots are shown in Figure 7.18.
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Figure 7.18: Filter design plots in Problem 7.26
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P7.27 We want to design a narrow bandpass filter to pass the ceatprdncy atvg = 0.57. The bandwidth should
be no more than.Qr.

(a) Use the frequency sampling technique and chddss that there is one sample in the transition band.
Use the optimum value for transition band samples and draviréiquency sampling structure.

(b) Use the Kaiser window technique so that the stopbandut®sn is same as that of the above frequency
sampling design. Determine the impulse respdrnsg and draw the lineaphase structure.

(c) Compare the above two filter designs in terms of their em@ntation and their filtering effectiveness.
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P7.28 Frequency sampling design using thier2 function and a Hamming window.

clc; close all;

% Specifications:

fdr = [0,0.25,0.35,0.65,0.75,1]; Hdr = [0,1,2,2,1,0];

h = fir2(211,fdr,Hdr); [Hr,w,P,L] = ampl_res(h);

Hf _1 = figure(’Units’,’inches’,’position’,[1,1,5,3],’color’,[0,0,0],...
’paperunits’,’inches’, ’paperposition’, [0,0,5,3]);

set (Hf_1, ’NumberTitle’,’off’,’Name’,’P7.28°);

plot(w/pi,Hr,’r’,’linewidth’,1.5); axis([0,1,-0.05,2.05]);

xlabel (’\omega/\pi’); ylabel(’Amplitude’);

title(°FIR2 Function Design’);

set(gca, ’xtick’,fdr, ’xgrid’,’on’,’ytick’,[0,1,1.98,2.02], ’ygrid’,’on’);

The filter amplitude response plot is shown in Figure 7.19.

FIR2 Function Design
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Amplitude

0 025 035 065 0.75 1

Figure 7.19: Filter design plots in Problem 7.28
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P7.29 Design of a bandpass filter using the frequency sampling edethith one optimum sample in the transition
band and plot of the lognagnitude response in dB aaden plot of the impulse response.

clc; close all;
% Specifications:

wsl = 0.3*pi; % lower stopband edge
wpl = 0.4%pi; % lower passband edge
wp2 = 0.6%pi; 7 upper passband edge
ws2 = 0.7*pi; Y’ upper stopband edge
Rp = 0.5; % passband ripple
As = 40; % stopband attenuation

Hf _1 = figure(’Units’,’inches’,’position’,[1,1,7,3],’color’,[0,0,0],...
’paperunits’,’inches’, ’paperposition’, [0,0,7,3]);

set (Hf_1,’NumberTitle’,’off’,’Name’,’P7.29°);

%% Frequency Sampling Design

% Choose M = 40 to get one sample in the transition band

M = 40; alpha = (M-1)/2; k = 0:M-1; wk = (2%pi/M)*k;

% Samples of the Frequency Response

T1 = 0.405;

Hrs = [zeros(1,7),T1,ones(1,5),T1,zeros(1,13),T1,ones(1,5),T1,zeros(1,6)];

% Ideal Amplitude Response for Plotting

fcl = (wpl+wsl)/(2xpi); fc2 = (ws2+wp2)/(2%pi);

Hdr = [0,0,1,1,0,0]; fdr = [0,fcl,fcl,fc2,fc2,1];

% Compute the Impulse Response

k1 = 0:floor((M-1)/2); k2 = floor((M-1)/2)+1:M-1;

angH = [-alphax(2#*pi)/Mxkl, alpha*(2xpi)/M*x(M-k2)];

H = Hrs.*exp(j*angH); h = real (ifft(H,M)); n = 0:M-1;

% Compute Frequency Responses

[db,mag,pha,grd,w] = freqz_m(h,1); delta_w = pi/500;

% Actual Attn

Asd = floor(-max(db(ceil(ws2/delta_w)+2:end)));

% Filter Response Plots

subplot (’position’, [0.09,0.1,0.4,0.8]);

Hs_1 = stem(n,h,’g’,’filled’); set(Hs_1, markersize’,3);

axis([-1,M,-0.2,0.25]); xlabel(’n’); ylabel(’Amplitude’);

title(’Impulse Response’); set(gca,’xtick’,[0,M-1]);

subplot (’position’,[0.59,0.1,0.4,0.8]);

plot(w/pi,db,’g’,’linewidth’,2); axis([0,1,-80,10]);

xlabel(’\omega/\pi’); ylabel(’Decibels’);

title(’Log-Magnitude Plot’);

set(gca, ’xtick’, [0,wsl,wpl,wp2,ws2,pil/pi,’ ’xgrid’,’on’);

set(gca,’ytick’, [-Asd,0],’ygrid’,’on’);

The filter response plots are shown in Figure 7.20.



2006 SOLUTIONS MANUAL FOR DSP USING MATLAB (2ND EDITION) 367

Impulse Response Log—-Magnitude Plot

0.25p
0.2} [Y)
0.15f
0.1}

0.05f

Decibels

Amplitude

ole L X Y e 0% o

'Y} -;l l“l l“l l&' [
-0.05f
_O_l.

—-0.15f

-0.2™

Figure 7.20: Filter design plots in Problem 7.29
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P7.30 The frequency response of an ideal bandpass filter is given by

. 0, 0 <ol < 7T/3
Hi@) =1 1 7n/3 <|wl< 21/3
0, 2r/3 <lw|l=< 7

(a) Design of a 258ap filter based on the Parks-McClellan algorithm with topd attenuation of 50 dB.

clc; close all;
%% Specifications
wcl = pi/3; % lower cutoff frequency
wc2 = 2xpi/3; % upper cuoff frequency
As = 50; % stopband attenuation
M = 25; % filter length
yA
% (a) Design
tr_width = 2*%pi*(As-13)/(14.36%(M-1)), % transition width in radians
wsl = wcl-tr_width/2; wpl = wcl+tr_width/2;
wp2 = wc2-tr_width/2; ws2 = wc2+tr_width/2;
f = [0,ws1/pi,wpl/pi,wp2/pi,ws2/pi,1];
= [0,0,1,1,0,0];
n = 0:M-1;
h = remez(M-1,f,m);
[db,mag,pha,grd,w] = freqz_m(h,1);
delta_w = pi/500;
Asd = floor(-max(db([1l:floor(wsl/delta_w)+1]))), % Actual Attn
Rpd = -min(db(ceil (wpl/delta_w)+1:floor(wp2/delta_w)+1)), % Actial ripple
% Filter Response Plots
Hf _1 = figure(’Units’,’inches’,’position’,[1,1,6,4],’color’,[0,0,0],...
’paperunits’,’inches’,’paperposition’, [0,0,6,4]);
set (Hf_1,’NumberTitle’,’off’,’Name’,’P7.30a’);
subplot(2,1,1); Hs_1 = stem(n,h,’g’,’filled’); set(Hs_1, ’markersize’,3);
title(’Impulse Response: Bandpass’); axis([-1,M,min(h)-0.1,max(h)+0.1]);
xlabel(’n’,’fontsize’,10); ylabel(’h(n)’,’fontsize’,10);
set(gca,’XTick’,[0;12;24]);
subplot(2,1,2); plot(w/pi,db,’g’,’linewidth’,1.5);
title(’Magnitude Response in dB’,’fontsize’,10); axis([0,1,-80,5]);
xlabel(’\omega/\pi’,’fontsize’,10); ylabel(’Decibels’,’fontsize’,10);
set(gca,’XTick’,f,’fontsize’,10,’YTick’, [-50;0]);
set(gca,’YTickLabel’,[’-50’;’> 0 °]);grid

