Chapter 13: Frequency Response

Ex. 13.3-1
H(w) = Vo (@ _ .1
Vs (w) 1+juCR
+ galn = \/172
L 0“""’3 1 + (wCR)
— phase shift = —tan™ wCR
WhenR = 10*, w = 100, and C = 107%, then
. 1 .
ain = — = 0.707, phase shift = —45°
g 72 p!
Ex. 13.3-2
V(W R
Hw) = o = F Wl
Vy(w) R+jal
gain = L
’R2+(Q)L)2 V +
- % (w) R = Vyiw)
/302 +(2w)? -
2
(5>
W = ne, - 20 rad/s
2
Ex. 13.3-3 oL
Jw Hw = @ - 1
V, (w) R+jol
. 1
R“+(wL
Vfu}) V' f
> phase shift = —tan 1L
R
- WhenR = 30, L = 2, and w= 20, then
Tiw) . 1 A
) gan= -—=_ =002>
V302 + 402 v

phase shift = —tan™ (4()) = -53.1
30
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Ex. 13.3-4 H(w) = Vo (@) _ 1
V, (w) 1+juCR
L +
gan = ————— L
1 + (WCR)? B ‘fﬂﬁm)
phase shift = - tan " wCR
~45 = —tanto10°®) 0 R= &) 5p0q
2010°°
Ex. 13.3-5
V, (w) 1
Hw) = =
+ (@) Vi(w) 1+juCR

1

V1 + (WCR)?

— D(m} gain =

,C, and R are all positive, or at least nonnegative, so gain < 1. These specifications cannot be met.

Ex. 13.4-1 @)

dB = 20log(5) = -6.02dB
(0 48 = 20l0g2 = 6.02dB
a 0 -
Ex 1842 0109 H = 20 log 5/]/25 = 20 log ()2 = -40 log @
w0
slope = 20 log H (wp)-20 log H () =-40 log «p+40 log @ =-40 '09(%)

let wp =10 «y to consider 1 decade, then
- = .40 dB
slope = -40 log 10 = -40 Aecade

L oA A
When wC >> B, H(w) jC - C

Ex. 13.4-3

A
(@  |H(w)|, dB=20logH () = 20I0910E76ﬁ
(0) |H(w)| does not depend on w so slope =0
_JwA _ .mﬁﬁm
When wC<<B, H(w) = —=
When 6C <<B, H(e) = g~ = I
|H(w)| , dB = 20log;q |H(w)| = 20 log;qw+20 IogloDAD
Hef
(c) The slope is the coefficient of 20 logyg w, that is, slope=20 d%ecade

(€Y The break frequency is the frquency at which wC = B, that is, w= %
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Ex. 13.4-4

R, 2\
. A
W
V-_(H-g—")\/
.Q ; + (4] R'l L
+
‘Jluo‘)
V. tw) L =V 53
5 Jwe < I+ qwlr
L

~ R ~ R, 1
V() = [1+R2]vc(w) = [1+sz1+j AC)
\Y/

H(w) = V°(m) = (1+RlJ 1

(W) R, J1+juCR
When RC = 0.1 and R%{ = 3, then
2
H@) = —
w
1+j—
10

w0 4 “/’ﬁ fdb)

- Zﬂdﬁ/&b
ot \
+ b 3 Lo
-lod o oo '

372



Ex. 13.4-5

a) &:"J‘L ZO:R2+%(A)C
+ sdLL
Ve, v i Ryt 1+j‘*/
'ﬂ t= %MF ﬁ = ZO = ](DC = 5 wl
= Ve RitZ, RitRy+ Koo 1+J%2
where w; = Y/R,C = 16.7 rad/s
W, = 1 - 556rad/s
(R; +R,)C
Wa Loy
o : y W
g
2084,
-q.sg-.
Ve { Al
— (db
Vb } :qut .l:d’ LD
4
¢ -4s
-95°
Vg = 10c0s20t or V = 1000
i(20 .
oYo - Fi(%167) _ 1+j120 _ 04173 243
V, 1+j(2%.56) 1+j 3.60
b)Sov, = 4170-2430 v, (t) = 4.17 cos (20t - 24.30) V.
Ex. 13.4-6
dB
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Ex. 1351

