ESE 531: Digital Signal Processing

Lecture 8: February 8, 2022
DT/CT Processing of CT/DT Signals
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I.ecture Outline

a DT processing of CT signals

= Impulse Invariance

a CT processing of DT signals (why??)
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Signal Processing

0 Use theory of sampling (C/D) and reconstruction
(D/C) to implement signal processing systems

0 Two cases:

= Discrete-time processing of continuous-time signals

O op P i) L o -

1
T T
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Signal Processing

0 Use theory of sampling (C/D) and reconstruction
(D/C) to implement signal processing

0 Two cases:

= Discrete-time processing of continuous-time signals

O op P i) L o -

1
T T

. J

= Continuous-time processing of discrete-time signals

zln T.(t (T n
[]: D/C ()y() /D y[n]

t
7

T
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: Discrete-Time Processing of Continuous Time

N dnl ) vin] T
(t){ C/D HH(er)H D/C } yrlh),
; |
\_ T T J
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: Discrete-Time Processing of Continuous Time

~N
J

. i E><[n] yln]
C(t)-i{ C/D ’—r—>‘: H(eiw)’—>‘ D/C} yeld),

) )
-1 ! )
xen-1 3 x 2=
X (™)
AVAVAVAVAVANG
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Discrete-Time Processing of Continuous Time

yr(t)

- sin[w(t-=nT)/T]

a(t-nT)/T
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>

Sum of scaled
shifted sincs



: Discrete-Time Processing of Continuous Time

c X[n] ) vin] rt
x (t)_,{ C/D HH(ejw)H D/C } Y ( ))
1 i
T T J
vz Salff )| o- S

o If h[n]/H(e®) is LTT
m [s the whole system from x (t)=2y,(t) LTT?
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: Discrete-Time Processing of Continuous Time

.. dn) (T vin] T
(t)+[ C/D —— H(e®) — DIC } (D),
1 i
. T T J/

] - sin[w(t=nT)/T]

X(ej“’)=? i X |J
Je=—00

(0= ) T

n=—0oo

a If x.(t) is bandlimited by Q./T=n/T, then,

LOD o] HE)
X (@ 7 8=
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‘ Example 1

0 Consider the following system

(

| x[n] ) vyiIn] A
{ C/D {H(eiw) »{ pic i

J/ J/

1
T

z(t)
T J
\ T
a Where
H(e’”) =+

1 ‘a)‘ <w,

0 a)c<‘a)‘sn

a0 What 1s the effective frequency response of the
system? What happens to a signal bandlimited by

Q2

Penn ESE 531 Spring 2022 - Khanna

10



Penn ESE 531 Spring 2022 - Khanna

11



‘ Example 2

o DT implementation of an ideal CT bandlimited

differentiator
. Xl () yIn] i
ﬂ* H(elo) pic 0,
)
T T

0 The ideal CT differentiator is defined by

d
[)=—|x_.(¢
V(1) dt[ ~()]
a With corresponding

H . (j$2) = j<
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Impulse Invariance

0 Want to implement continuous-time system. ..

Continuous-time
— LTI system  jr———3-
x.() h (1), H.(j€1) ye(?)
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Impulse Invariance

0 Want to implement continuous-time system. ..

Continuous-time
— LTI system  jr———3-
x.(1) h (1), H.(j€1) ye()

0 ...1n discrete-time

Discrete-time

|

|

i)— C/D p——»{ LIlsystem p—> D/
x.() | x[n] h(n), H(e’®) y[n]

I

|

l

|

Ho1(jY) = H.(j§2)
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Impulse Invariance

o With H (j€2) bandlimited, choose

H(e')=H ( jQ)‘Qﬁ . o] <
T

a With the further requirement that T be chosen such
that

H (jQ)=0, [Qzm/T

Penn ESE 531 Spring 2022 - Khanna
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Impulse Invariance

o With H (j€2) bandlimited, choose

H(e')=H ( jQ)‘Qﬁ . o] <
T

a With the further requirement that T be chosen such
that

H (jQ)=0, [Qzm/T

h[n]=Th (nT)
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Impulse Invariance

0 Let,

h[n]=h (nT)
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Impulse Invariance

0 Let, ‘HC(]‘Q)=0, ‘Q‘zn/T‘
hln]=h (nT')

0 If sampling at Nyquist Rate then

- ] - (w 2mk)
HEe")==— » H |j| —=-
( ) T,;_OO C_](T T )
HEe) =21 [ j2],  |o<x
T \°T
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Impulse Invariance

0 Let, ‘Hc(j9)=0, ‘Q‘ZIL’/T‘
h[n] =ThC(nT)
0 If sampling at Nyquist Rate then
- T « (w 27k)
HEe")=— ) H |j|—=-
(e™) T,;_oo C_](T T )
- T W
He)Y=—H | j—|, w|<7
(e™) - C(JT) (g
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Impulse Invariance

0 Want to implement continuous-time system in

discrete-time

x.(1) h (1), H.(j})

Continuous-time
— LTT system
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|