The impulse and log-magnitude response plots are showmguré-i7.21.
(b) Plot of the amplitude response of the filter.
Hf _2 = figure(’Units’,’inches’,’position’,[1,1,6,3],’color’,[0,0,0],...

’paperunits’,’inches’,’paperposition’,[0,0,6,3]);
set (Hf _2,’NumberTitle’,’off’,’Name’,’P7.30b’);

[Hr,w,a,L] = Hr_typel(h); plot(w/pi,Hr,’g’,’linewidth’,1.5);
title(’Amplitude Response’,’fontsize’,10)
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Impulse Response: Bandpass
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Figure 7.21: Filter impulse and lemagnitude response plots in Problem 7.30

xlabel (’\omega/\pi’,’fontsize’,10); ylabel(’Amplitude’,’fontsize’,10);
set(gca, ’XTickMode’, ’manual’,’XTick’,f);axis([0,1,-0.1,1.1]);

The amplitude response plot is shown in Figure 7.22.
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Figure 7.22: Filter amplitude response plot in Problem 7.30
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P7.31 Design of the bandstop filter given in Problem P7.10.

(a) Design using the PartdcClellan algorithm and a plots of the impulse response tedmagnitude
response in dB of the designed filter.

clc; close all;

%% Specifications

wpl = 0.3%pi; % lower passband edge

wsl 0.4*pi; % lower stopband edge

ws2 = 0.6*pi; % upper stopband edge

wp2 = 0.7%pi; % upper passband edge

Rp = 0.25; % passband ripple

As = 50; % stopband attenuation

A

% 1. Design

deltal = (10~ (Rp/20)-1)/(10" (Rp/20)+1);

delta2 = (1+deltal)*(10~(-As/20));

weights = [delta2/deltal, 1, delta2/deltall;
delta_f =min((wp2-ws2)/(2*pi), (wsl-wpl)/(2*pi));
M = ceil((-20*1logl0(sqrt(deltal*delta2))-13)/(14.6xdelta_£f)+1);

M =
43
M = 2xfloor(M/2)+1
f = [0, wpl/pi, wsl/pi, ws2/pi, wp2/pi, 1];
m=1[110011];
h = remez(M-1,f,m,weights);

[db,mag,pha,grd,w] = freqz_m(h, [1]);
delta_w = pi/500;
Asd = floor(-max(db([floor(wsl/delta_w)+1:floor(ws2/delta_w)]))), % Actual Attn

Asd =
46
M = M+2
M =
45
h = remez(M-1,f,m,weights);

[db,mag,pha,grd,w] = freqz_m(h, [1]);
delta_w = pi/500;
Asd = floor(-max(db([floor(wsl/delta_w)+1:floor(ws2/delta_w)]))), % Actual Attn
Asd =
52
n = 0:M-1;
% Filter Response Plots
Hf _1 = figure(’Units’,’inches’,’position’,[1,1,6,4],’color’,[0,0,0],...
’paperunits’,’inches’, ’paperposition’, [0,0,6,4]);
set (Hf _1,’NumberTitle’,’off’,’Name’,’P7.31a’);
subplot(2,1,1); Hs_1 = stem(n,h,’g’,’filled’); set(Hs_1, ’markersize’,3);
title(’Impulse Response: Bandpass’,’fontsize’,10);
axis([-1,M,min(h)-0.1,max(h)+0.1]);
xlabel(’n’,’fontsize’,10); ylabel(’h(n)’,’fontsize’,10)
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set(gca, ’XTickMode’, ’manual’,’XTick’, [0;17;34])

subplot(2,1,2); plot(w/pi,db,’g’,’linewidth’,1.5);

title(’Magnitude Response in dB’,’fontsize’,10); axis([0,1,-60,5]);
xlabel(’\omega/\pi’,’fontsize’,10); ylabel(’Decibels’,’fontsize’,10)
set(gca, ’XTickMode’, ’manual’,’XTick’,f);

set(gca,’YTickMode’, ’manual’,’YTick’, [-50;0])
set(gca,’YTickLabel’, [’ 50’;’ 0 ’1);grid;

The filter response plots are shown in Figure 7.23.
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Figure 7.23: Filter impulse and legagnitude response plots in Problem 7.31

(b) Plot of the amplitude response of the designed filter.

Hf _2 = figure(’Units’,’inches’,’position’,[1,1,6,3], color’,[0,0,0],...
’paperunits’,’inches’,’paperposition’,[0,0,6,3]);
set (Hf _2,’NumberTitle’,’off’,’Name’,’P7.31b’);

[Hr,w,a,L] = Hr_typel(h);

plot(w/pi,Hr,’g’,’linewidth’,1.5);

title(’Amplitude Response’,’fontsize’,10)
xlabel(’\omega/\pi’,’fontsize’,10); ylabel(’Amplitude’,’fontsize’,10)
axis([0,1,-0.1,1.1]); set(gca,’XTickMode’,’manual’,’XTick’,f);

The amplitude response plot is shown in Figure 7.24.

From Figure 7.24 the total number of extrema in stopband asdlands are equal to 25. Simde= 45,
L = 22. Then the extrema ate+ 2 or L + 3. Hence this is & + 32 = 25 equiripple design.
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Amplitude Response
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Figure 7.24: Filter amplitude response plot in Problem 7.31

(c) The filter order in Problem P7.10 is 671 = 66 while that in P7.14 is 49- 1 = 48. The order using
ParksMcClellan algorithm is 44.