=7
@ Q= w,RC= R\/q: 8000 %

=20

0 Bw= % = 1 = 500 rad/s
Q QJLC  20J(0x10®) (25x107) T
Ex. 13.5-2 o- “’V . o
BW 2x10° &
Now w, = ! U L= 1 = 1 =1mH
LC w,’C  (107)? (10 x 107?)
Ex. 13.5-3
1 4
W, = 7= = 10" rad/s
y [(10‘3)(10‘5)]y
_ W _ _
Q= %W = Aﬂ(15.9) = 100
w,L (10%)(107%)
R= —° = = 010
Q 100 ===
Ex. 13.5-4

@ @ = % Jic 7 ©F %(106)2 0015 00PF

10°

= w%w = %)ORC 0 R= wi\ZNC =

6
0 Q= Pop, = 1(%03 = 1000

10°

105x10%

H= 1 =
. 1.05x10°  10°
1+jQ 2 - 1+j1000{ - }
W,
H= L
1+j 97.6

(10%)%(107%0) = 0
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Problems
Section 13-3: Gain, Phase Shift, and the Network Function

P13.3-1

1 2.5
P13.3-2 R
a) Vo _ R+ _ 1 1
Vi o, Bc 2+RC 2+jeRC
R+}/SC
b) v 1
0 |ef =
Vi 4+(wRC)? ©
%
Y2 1

SV z 4
0 H(ljw)= "%, = P_ -
0e) As Zp+5000 [5+j2w]U

[Hi EL

_iad
C@aoy(19y e

H (o) =

4 4
%20))2 +525*;/2

2x10* - 1'10% 1+j2w

o(@)= tant 2w

o

Above gives correct limiting results. At w = 0,
the cap is open, so dc voltage divider yields

V _ _
%/i = %.Atw— 00

Capisashort O V%/_ =0
1

7 W

Pfdf )
ﬁ-h_

o ?

Atw = 0, Vi andV0 arein
phase. At w = =, V, logs
lc = V;/Rby90
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P13.3-3

Vo(w) _ 50

50,000

Vi(w)  20+jw(107%)+50
MathCad Analysis
N: =100 n:=0.N

j 6+70,000

n
wmin: =10° wmax:=10° m: = In[oomax] W, © = cmin@n
wmin
50000 80
Hpt = ——— dB,: = 20log (|H,|) @ = arg(Hn)ﬁL
j[ov,, +70000 s
IH| Phase
0 T T
b |
10 I 1 . [ | [
100 1000 1410°  110°1010° 0o oo P10t 1e10P1e10°
wﬂ wn.
P13.3-4
3 € From voltage divider
r_“ r R
Ry %Cz
"—'-'-"Ar—l + /2
v R +
5 L, R Vo V. = 2 }/SCz
il - ° R, R,
R, + R,+
o he, R,
oV { R, ] 1+R,C;S
V R;+R
: R RiRe deiiey)s
Ri+R;
0 Yo Re _y when Rz NR2 (g 4c,)
Ve Ri*+R; Ri1+R;
0 R,C, = R,C,
- -2
(b Cl = 1uF V%/ - % 1+J(JJ (10 )_3
- s 1+ jw (5.5x10%)

VS
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A
% Fi-
LI —
a8 '
) -0 :{u‘ﬂliz
- L i }
I ) loo looe e
VO —_— - VO —_
C, = 0.1;1F,7 = % = constant 0 20 log |—2| =— 3dB (constant)

i -4
C, = 005uF, 2vo = L0
- Ve 1+jo(.75x107%)

L
(d8 -20 4 1333 :\

o ibo lpm poo ,B‘l- >LIJ
L
P13.3-5 ch
2, |
—W— H = Wl
Ra, ' .
> _ e
V;ihﬂ + Ry
+ (R
R ;;\’ofwj _ ( %?1)
- 1+jwCR,

-

When R; =10kQ , R, =50kQ, and C = 2uF, then

R2 _ _ 1 _ -5

/?1 =5 and R,C= o o H(w) = —;
1+jE
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P13.3-6 i I

Jwé, 0z
— —
,I | _
W
4 K2,

@D %) + +
£ f Vi (1)
1 )

