Lecture 8: Thu Sep 10, 2020

Reminder:

« HW3 due midnight tonight.

Lecture

* review RADAR problem: an application of convolution
> cross correlation, autocorrelation function, and the matched filter
> good radar signals: pulse compression

« eigensignals of LTI systems

 frequency response

e LTI systems: sinusoid 1n, sinusoid out



Reading Assignment

Handouts for ECE 3084

® gyllabus

e 3084 book

What are Signals?

1.1 Convenient continuous-time SigNals . . . . . v v v v v v h v e e e e e e e e
130 WAt SteTinetions o s vo s sa 505 FmT.oF Gma 68 58 Fm T a8 VR E 8 FRA
1.1.2 Delta “functions” . . . . . . . .. L e
1.1.3  Calculus with Dirac deltas and unit steps . . . . . . .. .. ... .. ...
Shifting, flipping and scaling continuous-time signals in time . . . . . . . . . ... . ... ...

1.3 Under the hood: what professors don’t want to talk about . . . . . . ... . . ... . ... ..

What are Systems?

2.1 System properties . . . . . ... e e e e e e e e e e e e e
211 Linearity . . . . . . . e e e e e e
2.1.2  Time-invariance . . . . . . ... e e e
218 Lausality v v sms sa rus cosma cas an sma BA Pas R 4 E Eh s Fa wow s
2.1.4  Examples of systems and their properties . . . . . . . .. . ... ...
2.2 Conslidin thaUEhES . 6 s we ve sms s 99 @s 8% 65 §©F 66 $%E $F 3@3 £ 535 55 §@3%
2.2.1 Linearity and time-invariance as approximations . . . . . . . .. . ... ... ... ..
2,22  Contemplations on causality . . . . . . . . . . ...
2.2.3  How these properties play out in practice in a typical “signals and systems” course . .

Why are LTI Systems so Important?

3.1 Review of convolution for discrete-time signals . . . . . . . ... .. ... L.
3.2 Convolution for continuous-time signals . . . . . . . ... . ... L
3.3 Review of frequency response of discrete-time systems . . . . .. . . ... . ... ...
3.4 Frequency response of continuous-time systems . . . . . . . . . e e
3.5 Connection to Fourier transforms . . . . . . . .. .0 L0
3.6  Finishing the picture . . . . . . . . . e e e
3T A TEWODEEETRIIONE  « smwsaw vrms 7% vuie B0 TS P BNE WANE DM BWE S8 PEIE AR BN

More on Continuous-Time Convolution

4.1 The convolution integral . . . . . . . . . L e e e e e e e
4.2 Priopeities of Convolution - « s a0« o5 s s s sm s s s 53 5 @05 66 §@F 66 §@E 86 s
4.3 Convolution examples . . . . . . . L e e e e e e e
d4. Somieing] COmiments : s me s@s g8 c@ g 98 s E S mE 55 o oo s o

Cross-Correlation and Matched Filtering

5.1 Cross-correlation properties . . . . . . . 0 0 L e L L
5.2 Cross-correlation examples . . . . . .. 0 L@ 0 W 0 e m T L
5.3 Matched filter implementation. . . . . .0 L T L0 L
5. Delay estimstion’ « o« v o v o5 v o+ Y U, . . .« : . 50 o6 596 55 55
55 Causal concerns . . . . . . ... e
ol ACHVEEE ssos v 108 ¥R a5 08 B S0 $6 SRE SRTE YRT.GE VB B4 SEE R TR
5.7 Under the hood: squared-error metrics and correlation processing . . . . . . .. .. ... ...

U= = W= =

10

21
21
22
23
28




Coming Next: Frequency Response

(Chapter 10 of 2026 1st edition.)
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Radar: Look for Best Match

Conceptually we want to slide template s(¢ — 1) and look for “best” match

RECEIVE

v(

)

Tl T2
POOR MATCH GOOD MATCH

Last time: the best match maximizes the “crosscorrelation function”

Implementation:




Two Common MF Inputs

y(t
—» MF —(>)
h(t) = s(-t)
0 input is s(t) = outputis R ().

(2 inputis r(t) = As(t —T) = outputis AR . (t—T).



With Noise

RECEIVE r(t) = As(t —T) + noise
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Binary Code Autocorrelation Examples

S(t) RSS(T)




Binary Code Autocorrelation Examples
s(t)




Binary Code Autocorrelation Examples

S(t
(t) R
1
2
0 t T
—1
Ry(T)
Length-11 Barker code:
t++———F——F-
s(t) ~
1
+++H H
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Binary Code Autocorrelation Examples
s(t)

Length-11 Barker code:
t++———F——F-

s(t) =

1
++H R
0 —— I-— |- t - ) 0 11 T




What is an Eigensignal?

z(t) y(t)

— .




What is an Eigensignal?

x(t) y(t) = Az (t)

— .

eigenvalue eigensignal
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Complex Exponentials are
Eigensignals of LTI Systems

o(t) = [T y(t) = Hijoo,)e?™"

Scaling constant (eigenvalue) is:

H(jo) = [“h(t)e7'dt “frequency response”

evaluated at ®,.
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Hermitian (Conjugate) Symmetry

Fact: If h(t) is real, then H(—jo ) = H*(jo)

Why?
Look at definition: H(jm) = jwh( t)e Pt

> The LHS of equality replaces ® by —® 1n integral.
> The RHS of equality replaces 5 by —j 1n integral.
> Effect on the integral 1s the same = LHS = RHS.
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Response to Real Sinusoid

Response to real sinusoid
:C(t) — ACOS((DOt + 9) — fgej@ejmot 4+ ge_jee_j%t

1s therefore (exploiting linearity)

y(t) = ZePH(0)d + 2 PH(-w,)e
— (ge]eH((Do) e](i)ot) + (éejeH((DO)€J(DOt)
=2Re{ - }

= AlH(jo,) [cos(o,t + 6 + ¢)

where ¢ = angle{ H(jo,) }.
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Sinusoid-In, Sinusoid Out

z(t) = Acos(w,t + 0)

E ——

LTI

y(t) = A[H(jo) [cos(mgt + 6 + ¢)

-

WAL

MWW

An LTT system does 2 things to a sinusoid with frequency ®,:

> it attenuates amplitude by |H(jo,) |

> it shifts phase by ¢ = angle{ H(jo,) }

Notation:

> H(jo) = frequency response

> |H(jo)| = magnitude response

> angle{ H(jo) } = phase response
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Numeric Example

Find output y(¢) when x(t) = cos(2mt) is input to

an LTI system with impulse response h(t) = 2e 2tu(t):

z(t) = cos(2mt)

—

LTI
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Evaluate at o = 2x

Integrate
= H(jo)=—2— |
2+ 750
[H(jo )
L ~0.303
1+ m2
— H(]Qﬂj) — 1 3n -2 0 2 sm @

1+gm A

~ 0.303¢ /U407

argH( jo )

—0.40m
—0.57

z(t) = cos(2mt) y(t) = |H(j2m) |cos(2mt + @)

— LTI —

~ 0.303cos(2mt — 0.40m)