(d) Operation of the designed filter on the following signal

n
x(n) :5—5cos(%>; 0<n <300

n = 0:300; x = 5 - bxcos(pi*n/2); y = filter(h,1,x);

Hf _3 = figure(’Units’,’inches’,’position’,[1,1,6,4],’color’,[0,0,0],...
’paperunits’,’inches’,’paperposition’,[0,0,6,4]);

set (Hf _3,’NumberTitle’,’off’,’Name’,’P7.31c’);

subplot(2,1,1); Hs_3 = stem(n(1:101),x(1:101),’g’,’filled’);

axis([0,100,-1,11]); xlabel(’n’,’fontsize’,10); set(Hs_3, ’markersize’,3);

ylabel(’x(n)’,’fontsize’,10); title(’Input Signal’,’fontsize’,10);

subplot(2,1,2); Hs_4 = stem(n(1:101),y(1:101),’g’,’filled’);

axis([0,100,-1,11]); xlabel(’n’,’fontsize’,10); set(Hs_4, markersize’,3);

ylabel(’y(n)’,’fontsize’,10); title(’Output Signal’,’fontsize’,10);

The input and output signal plots are shown in Figure 7.25.
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Figure 7.25: Input/output signal plots in Problem 7.31
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P7.32 Design a 25ap FIR differentiator using the Parks-McClellan algamit, with slope equal to 1 sample/cycle.

(a) Frequency band of interest betweefi0and Q9 and plot of the impulse response and the amplitude
response:

clc; close all;

%% Specifications

M = 25; wi = 0.1*pi; w2 = 0.9%pi; % slope = 1 sam/cycle

yA

% (a) Design

f [wi/pi w2/pil; m = [wl/(2%pi) w2/(2%pi)];

h = firpm(M-1,f,m,’differentiator’); [db,mag,pha,grd,w] = freqz_m(h,1);

Hf _1 = figure(’Units’,’inches’,’position’,[1,1,6,4],’color’,[0,0,0],...
’paperunits’,’inches’, ’paperposition’, [0,0,6,4]);

set (Hf _1,’NumberTitle’,’off’,’Name’,’P7.31a’);

subplot(2,1,1); Hs_1 = stem([0:1:M-1],h,’g’,’filled’);

set(Hs_1, ’markersize’,3); axis([-1,25,-0.2,.2]);

title(’Impulse Response’,’fontsize’,10);

xlabel(’n’,’fontsize’,10); ylabel(’h(n)’,’fontsize’,10);

set(gca, ’XTick’,[0;12;24], ’fontsize’,10);

subplot(2,1,2); [Hr,w,P,L] = ampl_res(h);

plot(w/(2*pi), Hr,’g’,’linewidth’,1.5);

title(’Amplitude Response’,’fontsize’,10); grid; axis([0,0.5,0,0.5]);

set(gca, ’XTick’, [0;wl/(2*pi) ;w2/(2%pi) ;0.5]); set(gca,’YTick’,[0;0.5]);

The filter impulse and amplitude response plots are showigur & 7.26.
(b) Verification of the filter performance using 100 samplethe sinusoid

x(n) = 3sin(0.257n), n=0,...,100

%% (b) Differentiator verification
Hf _1 = figure(’Units’,’inches’,’position’,[1,1,6,3],’color’,[0,0,0],...

’paperunits’,’inches’, ’paperposition’, [0,0,6,3]);
set (Hf _1,’NumberTitle’,’off’,’Name’,’P7.31b’);
n=[0:1:100]; x = 3*sin(0.25*pi*n); y = conv(x,-h); m = [41:1:81];
plot(m,x(41:1:81),’g’ ,m,y(41+12:1:81+12) ,’m’, . ..

’linewidth’,1.5); grid; % add 12 sample delay to y
xlabel(’n’,’fontsize’,10); title(’ Input-Output Sequences’,’fontsize’,10);
axis([40,82,-4,4]); set(gca,’XTick’,[41;81]);
set(gca,’YTick’,[-3;0;3]); ylabel(’Amplitude’,’fontsize’,10);

Thefilter input-output plots are shown in Figure 7.27. Sihesslope isr/2 sam/rad, the gainat = 0.257
is equal to 0125. Therefore, the output (when properly shifted) shoeld b

y (n) = 3(0.125) cos(0.257n) = 0.375 c090.257n)

From the Figure 7.27 we can verify thatn)(the lower curve) is indeed a cosine waveform with amplitude
~ 0.4.
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P7.33 Design of a lowest order equiripple linepihase FIR filter to satisfy the specifications given in FegBi7.33
and plots of its amplitude and impulse responses.

clc; close all;
%% Specifications
f = [0,0.4,0.5,0.7,0.8,1]; m = [0.4,0.4,0.95,0.95,0.025,0.025];
deltal = 0.05; delta2 = 0.05; delta3 = 0.025;
weights = [delta3/delta2, delta3/delta2, delta3/delta3];
As = -20%10g10(0.05)
As =
26.0206
% Design
delta_f = 0.05; % Transition width in cycles per sample

M = ceil((-20*1logl0(sqrt(delta2*deltald))-13)/(14.6*delta_f)+1)
M =

23
h = firpm(M-1,f,m,weights);

[db,mag,pha,grd,w] = freqz_m(h,1);
delta_w = pi/500;
Asd = floor(-max(db([(0.8*pi/delta_w)+1:5011))), % Actual Attn

Asd =
24

M = M+2

M =
25

h = firpm(M-1,f,m,weights);
[db,mag,pha,grd,w] = freqz_m(h,1);
Asd = floor(-max(db([(0.8*pi/delta_w)+1:501]))), % Actual Attn

Asd =
25
M = M+2
M =
27
h = firpm(M-1,f,m,weights);

[db,mag,pha,grd,w] = freqz_m(h,1);

Asd = floor(-max(db([(0.8*pi/delta_w)+1:5011))), % Actual Attn

Asd =
26

n = 0:M-1;

% Filter Response Plots

Hf _1 = figure(’Units’,’inches’,’position’,[1,1,6,4], color’,[0,0,0],...
’paperunits’,’inches’, ’paperposition’, [0,0,6,4]);

set (Hf _1,’NumberTitle’,’off’,’Name’,’P7.33);

subplot(2,1,1); Hs_1 = stem(n,h,’g’,’filled’); set(Hs_1, markersize’,3);

title(’Impulse Response’,’fontsize’,10);

axis([-1,M,min(h)-0.1,max(h)+0.1]); xlabel(’n’,’fontsize’,10);

ylabel (’h(n)’,’fontsize’,10); set(gca,’XTick’,[0;13;26])

% Amplitude Response Plot
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[Hr,w,a,L] = Hr_typel(h);

subplot(2,1,2); plot(w/pi,Hr,’g’,’linewidth’,1.5);
title(’Amplitude Response’,’fontsize’,10); axis([0,1,0,1])

xlabel (’\omega/\pi’, ’fontsize’,10); ylabel(’Hr(w)’,’fontsize’,10)
set (gca, *XTick’,f, ’YTick’, [0;0.05;0.35;0.45;0.9;1]1); grid

The filter amplitude and impulse response plots are showigimé 7.28.
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Figure 7.28: Filter amplitude and impulse response ploRroblem 7.33
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P7.34 Narrow bandpass filter design using PakksClellan Algorithm: We want to design a 50th-order narbamd
bandpass filter to filter out noise component with centerueagy ofw. = /2, bandwidth of 02z, and
stopband attenuation of 30 dB.