=

R; J\1+jwC,R,
When R = 10kQ, R, = 50kQ, C,;

C, = 24F, then R%{l =5, CR,

o - (%[

4uF and

W
1+] —
s Hw) = - 25
W
1+j—
10
2
1+&
gan = [Hw)| = 5 -
1+w7
100
phase shift = OH(wF 188 tan - tan 12
25 10
P13.3-7 Ryt
e joC R,
3115, ~ — - .
joC Ry+- 1 1+jwC R,
jwC
Ro+ .R3 .
T(e) = - 1+jwCR3 _ _R2+R3+jwR2R3C
R1 R1+jw R1R3C
5= lim |T(w)| _ RotRs
w -0 Rl
2= lim [T(W)|= 20 R,= 2R,= 20kQ
W — Rl

L and C,R, = 1
25 10

H(w)
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P13.3-8 1
Re* 1+jwCR
T(w) = —— J@&% - _ZTIOMR
R]_ ](JL)CR]_

OT(w) = 180° +tan'wCRsy 90
OT(w) = 1350  tan"wCR, = 45

0 «CRz 1
1
0 R, = ———= = 10kQ
2" 104107
. R R
10 = lim [T(w) = =2 O Rg -2= 1kQ
W Rl 10
P13.3-9 Tw) = -Rz _ _ jaCRp
+i 1+jwCR1
jwC
10 = lim |T(w)| -R2 0 Rx 10R;
W — © R1
0 T(w) = 180+98 tan™ L aCRy
0 Ry= w = 103 tan (2700 T(w)) = 10% = 10k
0 R, =100
P13.3-10

¢ R=d44 Ky=1-R) Ry
i

G_' ‘Jl-tw)
+-
R f'{ﬁm]
-
H(w) = Vo _ Ry _  jaCR, _ JoC(I-a)R,
YT Vi R+ L IHWCR I+« Rp
1 ch

4= lim |Hw)| = o 5 a-o02
(AR a
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P13.3-11 '

]
[
—]
V. k) B
5 + | +
R fvﬂm
1
e = Ve©@ o Ciec, o jo
T Vew g4 LT TN a+jeRCy) (1+]6R,Cy)
e

When R, = 5kQ, C, = 1uF, R, = 10kQ and C, = OIuF, then
jw

H(w) = -001
. W . W
I+ — |1+ —
200 1000
So
® ||H(w)| | OH(W
0 0 -0’
500 | 166 | 175
2500 | 074 | 116
Then

Vo (t)=(0) 50 + (1.66) 30 cos (500t+115 +175 ) —(0.74) 20 cos (2500t + 30 +116 )

=49.8 cos (500t-70 ) —14.8c0s(2500t+146 ) mV
When R1=5kQ, C1=1uF, R2=10k and C2=0.01uF, then

jw
Eiﬂ.gm EHJ. w O
200HH "10,000H

H(w)= - 0.01

So
w ||H((o)||DH(§,\)
0 0 -90
500 | 1855 | -161
2500 | 1934 | 170°
Then

Vg () = (0)50 +(1.855) 30 cos (500t+ 115 161 ) - (1.934) 20cos(2500t+30 +170 )

= 55.65 cos (500t — 46 ) —38.68cos(2500t+190 ) mV
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P13.3-12

(8 div) ivj
d  |V= Y/ =8V
(6.2div)( %V j
[Vo|= ——————=62V
gain :|V°| =52 o715
IV 8
b) 1
H ):VO(w)_ joc _ 1
VS((‘O) R+i 1+J(*)CR
jwC
|H(oo)|=;
V1+w?C?R?
1
Let g = HW)=—
M) V1+w?C?R?
Then

2
C= i 1 -1
wR g
Inthis case w =2 800 = 3142 rad/s, |H ( )|= 0.775 and R=1000Q so C = 0.26F.

9 OHw= tanteRC

W= tan(—-0O H(w))
RC
Recalling thet R = 1000 and C=0.26yF, wecalculdte ¢ | |H(w)| | OH( o)

21(200) ‘ 0.95 ‘ -18’

21(2000) | 0.26 | -73
: enf{-e)]
Next, 0 H(w)= 45 requires w= e 3846 rad/s
(1000) i.zemo ’
Similaly, O H(wp - 135 requires w=— 2 ) 346 ragyfs

(1000) (0.26I0°8)

A negative frequency is not acceptable. We conclude that this circuit cannot produce a phase shift equal to —135'.
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d) C =

tan (-0OH(w))

(213500 ) (1000)

wR
_tn(=(60)  _ gerr
(21[500) (1000)
_ tan(=(-300)) _ _055UF

A negative value of capacitanceis not acceptable and indicates that this circuit cannot be designed to produce a
phase shift at —300° at a frequency of 500 Hz.

