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Frequency Responses and Bode Diagram
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x(t) = cos(wt) y(t) = M cos(wt + ¢)
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FREQUENCY RESPONSE

Calculate the frequency response.

Methods
e solve differential equation
— find particular solution for z(t) = coswpt
e find impulse response of system
— convolve with z(t) = coswgt

New method
e use eigenfunctions and eigenvalues
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EIGENFUNCTIONS
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eigenvalue

z(t) —»| system |— Az(t)

AN

eigenfunction
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EIGENFUNCTIONS
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Consider the system described by

g(t) + 2y(t) = = (t).
Determine if each of the following functions is an eigen-
function of this system. If it is, find its eigenvalue.

- J

et for all time
el for all time

eJt for all time
cos(t) for all time

u(t) for all time

CHE e
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EIGENFUNCTIONS

y(t) +2y(t) = z(t)
1.e b —Net + e t=et 5 N=1

1
2. el )\et+2)\et:et—>)\:§

. , . . 1
3.6 gt 42Nt =l 5 N = ——

J+2
4. cost: —Asint+ 2 cost =cost — not possible!

5. u(t): A(t) + 2A\u(t) = u(t) — not possiblel
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EIGENFUNCTIONS
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Consider the system described by

g(t) + 2y(t) = = (t).
Determine if each of the following functions is an eigen-
function of this system. If it is, find its eigenvalue.

et for all time V A=1
et for all time VvV =1
et for all time VvV )\ = %
cos(t) for all time X

u(t) for all time X
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COMPLEX EXPONENTIALS
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If 2(t) = €% and h(t) is the impulse response then

y(t) = (h*xx)(t) = /OO hr)e* =T dr = 5t /OO h(r)e Tdr = H(s) e

— o0

—> H(s)e®

eigenvalue

z(t) —»| system |— A\z(t)

N/

eigenfunction
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COMPLEX EXPONENTIALS
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If 2(t) = €% and h(t) is the impulse response then

y(t) = (h*xx)(t) = /OO hr)e* =T dr = 5t /OO h(r)e Tdr = H(s) e

— o0

—> H(s)e®

h(t)

Eternal sinusoids are sums of complex exponentials.

1/ . ‘
coswot = 3 (e]wot + e_jw0t>
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COMPLEX EXPONENTIALS

Example:

§(t) + 3y(t) + 4y(t) = 2&(t) + 7x(t) + 8x(t)

Then
_ 25°4+7s+8 _ N(s)

H(s) s2+3s+4  D(s)
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VECTOR DIAGRAMS
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— K (so — 20)(s0 — 21)(s0 — 22) - - -
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§ S0 — 20
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VECTOR DIAGRAMS

Example: Find the response of the system described by

1
H(s) = o

to the input z(t) = e%t (for all time).

angle w/4. Therefore, the response of the system is
t) = H(2§)eXt = —_¢ T 20,
y(t) = H2)e! = =

s-plane
§ 7<
- —2
3 The denominator of H(s)|;_y; IS 2j+2, a vector with length 24/2 and
E
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VECTOR DIAGRAMS
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(so — 20)(s0 — 2z1)(sg — 22) - - -
(s0 —po)(so —p1)(so —p2) - -

H(sg) =K

|(80 — Z())H(SQ — Zl)H(sO — 22)|
[(so = po)||(s0 — p1)l[(so — p2)] -

[H(s0)| = |K]|

PO s e (s Lt 1) e b 55 515

LH(sg) = LK+ Z(sg—20)+ Z£(so—21)+---— Z(so—po) — Z(so—p1) — -
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CONJUGATE SYMMETRY

The complex conjugate of H(jw) is H(—jw).

The system function is the Laplace transform of the impulse re-
sponse:
0
H(s) :/ h(t)e Stdt
—00

where h(t) is a real-valued function of ¢ for physical systems.

H(jw) = / h h(t)e 7@ty

—0o0

H(—jw) = / " he it = (H(jw)"

—0o0
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FREQUENCY RESPONSE

Response to eternal sinusoids.