(a) In this design we already know the order of the filter. Thiy @arameters that we don't know are the
stopband cutoff frequenciess, andws,. Let the transition bandwidth baw and let the passband be
symmetrical with respect to the center frequengy Then

wp, = wc — 0.017, wp, = wc + 0.01r, ws, = wp, — Aw, andws, = wp, + Aw

We will also assume that the tolerances in each band are.dgaal we will begin with initial value for
Aw = 0.2 and run thef irpm algorithm to obtain the actual stopband attenuation. $fsrhaller (larger)
than the given 30 dB then we will increase (decrease)then iterate to obtain the desired solution. The
desired solution was found faxw = 0.57. MATLAB Script:

clear; close all;
%% Specifications

N = 50; % Order of the filter
w0 = 0.5%pi; % Center frequency
Bandwidth = 0.02x%pi; % Bandwidth
YA
yA Deltaw = Transition bandwidth (iteration variable)
b

wpl = wO-Bandwidth/2; wp2 = wO+Bandwidth/2;

% (a) Design
Deltaw = 0.02%pi; % Initial guess
wsl=wpl-Deltaw; ws2=wp2+Deltaw;
F=[0, wsl, wpl, wp2, ws2, pil/pi;
m=[0,0,1,1,0,0];
h=remez(50,F,m) ;
[db,mag,pha,grd,w]=freqz_m(h,1);
delta_w = pi/500;
Asd = floor(-max(db([1l:floor(wsl/delta_w)]))), % Actual Attn
Asd =
13

% Next iteration
Deltaw = Deltaw+0.01%*pi;
wsl=wpl-Deltaw; ws2=wp2+Deltaw;
F=[0, wsl, wpl, wp2, ws2, pil/pi;
h=remez(50,F,m) ;
[db,mag,pha,grd,w]=freqz_m(h,1);
delta_w = pi/500;
Asd = floor(-max(db([1l:floor(wsl/delta_w)]))), % Actual Attn
Asd =
20

% Next iteration
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Deltaw = Deltaw+0.01%*pi;
wsl=wpl-Deltaw; ws2=wp2+Deltaw;
F=[0, wsl, wpl, wp2, ws2, pil/pi;
h=remez(50,F,m) ;
[db,mag,pha,grd,w]=freqz_m(h,1);
delta_w = pi/500;
Asd = floor(-max(db([1:floor(wsl/delta_w)]))), % Actual Attn
Asd =
26

% Next iteration
Deltaw = Deltaw+0.01%*pi;
wsl=wpl-Deltaw; ws2=wp2+Deltaw;
F=[0, wsl, wpl, wp2, ws2, pil/pi;
h=remez(50,F,m) ;
[db,mag,pha,grd,w]=freqz_m(h,1);
delta_w = pi/500;
Asd = floor(-max(db([1:floor(wsl/delta_w)]))), % Actual Attn
Asd =
30

Hf _1 = figure(’Units’,’inches’,’position’,[1,1,6,3],’color’,[0,0,0],...

’paperunits’,’inches’, ’paperposition’, [0,0,6,3]);
set (Hf _1,’NumberTitle’,’off’,’Name’,’P7.34a’);
plot(w/pi,db,’g’, linewidth’,1.5); axis([0,1,-50,0]1);
title(’Log-Magnitude Response’,’fontsize’,10);
xlabel(’\omega/\pi’,’fontsize’,10); ylabel (’DECIBELS’,’fontsize’,10)
set(gca,’XTick’, [0;wsl/pi;ws2/pi;1],’YTick’,[-30;0])
set(gca,’YTickLabel’, [’ 30’;’ 0 °]);grid

The logmagnitude response is shown in Figure 7.29.
The time-domain response of the filtdfaTLAB script:

% (b) Time-domain Response
n = [0:1:200]; x = 2*cos(pi*n/2)+randn(1,201); y = filter(h,1,x);

Hf _1 = figure(’Units’,’inches’,’position’,[1,1,6,4], color’,[0,0,0],...

’paperunits’,’inches’, ’paperposition’, [0,0,6,4]);
set (Hf _1,’NumberTitle’,’off’,’Name’,’P7.34b’);
subplot(2,1,1); Hs_1 = stem(n(101:201),x(101:201),’g’,’filled’);

title(’Input sequence x(n)’,’fontsize’,10); set(Hs_1, ’markersize’,3);

ylabel (’Amplitude’,’fontsize’,10);
subplot(2,1,2); Hs_2 = stem(n(101:201),y(101:201),’m’,’filled’);

title(’Output sequence y(n)’,’fontsize’,10); set(Hs_2, markersize’,3);

xlabel(’n’,’fontsize’,10); ylabel(’Amplitude’,’fontsize’,10);

The time-domain response is shown in Figure 7.30.
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Figure 7.30: The Time-domain Response in Problem P7.34b
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P7.35 Design an equiripple digital Hilbert transformer for théldaing specifications:

passband : Qr < |w| < 0.57 ripples; = 0.01
stopband : &7 < || <7 ripple 6, = 0.01

Plot the amplitude response overr < w < 7.
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P7.36 Design of a minimum order linegrhase FIR filter, using the Parks-McClellan algorithm gtssy the require-
ments given in Figure P7.1.

