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Some concepts and illustrations in this lecture are adapted from
the textbooks,

Signals and Systems, 2nd Edition by Alan Oppenheim, Alan
Willisky and H. Nawab, Prentice Hall.

Applied Digital Signal Processing, Dimitris G. Manolakis & K.
Ingle, Cambridge.
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Nyquist Sampling Theorem
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Analog to Digital Conversion
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xp(t) = Z xc(nT)o(t—nT) +— Xp(w) = Z xc(nT)e3enT
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Discrete Fourier Transform of Xy[n] is
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Comparing Xp(w) and X4(2),

Xpw) =1 3 X(w—nZ)and X4(Q) =L > X (2 -nZ)
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When x(t) is converted into x4[n], the time axis is scaled by 1/ T
which leads to a scaling of frequency axis by T.
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Reconstruction of a Signal from its Samples
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Sinc Interpolation
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Ye(t) = 32 yp[nT]h(t —nT) h(t) = sinc(+)

n=—oo

y=[13-35835];

x=[ 134568 10]’;

dx= 0.01; X_min = min(x)-1; X_max = max(x)+1;

X = linspace(X_min,X_max,1/dx)’;

Y=sinc(repmat (X,1,length(x))-repmat(x’,length(X),1)).* repmat(y’,size(X,1),1);
plot(X,Y);grid;hold;stem(x,y) ;plot(X,sum(Y,2);
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Example of Undersampling
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Effect of Undersampling: Aliasing
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Aliasing in non-bandlimited signals
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Discrete time filtering of Continuous Signals

. i R o
1
A : e, A AT
E - /
0 —2nFy 2nFy w é 012 n 72": L Lot o m”' 2‘7[ )
Samplin @ Spectrum scaling and periodization i © o
Q rie X, (w) =1 > X =gy 8 Convolution Multiplication
3 ) Nplw) =7 ¥ Xew—TFk) §
< Ty L b B Mnl=hllin] Y(Q) =H(Q)X(Q)
K} / = 2 1
il LSt AN ,
. ‘ SNSRI N
0Tar ! Tim b g =R 2T L l JH n . . . ,
w r T - - 0 -, 0 g x 0
(
Time-scale iration=> =7, Frequency.-seal o= T=20T ~tnp
@
Time.scale unnormalizaion = =rT Frequency scdle unmormalization= 0 = () L-u,
) »aTy=irl Iy , Gr(w)
5 o Y ()
3 /\ /\
= N/ JaN ~ 5 t
TR T o T\ Ar aAr ' orar - —F-%0 9. F F 9
J ©
Ga(w) Spectrum scaling and unperiodization
L /\j Yy (w) = Gr(w)Y (w)
] T r T
—Z E o o 0 o w
®

g-(t) = gaL(t) = %;/TT)

Ahmet Ademoglu, PhD Bogazici University Institute of Biomedical Engineering

Sampling and Interpolation



Sampling of Bandpass Signals
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G/ (t) = % cos(2mFct)
Sampling rate : Fs = 2(Fy — Fp) if Fy is a multiple of Fy — Fy.
Center frequency : Fc = (Fy + F1)/2
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Example
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Sampling of Discrete Signals
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Discrete time decimation and interpolation

Sl A A
Ll A

Xo(w) = 3 xp[kN]e s

k=—o00

il = N AN @) =X
il My AR AL
il Hmﬁ’mnnnmﬂljh\ /\ ./

::::

Ahmet Ademoglu, PhD Bogazici University Institute of Biomedical Engineering

Sampling and Interpolation



x(e™)
| H
e P Original spectrum
2w 16w - 2w 02w L 6w 2m
9 E] El 9
(@l
Xife)
/:\ /T\ Spectrum after
--|2n 0w —7 8% 0 B wilw an m downsampling by 4
E 9 9 E]
(B}
Xe) Spectrum after upsampling
)\ f\ x[n] by 2.
—zﬁlgﬁr B “wmom T llnzlw @
a a E)
)
Spectrum after
X s(e™)
i . upsampling x[n] by 2
- ‘ : then downsampling by 9.
—2m - m 2m w
{d)

Ahmet Ademoglu, PhD Bogazici University Institute of Biomedical Engineering

Sampling and Interpolation