Let z(t) = coswot (for all time), which can be written as

1/ . ,
z(t) = 3 (e]wot + e_]w0t>

The response to a sum is the sum of the responses,
(1) = 5 (H (o) + H(—jup)e 50!
= Re {H(jwo)ejwot}
= Re{\H(jwo)\ejZH(jWO)ejwot}

= |H(jwo)|Re {ejonle(jwo)}
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cos(wt) —»

H{(s)

— |H(jw)|cos (wt + £H (jw))
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VECTOR DIAGRAMS .
|H(jw)|
H(s)=s—2 5-
w
5 s-plane
—5 0 5
ZH (jw)
T C : 1 U
-5 5 /2
-5 5
0 —m/2-
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[H (jw)|
H(s)=s—2 5-
w
5 s-plane
-5 0 5
/' ZH (jw)
_5 ~ 5 ’ /2
-5 5
0 —m/2-
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[H (jw)|
H(s)=s—2 5-
w
5 s-plane
-5 0 5
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| H (jw)]
H(s)=s—2 5-
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5 s-plane
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-5 0 5
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EXAMPLE: MASS, SPRING, AND DASHPOT

F=Ma= Mj(t) = K(z) —y(t) - By(t)
My(t) + By(t) + Ky(t) = Kx(t)

(s2M + sB+ K) Y(s) = KX(s)
K

H(s) —
(5) s2M + sB+ K
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VECTOR DIAGRAMS
( )
Consider the system represented by the following poles.
s-plane
_wd
93
—IO'
L,
% Find the frequency w at which the magnitude of the re-
g sponse y(t) is greatest if z(t) = coswt.
3 1. w=uwy 2. wy <w<wy
j 3. 0<w<wy 4. none of the above
- J
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Analyze with vectors.
s-plane
Wq
w
“
—IO'
— _wd

The product of the lengths is (\/(w +wg)? + 02) (\/(w —wg)? + 02).
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VECTOR DIAGRAMS
Analyze with vectors.
s-plane
b-wd
“p
—IO'
— _wd

The product of the lengths is (\/(w + wg)? +02> <\/(w —wg)? +02).

Decreasing w from w; to wy — € decreases the product since length
of bottom vector decreases as ¢ while length of top vector increases
only €2.
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VECTOR DIAGRAMS
More mathematically ...
s-plane
Wq
w
“
—IO'
— _wd

The product of the lengths is (\/(w +wg)? + 02) (\/(w —wg)? + 02).

Maximum occurs where derivative of squared lengths is zero.

L (@ rwa?+0?) (0w +07) =0
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VECTOR DIAGRAMS
( )
Consider the system represented by the following poles.
s-plane
Wq
w
93
—IO'
L —wy

Find the frequency w at which the magnitude of the re-
sponse y(t) is greatest if x(t) = coswt. 3

l. w=uwy 2. wg <w <wg
3. 0<w< wy 4. none of the above
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VECTOR DIAGRAMS
( )
Consider the system represented by the following poles.
s-plane
_wd
93
—IO'
L —wy

Find the frequency w at which the phase of the response
y(t) is —m/2 if x(t) = coswt.

0. O0<w<wy l. w=wy 2. wg <w <wg
3. w=uwy 4. w>uwy 5. none
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The phase is 0 when w = 0.
s-plane
_wd

CUO 4!\0{

—
3 ”}; b/

_IU ‘l/Oé

__wd
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VECTOR DIAGRAMS

The phase is less than 7/2 when w = wy.

b-(,(}d

s-plane

__wd

—
3 ”}; b/
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VECTOR DIAGRAMS

The phase at w =wq is —7/2.

g

p
_wd

*H

_wd

—
3 ”}; b/

- —wy
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VECTOR DIAGRAMS

Check result by evaluating the system function.

Substitute s = jwy = j1/ & into

H(s) K K K

C #M+sB+ K —EM4jwB+ K jwoB

The phase is —%.
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VECTOR DIAGRAMS
( )
Consider the system represented by the following poles.
s-plane
_wd
93
—IO'
L —wy

Find the frequency w at which the phase of the response
y(t) is —m/2 if x(t) = coswt. 3

0. 0<w<wy l. w=wy 2. wg <w<wg
3. w=uwy 4. w> wy 5. none
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Complex exponentials are eigenfunctions of LTI systems.

et —»{ H(s) —> H(sp) e’

H(sg) can be determined graphically using vectorial analysis.