(a) Design and plot of the amplitude response with griddiaad axis labeling as shown in Figure P7.1.:

clc; close all;

% Specifications

f = [0,0.25,0.35,0.65,0.75,1]; m = [0,1,2,2,1,0];

% Optimum Design

h = remez(46,f,m); [db,mag,pha,grd,w] = freqz_m(h,1);

Hf _1 = figure(’Units’,’inches’,’position’,[1,1,6,3],’color’,[0,0,0],...
’paperunits’,’inches’, ’paperposition’, [0,0,6,3]);

set (Hf _1,’NumberTitle’,’off’,’Name’,’P7.36a’);

plot(w/pi,mag,’g’,’linewidth’,1.5); axis([0,1,0,2.2]);

xlabel(’\omega/\pi’,’fontsize’,10); ylabel(’Amplitude’,’fontsize’,10);

title(’Amplitude Response’,’fontsize’,10);

set(gca, ’xtick’,f,’ytick’,[1,2]); grid;

The amplitude response is shown in Figure 7.31.

Amplitude Response

Amplitude
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Figure 7.31: Amplitude Response Plot in Problem P7.36a

(b) Verification of the filter performance using the followisignals

X1(n) = c090.257n), X»(n) =c090.57n), Xx3(n) =c090.757n); 0<n <100

% Input/Output Responses

n = 0:100; x = 1*cos(0.25*pi*n)+0*cos(0.5*pi*n)+cos(pi*n);

y = filter(h,1,x);

Hf _1 = figure(’Units’,’inches’,’position’,[1,1,6,4],’color’,[0,0,0],...
’paperunits’,’inches’,’paperposition’, [0,0,6,4]);
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set (Hf _1,’NumberTitle’,’off’,’Name’,’P7.36a’);

subplot(2,1,1); Hs_1 = stem(n,x,’g’,’filled’); set(Hs_1, markersize’,3);
title(’Input Sequence’,’fontsize’,10); ylabel(’x(n)’,’fontsize’,10);
subplot(2,1,2); Hs_2 = stem(n,y,’m’,’filled’); set(Hs_2, markersize’,3);
title(’Output Sequence’,’fontsize’,10); ylabel(’y(n)’,’fontsize’,10);
xlabel(’n’,’fontsize’,10);

The timedomain response is shown in Figure 7.32.
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Figure 7.32: The Time-domain Response in Problem P7.36b
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P7.37 Design of a minimum order linegrhase FIR filter, using the Parks-McClellan algorithm gtssy the require-
ments given in Figure P7.3 and a plot of the amplitude resparith grid-lines and axis labeling as shown in
Figure P7.3.

clc; close all;

%Specifications

f = [0,0.2,0.25,0.45,0.55,0.7,0.75,1]; m = [2,2,0,0,3,3,1,1];

delta = [0.2,0.05,0.3,0.1]; YT = [1;-1]*delta; YT = (YT(:))’; YT = m+YT;

weight = delta(2)*ones(1,4)./delta;

% Optimum Design

M = 45;h = remez(M-1,f,m,weight); [Hr,w,a,L] = hr_typel(h); Hr_min = -min(Hr(126:226));
disp(sprintf(’\n Achieved Tolerance in the stopband = %5.2f’ ,Hr_min));
Achieved Tolerance in the stopband = 0.04

Hf _1 = figure(’Units’,’inches’,’position’,[1,1,6,3],’color’,[0,0,0],...

’paperunits’,’inches’, ’paperposition’, [0,0,6,3]);

set (Hf_1,’NumberTitle’,’off’,’Name’,’P7.37°);
plot(w/pi,Hr,’g’,’linewidth’,1.5); axis([0,1,-0.1,3.5]); hold on; m = YT;
plot([£(1),£(2)], [m(1) ,m(D],’y:’, [£(1),£(2)], m(2),m(2)],°y:’);
plot([£(3),f(D], m(3),m(3)],°g:’,[£(3),£(4)], [m(4),m(4)],’g:");

plot ([£(5),£(6)], [m(5),m(5)],’m:’, [£(5),£(6)], [m(6),m(6)],’m:’);

plot ([£(7),£(8)1, [m(7) ,m(7)],’c:’,[£(7),£(8)], [m(8),m(8)],’c:’);
title(’Amplitude Response’,’fontsize’,10)

xlabel (’\omega/\pi’,’fontsize’,10);ylabel (’H_{r}(\omega)’,’fontsize’,10);
set(gca, ’XTickMode’, ’manual’,’XTick’,f); set(gca,’YTickMode’, ’manual’,’YTick’,sort(YT));
hold off;%grid;

The amplitude response is shown in Figure 7.33.
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Figure 7.33: Amplitude Response Plot in Problem P7.37
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P7.38 The specifications on the amplitude response of an FIR fiteegaen in Figure P7.4.

clc; close all;

% Given specifications

f = [0,0.2,0.25,0.45,0.5,0.7,0.75,1]; % Bandedge Frequencies
m = [0,0,2,2,0,0,4.15,4.15]; % Nominal (Ideal) band gains
dl = 0.05; d2 = 0.1; d3 = 0.05; d4 = 0.15; % Band tolerances

% Stopband Attenuation

As = ceil(-20%1og10(d1/(m(7)+d4)))

% Band-edge indices

I1 = 500%f(1)+1; % index into omega array for f(1) band-edge

I2 = 500%f(2)+1; % index into omega array for f(2) band-edge

I3 = 500%f(3)+1; % index into omega array for f(3) band-edge

I4 = 500%f(4)+1; % index into omega array for f(4) band-edge

I5 = 500%f(5)+1; % index into omega array for f(5) band-edge

16 = 500%f(6)+1; % index into omega array for f(6) band-edge

I7 = 500%£(7)+1; % index into omega array for f(7) band-edge

I8 = 500%f(8)+1; % index into omega array for f(8) band-edge

(a) Minimumtlength linear-phase FIR filter design usinfpa&dwindow function, to satisfy the given require-
ments and a plot of the amplitude response with grid-lineshas/n in Figure P7.4:

% (a) Fixed window design: Stopband Attn <= 39db => Hanning Window
delta_f = £(3)-f(2); M = 6.2/delta_f; M = floor (M/2)*2+1;
% The above value of M is 125. The minimum M was found to be 119
M = 119; N = M-1;
w_han = hanning(M)’;
h_ideal = m(7)*(ideal_lp(pi,M) - ideal_l1p(0.725%pi,M))...
+ m(3)*(ideal_1p(0.475%pi,M) - ideal_1p(0.225%pi,M));
h = h_ideal.*w_han;
[Hr,w,a,L] = hr_typel(h);
% Computation of Exact band edges
wl = 0;

w2 = w(max(find (Hr(I2:I3) <= 0.05)) + I2-1)/pi;
w3 = w(min(find (Hr (I2:I3) >= 1.90)) + I2-1)/pi;
w4 = w(max(find (Hr (I4:I5) >= 1.90)) + I4-1)/pi;
w5 = w(min(find (Hr (I4:I5) <= 0.05)) + I4-1)/pi;
w6 = w(max(find(Hr(I6:I7) <= 0.05)) + I6-1)/pi;
w7 = w(min(find (Hr (I6:I7) >= 4.00)) + I6-1)/pi;

w8 = 1;
% Computation of Exact tolerances
ml = abs(min(Hr(I1:12)));

m2 = max(Hr(I3:14))-m(3);
m3 = abs(min(Hr(I5:16)));
m4 = max(Hr(I7:I8))-m(7);