: Discrete-time

i » C/D p——» LlIlsystem |——> D/C ; >
x (@) x[n] | h[n],H(e) | y|n] : y (1) =y (1)

| 4 t |

, T T |

S _1

H(j2) = H.(j§2)
h[n]=Th (nT)
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‘; Continuous-Time Processing of Discrete-Time

0 Usetul to interpret DT systems with no simple

interpretation in discrete time

-

(o0

~

J

|

T

To(T
( ){Hc (

~

Q)

y[n]
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: Continuous-Time Processing of Discrete-Time

~

T Tt (T n
1* Dm0 e B PO

T

J

X.(j€)=-

rTX(ejQT) ‘Q‘«t/T

Also bandlimited

0 else

T Y.(jQ) = H,(JQX,(jQ)
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Continuous-Time Processing of Discrete-Time

4 )

T Tt (T n
1* Dm0 e B PO

)
T T

- J

Y (j&2)=H (jR)X (jR2)

=L rfile-r)]  -1roe)

k=0 Q=/T Q=T
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Continuous-Time Processing of Discrete-Time

-

X T(t el
1» 9 ey oo

~N

y[n]

1

1
N\ T T J
Y.(jQ=H,(jX,(jQ Y=

1

?YC(J'Q)

Q=w/T

Y(ejw) . _HC (jg)‘g=w/]" XC (jg)‘9=a)/T
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Example: Non-integer Delay

0 What is the time domain operation w
integer? Le A=1/2

H(ejw) _ e—ij
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o[ln
oln-n,]

d -
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Example: Non-integer Delay

=g
= =4 LTt
T 0
AT T 2T 3T 4T 5T t
0
o 0
;1/[’”]

EEEER

o
‘s
4

N
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Example: Non-integer Delay

| __ylnl
g § |_l(J
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Example: Non-integer Delay

‘ __y[n]

1]
X,.(¢)

AT T \2T \3T \4T |\ 5T t ]
B o s e v e
o o
T T y[n]
¥ .
ok 1 2 3 4 5 n

Penn ESE 531 Spring 2022 - Khanna 31



Example: Non-integer Delay

a What is the time domain operation when A is non-
integer? Le A=1/2

H(ej‘*’) — e JwA

Let: H.(jQ) = e 74T delay of AT in continuous time
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Example: Non-integer Delay

a What is the time domain operation when A is non-
integer? Le A=1/2

H(ej‘*’) — e JwA

Let: H.(jQ) = e 74T delay of AT in continuous time

(" N

xﬂ) z.(t) Ye(t) oD y[n])
\EANYAR Y,

 — ~—
C.T recon delay AT sampling
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Example: Non-integer Delay

0 The block diagram is for interpretation/analysis only

4 N

\\EAANYANE Y,
N N—_ N
C.T recon delay AT sampling

. (t=kT
x (1) = gx[k]smc( = )
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Example: Non-integer Delay

0 The block diagram is for interpretation/analysis only

4 N

\\EAANYANE Y,
N N—_ N
C.T recon delay AT sampling

. (t=kT
x (1) = gx[k]smc( = )

y.()=x (t-TA)
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Example: Non-integer Delay

0 The block diagram is for interpretation/analysis only

4 )

\\EAANYANE Y,
N__ N~— N
C.T recon delay AT sampling

yln]=y (nT)

. (t=kT
x (1) = gx[k]smc( - )

y.(t)=x(t-TA)
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36



® Example: Non-integer Delay

0 The block diagram is for interpretation/analysis only

x. (1) = Y x[kkinc
k

t_;T) ) ) ()=x(-TA) wmp yn]=y (nT)
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Example: Non-integer Delay

0 Delay system has an impulse response of a sinc with
a continuous time delay

y[n]= Ex[k]sinc(n A k)
k

= x[n]* sinc(n — A)

= h[n]=sinc(n-A)

Penn ESE 531 Spring 2022 - Khanna
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Example: Non-integer Delay

0 What is the time domain operation w
integer? Le A=1/2

H(ejw) _ e—ij

= h[n]=sinc(n—-A)
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hen A 1s non-

o[n
oln-n,]

d -
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Example: Non-integer Delay

0 My non-integer delay system has an impulse
response of a sinc with a continuous time delay

H(e'¥) = ¢ @2 = hin| = sinc(n — A)

Penn ESE 531 Spring 2022 - Khanna
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Example: Non-integer Delay

0 My non-integer delay system has an impulse
response of a sinc with a continuous time delay

H(e'¥) = ¢ @2 = hin| = sinc(n — A)
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Example: Non-integer Delay

0 My non-integer delay system has an impulse
response of a sinc with a continuous time delay

H(e'¥) = ¢ @2 = hin| = sinc(n — A)
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Example: Non-integer Delay

0 My non-integer delay system has an impulse
response of a sinc with a continuous time delay

H(e'¥) = e~ JwA <= h[n| = sinc(n — A)
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Big Ideas

a0 DT processing of CT
= Effectively LTI if no aliasing

a CT processing of DT
= Always LTI

= Useful for interpretation
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Admin

a HW 3 due Sunday
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