_ (SO_ZO)(SO_Zl)(So—Z2)...
H(sg) = K(so —po)(so —p1)(so —p2) -

50 s-plane

S0

S0 — 20

Z|
20 0

Response of an LTI system to an eternal cosine is an eternal cosine:
same frequency, but scaled and shifted.

cos(wpt) —»

H(s)

—> | H (jwp)]| cos (wot + ZH(jWO))

Frequency Response:

H{(s)|

S—jw
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ks
ol slaal S
VECTOR DIAGRAMS .
[H (jw)|
H(s)=s—2 5-
w
5 s-plane
-5 0 5
b
/ ZH (jw)
_5 ~ 5 ’ /2
-5 5
0 —m/2-
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ks
ol slaal S
VECTOR DIAGRAMS .
9 |H (jw)|
H(s) = 5-
() = - _—
w /\
5 s-plane
-5 0 5
b
/ ZH(j)
5 5 ’ /2
—5 5
0 —m/2-
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ks
ol slaal S
VECTOR DIAGRAMS .
s — 21 |H (jw)|
H(s)=3 _
() s—pl g
5 s-plane
, -5 0 5
/ ZH(jw)
5 Y 5 ? /2
_5 5
0 —m/2-
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POLES AND ZEROS

C;\.:.u‘u_;“).’aweWéuPJuM;‘g‘%|dﬁQJH9LAWJJJA‘)AQJJSJQ

S o o die | i JS coae oS laas touluw
o ) Al (iS58 ks o) e oo JolS sle M) tadal ya8
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ASYMPTOTIC BEHAVIOR: ISOLATED ZERO

The magnitude response is simple at low and high frequencies.

[H (jw)]
H(jw) = jw — 21 51
w
-5
: , 5 0 5
= / ZH(jw)
% T A 0
. —5 5 /2
: -5 5
o ~n/2-

P
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(F 31 7) 5 Lim
ASYMPTOTIC BEHAVIOR: ISOLATED ZERO

The magnitude response is simple at low and high frequencies.

H(jw) = jw — 2

w

5
: , 5 0 5
= / ZH(jw)
% T L\ 0
. —5 5 /2
i -5 5
o ~n/2-

P
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ASYMPTOTIC BEHAVIOR: ISOLATED ZERO

The magnitude response is simple at low and high frequencies.

H(jw) = jw — 2

q
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(F31F) [ i
ASYMPTOTIC BEHAVIOR: ISOLATED ZERO

Two asymptotes provide a good approxmation on log-log axes.
H(s)=s—2=

-
o [
z1
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ASYMPTOTIC BEHAVIOR: ISOLATED POLE

The magnitude response is simple at low and high frequencies.

9
H(s) =
(s) p—

w

5
: | -5 0 5
/ ZH(jw)
; 550 57 /21
5 -5 5
g B —m/2-

P
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ASYMPTOTIC BEHAVIOR: ISOLATED POLE

Two asymptotes provide a good approxmation on log-log axes.

9
H(s) =
(s) pa—
|H(jw)|
log —>—*
s 9/p1 .
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Compare log-log plots of the frequency-response magnitudes of

the following system functions:

1 1
Hi(s)= =< and  Hy(s) = —

~

The former can be transformed into the latter by

0

. Shifting horizontally

. Shifting and scaling horizontally

. Shifting both horizontally and vertically

. Shifting and scaling both horizontally and vertically
none of the above

_Q'I-lku)l\)l—l




w
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(Y 517) J

Compare log-log plots of the frequency-response magnitudes of the
following system functions:
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4 ™

Compare log-log plots of the frequency-response magnitudes of
the following system functions:

1 1

Hi(s) = ) and Hs(s) = S5 10

[ The former can be transformed into the latter by 3 ]

. shifting horizontally

. Shifting and scaling horizontally

. Shifting both horizontally and vertically

. Shifting and scaling both horizontally and vertically
none of the above

- J

_U'I-hool\)l—-

no scaling in either vertical or horizontal directions!
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ASYMPTOTIC BEHAVIOR OF MORE COMPLICATED SYSTEMS

Constructing H(sp).

Q

H 50 — 2q) « product of vectors for zeros
=1

H(sg) = K
H 50 — Pp) +— product of vectors for poles
p=1
s-plane
S0 — 21 TP
g
Z1

P
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ASYMPTOTIC BEHAVIOR OF MORE COMPLICATED SYSTEMS

The magnitude of a product is the product of the magnitudes.

Q Q
1 (s0—29) I Is0 ==l

H(so)| = | K = K|
11 (so—pp) 11 Is0 —pp|

p=1 p=1

w
S0 s-plane

S

%

w

©

j=

&

-

R

£ w

- e L =)

3 / \
3 S 3
= ) =
g 3¢ o
3

3 21 p1
s

g

o

P
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ASYMPTOTIC BEHAVIOR OF MORE COMPLICATED SYSTEMS

The log of the magnitude is a sum of logs.