%

% Plot of Amplitude Response

Hf _1 = figure(’paperunits’,’inches’,’paperposition’,[0,0,6,3.5]);
set (Hf _1,’NumberTitle’,’off’,’Name’,’P7.38a’);
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plot(w/pi,Hr,’g’,’linewidth’,1.5); set(gca,’fontsize’,8);

axis([0,1,-0.05,4.3]1);

title(’Amplitude Response in Part 1’,’fontsize’,10);

xlabel(’\omega/\pi’,’fontsize’,10);

ylabel (’Hr(w)’,’fontsize’,10);grid;

set(gca, ’XTickMode’ , ’manual’,’XTick’,f);

set(gca, ’YTickMode’, ’manual’,’YTick’,[-0.05;0.05;1.9;2.1;4.0;4.3]);

% Printout of Order, Exact bandedges, and Exact tolerances

disp(sprintf(’\n(a) Fixed Window Design:’));

disp(sprintf(’ Order : %2i’,N));

disp(sprintf(’ Exact band-edges: %5.4f, %5.4f, %5.4f, ¥5.4f, ¥5.4f, ¥5.4f°,...
w2, w3, w4, wh, w6, wr7));

disp(sprintf(’ Exact tolerances: %5.4f, %5.4f, %5.4f, )5.4f,7,...
ml, m2, m3, m4));

A plot of the amplitude response with gtiithes and axis labeling is shown in Figure 7.34.

Amplitude Responsein Part 1

4.3 T T T T T T
aF e e

E . . . . . .
= 21F I i
T 19F - Y O T
—8:8g= .............. o | ................. | ...................
0 0.2 0.25 045 05 0.7 0.75 1

(Vi

Figure 7.34: Amplitude Response Plot in Problem P7.38a

(b) Minimum-length linear-phase FIR filter design using #aiser window function to satisfy the given
requirements and a plot of the amplitude response withlgréas as shown in Figure P7.4:

% (b) Kaiser Window Design:

delta_f = (£(3)-f(2))/2;

M = ceil((As - 7.95)/(14.36xdelta_f) + 1); M = floor(M/2)*2+1;
% The above value of M is 89. The minimum M was found to be 89
M =89; N = M-1;

beta = 0.5842*%(As-21)"0.4 + 0.07886*(As-21);

w_kai = kaiser(M,beta)’;
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h_ideal = m(7)*(ideal_lp(pi,M) - ideal_l1p(0.725%pi,M))...
+ m(3)*(ideal_1p(0.475%pi,M) - ideal_l1p(0.225%pi,M));

h = h_ideal.*w_kai;

[Hr,w,a,L] = hr_typel(h);

% Computation of Exact band edges

wl = 0;

w2 = w(max(find (Hr (I2:I3) <= 0.05)) + I2-1)/pi;
w3 = w(min(find (Hr (I2:I3) >= 1.90)) + I2-1)/pi;
wd = w(max(find (Hr (I4:15) >= 1.90)) + I4-1)/pi;
w6 = w(min(find (Hr (I4:I5) <= 0.05)) + I4-1)/pi;
w6 = w(max(find(Hr(I6:I7) <= 0.05)) + I6-1)/pi;
w7 = w(min(find (Hr (I6:I7) >= 4.00)) + I6-1)/pi;

w8 = 1;

% Computation of Exact tolerances

ml = abs(min(Hr(I1:I2)));

m2 = max(Hr(I3:I4))-m(3);

m3 = abs(min(Hr(I5:16)));

m4 = max(Hr(I7:I8))-m(7);

yA

% Plot of Amplitude Response

Hf_2 = figure(’paperunits’,’inches’,’paperposition’,[0,0,6,3.5]);

set (Hf _2,’NumberTitle’,’off’,’Name’,’P7.38b’);

plot(w/pi,Hr,’g’,’linewidth’,1.5); set(gca,’fontsize’,8);

axis([0,1,-0.05,4.3]1);

title(’Amplitude Response in Part 2’,’fontsize’,10);

xlabel(’\omega/\pi’,’fontsize’,10);

ylabel (’Hr(w)’,’fontsize’,10);grid;

set(gca, ’XTickMode’ , ’manual’,’XTick’,f);

set(gca, ’YTickMode’, ’manual’,’YTick’,[-0.05;0.05;1.9;2.1;4.0;4.3]);

yA

% Printout of Order, Exact bandedges, and Exact tolerances

disp(sprintf (’\n(b) Kaiser Window Design:’));

disp(sprintf(’ Order : %2i’,N));

disp(sprintf(’ Exact band-edges: %5.4f, %5.4f, %5.4f, ¥5.4f, ¥5.4f, ¥5.4f’,...
w2, w3, w4, wh, w6, w7));

disp(sprintf(’ Exact tolerances: %5.4f, %5.4f, %5.4f, %5.4f,’,...
ml, m2, m3, md));

A plot of the amplitude response with gtiithes and axis labeling is shown in Figure 7.35.

(c) Minimum-length linear-phase FIR filter design usingeginency-sampling design approach with no more

than two optimum samples in the transition bands to satiséydiven requirements and a plot of the
amplitude response with grid-lines as shown in Figure P7.4:

% (c) Frequency Sampling Design: Choose M = 81

b

M =81; N =M-1; alpha = (M-1)/2; 1 = 0:M-1; wl = (2*pi/M)*1;

% The following parameters are obtained by trial and error

Tl = 2%0.2; T2 = 2%0.9; T3 = 2%0.7; T4 = 2%0.1; T5 = 4.156%0.2; T6 = 4.15%0.85;

Hrs = [zeros(1,9),T1,T2, 2*ones(1,8),T3,T4,0.00,zeros(1,6),-0.02,T5,T6,4.15%ones(1,10)
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Amplitude Responsein Part 2
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Figure 7.35: Amplitude Response Plot in Problem P7.38b

Hrs = [Hrs,fliplr(Hrs(2:end))];

k1 = 0:floor((M-1)/2); k2 = floor((M-1)/2)+1:M-1;
angH = [-alpha*(2*pi)/M*k1l, alpha*(2*pi)/M*(M-k2)];
H = Hrs.*exp(j*angH) ;

h = real (ifft(H,M));

[Hr,w,a,L] = Hr_Typel(h);

/A

% Computation of Exact band edges
wl = 0;

w2 = w(max (find (Hr (I2:1I3) <
w3 = w(min(find (Hr (I2:13) >
w4 = w(max(find (Hr (I4:15) > 90)) + I4-1)/pi;
w5 = w(min(find (Hr (I4:I5+1) <= 0.05)) + I4-1)/pi;
w6 = w(max(find(Hr(I6:I7) <= 0.05)) + I6-1)/pi;
w7 = w(min(find (Hr (I6:I7) >= 4.00)) + I6-1)/pi;
w8 = 1;

b

% Computation of Exact tolerances

0.05)) + I2-1)/pi;
1.90)) + I2-1)/pi;
1.

ml = abs(min(Hr(I1:12)));
m2 = max(Hr(I3:I14))-m(3);
m3 = abs(min(Hr(I5:16)));
m4 = max(Hr(I7:I8))-m(7);

yA
% Plot of Amplitude Response
Hf _3 = figure(’paperunits’,’inches’,’paperposition’,[0,0,6,3.5]);
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set (Hf_3, ’NumberTitle’,’off’,’Name’,’P7.38c’);

plot(w/pi,Hr,’g’ ,wl(1:41)/pi,Hrs(1:41),’ro’,’linewidth’,1.5);

axis([0,1,-0.05,4.3]);

title(’Amplitude Response in Part 3’,’fontsize’,10);

xlabel(’\omega/\pi’,’fontsize’,10);

ylabel ("Hr(w)’,’fontsize’,10);grid;

set(gca, ’XTickMode’, ’manual’,’XTick’,f);

set(gca,’YTickMode’, ’manual’,’YTick’,[-0.05;0.05;1.9;2.1;4.0;4.3]);

pA

% Printout of Order, Exact bandedges, and Exact tolerances

disp(sprintf (’\n(c) Frequency Sampling Design:’));

disp(sprintf (’ Order : %2i’,N));

disp(sprintf(’ Exact band-edges: %5.4f, %5.4f, %5.4f, ¥5.4f, )5.4f, ¥5.4f°,...
w2, w3, w4, wh, w6, wr7));

disp(sprintf(’ Exact tolerances: %5.4f, %5.4f, %5.4f, ¥5.4f,7,...
ml, m2, m3, m4));

A plot of the amplitude response with gtithes and axis labeling is shown in Figure 7.36.
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Figure 7.36: Amplitude Response Plot in Problem P7.38c

(d) Minimum-length linear-phase FIR filter design using Barks-McClellan design approach to satisfy the
given requirements and a plot of the amplitude responsegiithlines as shown in Figure P7.4:

% (d) Equiripple design: The minimum M was found to be 65
b

weights = [d1/d1,d1/d42,d1/d3,d1/d4];

M =65; N=M-1; h = remez(M-1,f,m,weights);

[Hr,w,a,L] = hr_typel(h);
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b
% Computation of Exact band edges
wl = 0;

w2 = w(max(find(Hr(I2:I3) <= 0.05)) + I2-1)/pi;
w3 = w(min(find (Hr (I2:I3) >= 1.90)) + I2-1)/pi;
w4 = w(max(find (Hr (I4:I5) >= 1.90)) + I4-1)/pi;
w5 = w(min(find (Hr (I4:1I5) <= 0.05)) + I4-1)/pi;
w6 = w(max(find(Hr(I6:I7) <= 0.05)) + I6-1)/pi;
w7 = w(min(find (Hr (I6:I7) >= 4.00)) + I6-1)/pi;

w8 = 1;

yA

% Computation of Exact tolerances

ml = abs(min(Hr(I1:I2)));

m2 = max(Hr(I3:I14))-m(3);

m3 = abs(min(Hr(I5:16)));

m4 = max(Hr(I7:I8))-m(7);

yA

% Plot of Amplitude Response

Hf_4 = figure(’paperunits’,’inches’,’paperposition’,[0,0,6,3.5]);

set (Hf_4,’NumberTitle’,’off’,’Name’,’P7.38d°);

plot(w/pi,Hr,’g’,’linewidth’,1.5); axis([0,1,-0.05,4.3]);

title(’Amplitude Response in Part 4’,’fontsize’,10);

xlabel(’\omega/\pi’,’fontsize’,10);

ylabel ("Hr(w)’,’fontsize’,10);grid;

set(gca, ’XTickMode’, ’manual’,’XTick’,f);

set(gca,’YTickMode’, ’manual’,’YTick’,[-0.05;0.05;1.9;2.1;4.0;4.3]);

yA

% Printout of Order, Exact bandedges, and Exact tolerances

disp(sprintf(’\n(d) Parks-McClellan Design:’));

disp(sprintf(’ Order : %2i’,N));

disp(sprintf(’ Exact band-edges: %5.4f, %5.4f, %5.4f, ¥5.4f, ¥5.4f, ¥5.4f°,...
w2, w3, w4, wb, w6, w7));

disp(sprintf(’ Exact tolerances: %5.4f, %5.4f, %5.4f, )5.4f,7,...
ml, m2, m3, m4));

A plot of the amplitude response with gtiithes and axis labeling is shown in Figure 7.37.
(e) Comparison of the above four design methods in terms of
* theorder of the filter

» theexactband-edge frequencies
» theexacttolerances in each band

(a) Fixed Window Design:

Order : 118
Exact band-edges: 0.2020, 0.2460, 0.4540, 0.4980, 0.7000, 0.7480
Exact tolerances: 0.0127, 0.0127, 0.0262, 0.0263,

(b) Kaiser Window Design:
Order : 88
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Amplitude Responsein Part 4
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Figure 7.37: Amplitude Response Plot in Problem P7.38d

Exact band-edges: 0.2020, 0.2460, 0.4540, 0.5000, 0.7000, 0.7480
Exact tolerances: 0.0225, 0.0233, 0.0464, 0.0475,

(c) Frequency Sampling Design:

Order : 80
Exact band-edges: 0.2100, 0.2500, 0.4540, 0.5020, 0.7020, 0.7500
Exact tolerances: 0.0262, 0.0706, 0.0387, 0.0731,