Q Q
H(so—zq) H ‘so—zq‘
=1 =1
H(so)| = | K 5 = |K|
(so — pp) H ‘SO_I)p‘
p=1 =1
Q P
log | H (jw)| = log [ K|+ _ log|jw — 2| = Y _ log|jw — pp|
q=1 p=1

P
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BODE PLOT: ADDING INSTEAD OF MULTIPLYING
log |jw|
S 0
H(s) = //
(5) (s +1)(s + 10) K
w -1 ///
s-plane [0 K
-2 /
| | | T |  logw
-2 -1 0 1 2 3
O ________ N 1
X N Lo N 10g ; ‘
5 10 i 10 ‘ jw+1
= -1 :
- | | | T 1  logw
S -2 -1 0 1 2 3
g e Ittt . 1
F L v log |-
- 10 N & jw+10
8 -2
3 | T T T T  logw
£ -2 -1 0 1 2 3

P
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BODE PLOT: ADDING INSTEAD OF MULTIPLYING jw
1
S 0 > Jw+1 ‘
H(s) = S
(5) (s +1)(s + 10) K
w -1 ///
s-plane [0 K
—2 |/ | | T |  logw
-2 -1 0 1 2 3
NAD i
10 i 10
2 e Ittt Ny 1
E L v log |-
- 10 AN & Jw+10
:%_j —2 | | | T 1  logw
£ -2 -1 0 1 2 3

P
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BODE PLOT: ADDING INSTEAD OF MULTIPLYING jw
lo
S Gw+ 1)(w + 10)
s 1 I
H(S) = // \
(s +1)(s + 10) 7/ N
w _2 /// \\\
s-plane [0 o N
-3 / A

&
3

-—10
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cod st pan
BODE PLOT: ADDING INSTEAD OF MULTIPLYING jw
lo
& Gw + D(jw + 10)
S 1 I
H(s) = J N
(s+1)(s + 10)
w -2
s-plane 10
-3 | | | | |  log w
-2 -1 0 1 2 3
N i
10 N 10
L—10
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ASYMPTOTIC BEHAVIOR: ISOLATED ZERO

The angle response is simple at low and high frequencies.

|H (jw)

H(s)=s—2 5-

w

i s-plane

, -5 0 5
/ ZH(jw)

T O 1 O
-5 5
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ASYMPTOTIC BEHAVIOR: ISOLATED ZERO

Three straight lines provide a good approxmation versus log w.

ZH (jw)
T[2==mmmmmm—-

—r /24

lim /H (jw) =0
w—0
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ASYMPTOTIC BEHAVIOR: ISOLATED POLE

The angle response is simple at low and high frequencies.

9 |H (jw)]
H(s) = 51

s—Pp1

i s-plane
. -5 0 5
; \/.
g T 1 0-
- -5 5
€
i L5

P
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ASYMPTOTIC BEHAVIOR: ISOLATED POLE

Three straight lines provide a good approxmation versus log w.
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(S99 ylagan

The angle of a product is the sum of the angles.

Q
H (s0 — zq) 0 p
LH(so) =/ Kq?— — LK+ Z(s0—2)- £ (50— pp)
T (s0—pp) ! P
p=1

w
$0
[ ]
Z(so — 21)”(<\§\<(50 —p1)
\ 7< o
z P1

The angle of K can be 0 or w for systems described by linear differ-
ential equations with constant, real-valued coefficients.
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ljw
8 Tf29 ——--—mmmmmmmm— -
H(s) =
(5) (s+1)(s+10)
w 0
s-plane 10
—/2 | | | | |  logw
-2 -1 0 1 2 3
0 T 1
KD Ny S
s 10 10 Jw+1
E /2 | | | T"T"‘llogw
S -2 -1 0 1 2 3
é O ________ \\\ 4 1
- 10 o Tjw 10
u_%j /2 | | | | — logw
£ -2 -1 0 1 2 3

P
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Jw
jw+1
(s + 1)(s + 10) ..
w 0 R
s-plane 10
_W/Q | | | | |  logw
-2 -1 0 1 2 3
NN e
< 10 - 10
09 === - 1
K L—10 s 4
- N jw + 10
% _W/2 | | | | — logw
£ -2 -1 0 1 2 3

P



A

Prepared by Kazim Fouladi | Fall2017 |2nd Edition

P

(S99 ylagan
R
(jw+ 1)(jw + 10)
s /2 -
H(s) = o
(s+1)(s+ 10) ~
w O \\\
splane [0 S
—7/2 SO
W/ | | | | |  logw
-2 -1 0 1 2 3
NAD e
10 - 10
L —10
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(S99 ylagan
/ Jw
. L Gt Diw+10)
H(s) = m/ =
G+ 1)(s+10)
w 0
s-plane 10
—7/2
[
-2
NAD e
0 N 10
L —10
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FROM FREQUENCY RESPONSE TO BODE PLOT

The magnitude of H(jw) is a product of magnitudes.