(d) Parks-McClellan Design:

Order : 64
Exact band-edges: 0.2080, 0.2500, 0.4500, 0.5000, 0.7000, 0.7500
Exact tolerances: 0.0460, 0.0912, 0.0455, 0.1375,
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P7.39 Design of a minimurrorder linear-phase FIR filter, using the Parks-McClelligoathm, to satisfy the re-
quirements given in Figure P7.5 and a plot of the amplitudpaase with grid-lines as shown in Figure P7.5:

clc; close all;

% Specifications

f [0,0.3,0.35,0.5,0.55,0.75,0.8,1];

m [0.95,0.95,2,2,3.05,3.05,4.05,4.05] ;

dl = 0.05; d2=0.1; d3=.05; d4=.05;

weights = [d4/d1,d4/d2,d4/d3,d4/d4];

% Optimum Design

h = remez(50,f,m,weights); [Hr,w,a,L] = hr_typel(h);

Hr_min = min(Hr(401:501));

disp(sprintf(’\n Achieved Redsponse in the Band-4 = %5.2f’ ,Hr_min));

Achieved Redsponse in the Band-4 = 4.01

yA

Hf _1 = figure(’Units’,’inches’,’position’,[1,1,6,3],’color’,[0,0,0],...
’paperunits’,’inches’,’paperposition’,[0,0,6,3]);

set (Hf _1,’NumberTitle’,’off’,’Name’,’P7.39°);

plot(w/pi,Hr,’g’,’linewidth’,1.5); axis([0,1,0,5]);

title(’Amplitude Response’,’fontsize’,10);

xlabel(’\omega/\pi’,’fontsize’,10); ylabel (’H_r(\omega)’,’fontsize’,10)

set(gca, ’XTickMode’,’manual’,’XTick’,f); grid;

set(gca,’YTickMode’, ’manual’,’YTick’,[0.9,1.0,1.9,2.1,3.0,3.1,4.0,4.1]1);

A plot of the amplitude response with grid-lines and axielaiy is shown in Figure 7.38.

Amplitude Response

H (@)

0 0.3 0.35 0.5 055 0.75 0.8 1
W/t

Figure 7.38: Amplitude Response Plot in Problem P7.39
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P7.40 Design of a minimurdength linear-phase bandpass filter of Problem P7.9 usmBa&rks-McClellan algorithm:

clc; close all;

%% Specifications:

wsl = 0.2%pi; % lower stopband edge
wpl = 0.3bxpi; J lower passband edge

wp2 = 0.55%pi; 7 upper passband edge
ws2 = 0.75xpi; J upper stopband edge
Rp = 0.25; % passband ripple
As = 40; % stopband attenuation

b
% Compute Tolerances
[deltal,delta2] = db2delta(Rp,As);
% Assemble Design Parameters
f = [0,wsl,wpl,wp2,ws2,pil/pi; m = [0,0,1,1,0,0];
weights = [1,delta2/deltal,1];
% Optimum Design
M =26; h = firpm(M-1,f,m,weights); n= 0:M-1;
% Response Plots
[db,mag,pha,grd,w] = freqz_m(h,1); delta_w = pi/500;
Rpd = -min(db((wpl/delta_w)+1:(wp2/delta_w)+1)), % Actual passband ripple
Rpd =
0.2170
floor(-max(db(1: (wsil/delta_w)+1))), % Actual Attn

Asd
Asd =
41

(a) Plot of the impulse response and the magnitude respordig of the designed filter:

%% 1. Filter Impulse and Log-Magnitude Response Plots

Hf _1 = figure(’Units’,’inches’,’position’,[1,1,6,4],’color’,[0,0,0],...
’paperunits’,’inches’, ’paperposition’, [0,0,6,4]);

set (Hf_1, ’NumberTitle’,’off’,’Name’,’P7.40a’); subplot(2,1,1);

Hs_1 = stem(n,h,’g’,’filled’); set(Hs_1, markersize’,3);

title(’Impulse Response’,’fontsize’,10);

set(gca,’XTick’, [0;M-1]); axis([-1,M,min(h)-0.1,max(h)+0.1]);

xlabel(’n’,’fontsize’,10); ylabel(’h(n)’,’fontsize’,10)

subplot(2,1,2); plot(w/pi,db,’g’,’linewidth’,1.5);

title(’Magnitude Response in dB’,’fontsize’,10); axis([0,1,-As-30,5]);

xlabel(’\omega/\pi’,’fontsize’,10); ylabel(’Decibels’,’fontsize’,10)

set(gca, ’XTick’,[0;0.2;0.35;0.55;0.75;1])

set(gca, ’XTickLabel’,[> O ’;’0.2 ’;’0.35’;°0.557;°0.75°;” 1 ’],’fontsize’,8)

set(gca,’YTick’, [-40;0]); set(gca,’YTickLabel’, [’ 40°;’ 0 ’]);grid

The plots are shown in Figure 7.39.
(b) Plot the amplitude response of the designed filter:

%% 2. Amplitude Response plot
[Hr,w,a,L] = hr_type2(h);
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Figure 7.39: Amplitude Response Plot in Problem P7.40a

Hf _2 = figure(’Units’,’inches’,’position’,[1,1,6,3],’color’,[0,0,0],...
’paperunits’,’inches’,’paperposition’,[0,0,6,3]);

set (Hf _2, ’NumberTitle’,’off’,’Name’,’P7.40b’);

plot(w/pi,Hr,’g’,’linewidth’,1.5);

title(’Amplitude Response’,’fontsize’,10); axis([0,1,-0.2,1.2]);

xlabel(’\omega/\pi’,’fontsize’,10); ylabel(’Amplitude’,’fontsize’,10)

set(gca, ’XTick’,[0;0.2;0.35;0.55;0.75;11);

set(gca, ’XTickLabel’, [’ O ’;’0.2 ’;°0.357;°0.55°;°0.75;° 1 ’])

set(gca,’YTick’, [-delta2;delta2;1-deltal;1+deltal]); grid;

The plot is shown in Figure 7.40. From Figure 7.40, the totehber of extrema in the error function in

the passband and stopbands are 14. Sihce 26 for this designL = M/2 — 1 = 12. Then the extrema
areL + 2 orL + 3. Hence this is & + 2 = 14 equiripple design.

(c) Theorder ofthisfilteri$f —1 = 25while that of the filter designed in Problem P7.®lis-1 = 43—1 = 42.
Thus this is an optimum design.
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Figure 7.40: Amplitude Response Plot in Problem P7.40b
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