Q
H [jw — 2q]

H(jw)| = K| 2
H ‘jw _pp’
p=1

The log of the magnitude is a sum of logs.
Q P
log |H (jw)| = log | K| + Z log ‘jw — zq} — Z log {jw —pp’
q=1 p=1
The angle of H(jw) is a sum of angles.

Q P
LH(jw) =LK+ Y Z(jw—2g) = Y Z(jw—pp)
q=1 p=1
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FROM FREQUENCY RESPONSE TO BODE PLOT

4 . I
log | H (jw)|
92 W "
Vi \
Vi \
/’ \\
_3 mmo-- \\
\
\
\
\
—4 - \
T T T T 1 logw
5 —1 0 1 2 3 4
§ [ Which corresponds to the Bode approximation above? 2 J
- 1 s+1
3 (54 1)(s +10)(s + 100) (5 4 10)(s + 100)
5 5 (s+10)(s +100) s + 100
g ' s+1 (s +1)(s+10)
§ 5. none of the above
& J

P
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FROM FREQUENCY RESPONSE TO BODE PLOT

log [H (jw)|
1 e
H(s) _ Os 0
(51 1)(s + 10)
w —1
s-plane r10
-2

-—10
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FROM FREQUENCY RESPONSE TO BODE PLOT

[ LI R | IIIIIHTTTIIIHTqu)[log Scale]
0.01 0.1 1 10 100 1000

log [H (jw)|
1 -
H(s) = Os 0
G+ 1)(s + 10)
w _1
s-plane [
—2 [T W [|Og Scale]
0.01 0.1 1 10 100 1000
g Sab 1 g AH ]
: 10 7 10 ()
= /2
; 0
- L 10
: —m/2

P
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FROM FREQUENCY RESPONSE TO BODE PLOT

| H (jw)|[dB]= 20log; [H (jw)]

[ LI R | IIIII"TTTIII"T“W[IOg Scale]
0.01 0.1 1 10 100 1000

10s 0 -
H(s) =
O = T DGT10)
o ~90
s-plane r10
—40
| ||||||1T| ||||||T|] ||||||T|] IIIII|'|T| |||||T|le [log Scale]
0.01 0.1 1 10 100 1000

< S O ZH(j
2 10 7~ 10 (juw)
= /2
% 0
- L —10
2 —m/2
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FROM FREQUENCY RESPONSE TO BODE PLOT

| H (jw)|[dB]= 20log;o [H (jw)]

[ LI R | IIIII"TTTIII"T“W[IOg Scale]
0.01 0.1 1 10 100 1000

10s 0 -
H(s) =
6 = T DGT10)
wlO —20 —20 dB/decade
s-plane [
—40
| ||||||1T| ||||||T|] ||||||1T| ||||||'|T| ||||I1TI|(.U [log Scale]
0.01 0.1 1 10 100 1000
< — Ny ZH(j
: Mo Y 10 (je)
= /2
% 0
- L—10
2 —m/2
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BODE PLOT: ACCURACY

The straight-line approximations are surprisingly accurate.

0— X 2010g10X

) 1 0 dB
A V2  ~3dB
3 —104 2 ~6 dB
= 10 20 dB
T 100 40 dB

é _20_ | T T IIIIII| T T Illllllw [log Scale]

0.1 1 10

0~ :

3 \

> '~ A\

g S /44 0.1rad

= m o

% \l (6 )

g —m/2 -

I T ||||||T| T ||||||T| T ||||||'|'|g _I |_|||||T| w [log Scale]
0.01 0.1 1 10 100

P



“
S9 g ylagan
(¥ 51Y) Jle

Could the phase plots of any of these systems be equal to
each other? [caution: this is a trick question]

N N/ O /\/\2 /r\\2
/N /\ \J \/\/ \\V/
-1 —1 1 —1 —1
1 2 3 4
N J
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—1 if K <0
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Could the phase plots of any of these systems be equal to
each other? [caution: this is a trick question] ves

5 N v |l A (N2 Y

s /N /N \J \/\/ \\J)J

2 —1 —1 1 —1 —1

1 2 3 4

3 phase of 2 could be same as phase of 3: depends on sign of K

g \_ J

—
’”’;ﬁb/
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FREQUENCY RESPONSE OF A HIGH-Q SYSTEM

The frequency-response magnitude of a high-() system is peaked.
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FREQUENCY RESPONSE OF A HIGH-Q SYSTEM

The frequency-response magnitude of a high-@) system is peaked.
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FREQUENCY RESPONSE OF A HIGH-Q SYSTEM

The frequency-response magnitude of a high-() system is peaked.
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FREQUENCY RESPONSE OF A HIGH-Q SYSTEM

The frequency-response magnitude of a high-() system is peaked.
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FREQUENCY RESPONSE OF A HIGH-Q SYSTEM

The frequency-response magnitude of a high-@) system is peaked.
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FREQUENCY RESPONSE OF A HIGH-Q SYSTEM

( M
Find dependence of peak magnitude on @ (assume Q > 3).
1
H(s) = 5
1+ L5y (i>
Q@ wo wo

g wo
;.:_ . J
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FREQUENCY RESPONSE OF A HIGH-Q SYSTEM

Find dependence of peak magnitude on @ (assume @ > 3).

Analyze with vectors.

low frequencies high frequencies
w/wo w/wp
§ o [wo T T o /wo
E 1x1=1 ! X 2 !
£ X = _— = —
g 2Q) Q@

Peak magnitude increases with Q!

P
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FREQUENCY RESPONSE OF A HIGH-Q SYSTEM

As @ increases, the width of the peak narrows.
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FREQUENCY RESPONSE OF A HIGH-Q SYSTEM

As @ increases, the width of the peak narrows.
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FREQUENCY RESPONSE OF A HIGH-Q SYSTEM

As @ increases, the width of the peak narrows.
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FREQUENCY RESPONSE OF A HIGH-Q SYSTEM

As @ increases, the width of the peak narrows.
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FREQUENCY RESPONSE OF A HIGH-Q SYSTEM

As @ increases, the width of the peak narrows.
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FREQUENCY RESPONSE OF A HIGH-Q SYSTEM

Estimate the “3dB bandwidth” of the peak (assume Q > 3).

Let w; (or wy,) represent the lowest (or highest) frequency for
which the magnitude is greater than the peak value divided by
V2. The 3dB bandwidth is then wj, — wj.
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FREQUENCY RESPONSE OF A HIGH-Q SYSTEM

Estimate the “3dB bandwidth” of the peak (assume @ > 3).

Analyze with vectors.

low frequencies high frequencies
w/wo w/w
1 R
+ 20
1
g Fl - 55
/ 2Q
é ) T J/WO 1 T U/WO
2 )
g . . 1
5 Bandwidth approximately @

-
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FREQUENCY RESPONSE OF A HIGH-Q SYSTEM

As (@ increases, the phase changes more abruptly with w.
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FREQUENCY RESPONSE OF A HIGH-Q SYSTEM

As (@ increases, the phase changes more abruptly with w.
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FREQUENCY RESPONSE OF A HIGH-Q SYSTEM

As (@ increases, the phase changes more abruptly with w.
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FREQUENCY RESPONSE OF A HIGH-Q SYSTEM

As (@ increases, the phase changes more abruptly with w.
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FREQUENCY RESPONSE OF A HIGH-Q SYSTEM

As (@ increases, the phase changes more abruptly with w.
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FREQUENCY RESPONSE OF A HIGH-Q SYSTEM

p
Estimate change in phase that occurs over the 3dB bandwidth.
1
H(S) = D)
1+ 225 4 <i>
Q wo wo
€
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FREQUENCY RESPONSE OF A HIGH-Q SYSTEM
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Estimate change in phase that occurs over the 3dB bandwidth.

Analyze with vectors.

low frequencies

high frequencies

w/wo w/wo |
14+ —
+2Q
L
/ B
—_— I oo
-3 _
T_T_T T 7T737T
2 11 2 I T

Change in phase approximately g
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A.V. Oppenheim, A.S. Willsky, S.H. Nawab,
Signals and Systems,
Second Edition, Prentice Hall, 1997.

Chapter 6
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