€)

_ tan(=(-120"))
"~ (2n®00)(100)

= —0550F

This circuit cannot be designed to produce a phase shift of —120" at 500 Hz.

Section 13-4: Bode Plots

P13.4-1 20 <5
. 2o(j9]=j4w 5< w<50
20(1+j) 5
H(w) = ——>/ HW = (o
. W -
(lﬂso 20 —2 [=200 50<w
'so
Aoy, d
b T
20 d,g/decode_
2o -+
} f = (W (Iu% scale)
5 5‘0
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P13.4-2

1+J9 1+J9

H(w) = o H,(w) =10 o
1+j— 1+j—

50 50

Both H,(w) and H.(w) have a pole at w = 50rad/s and a zero at w = 5Srad/s. The slopes of both magnitude Bode
plots increase by 20dB/decade at w = 5rad/s and decrease by 20dB/decade at w = 50rad/s. The differenceis that
for w < 5rad/s

|Hi(w)|= 1=00dB
|H,(w)| = 10=20dB

ﬁlHtwll}dﬁ
% o
L, un
2o -
L G |
o
Il I
, ! 7 W
- S0
P13.4-3 R,
H(w) Rﬁ.i 1R2(1+ju)R1C1)(1+j(*R2C2)
jwCy

This network function has poles at

Py = R11C1 =2000rad/s P, = R21(32 =1000rad/s
(CiR,jw ©<p
H@) = {(CRy). ch?:Rl :F;jzz pL<w<p,
(R o s TR, oo
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H[«Pj,aﬁur

Slope = 20 48/decade

/- Slepe = ©

4 - — ‘ slope, = ~26 dB
0log i < o Sope = m2ed
| i fﬁ‘:{e_
i
- —— ¢ > Wy rad/sec,
1 7 P Cla«a scale)
P13.4-4
R2
__HjawCoRy _  Ro(I+jwCiRy) _ Ry _ _ 1
HO=""Ry T TRy HaCRY) P KT TR T Ry TP R,
IHjwCRy
When z<p, then
h ‘3‘”“;‘15 slope = 20 dB/decade
20 by, % -
=]
—+ * > W, rad/sec
2 P Lloﬂ scale)
When p<z, then
A gau'n, a5

Rz
2 ID%lo E‘l

Slope = — 2o dB8/decade

— . e W, rrdSec
anﬂ sScale
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P13.4-5 A reasonable approximation (asymptotic) for the Bode diagramis:

F
anoj I'H{ju}l
431 / \
? lﬂ; za;a Ixnt ? g}(fhd{s)
. jw
g

(“ %ooj (“ jco2000)

Al®
At thepeak, H(jw) = - %:@
JO% 7
100
O 43:20Iog(£70A) 0 A=10
jw jw
10(1+ %)(“ Axm“)
i jo
(“400)(1* Aooo)

O H(jw) =

P13.4-6

_E -
™ 1006 gt 1010 100 1600 e

= Wo/ -1000/ -
(0 BW = “9f =1000/ - 100
(c) Fromthe Bodediagram, it isclear that the overall Q of the circuit is dictated by the Q of the second order

factor. Thusthe overal Q=10

(d) From, theplot, the gain at w, = 40dB
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P13.4-7

»  Theslopeis40dB/decade for low frequencies, so the numerator will include the factor (jw)?.

*  The slope decreases by 40dB/decade at w = 0.7rad/sec. So there is a second order pole at wy = 0.7rad/sec. The
damping factor of this pole cannot be determined from the asymptotic Bode plot; call it d;. The denominator
of the network function will contain the factor

2
1425, ,—w_(wj
0.7 \07
e The slope increases by 20dB/decade at w = 10rad/s, indicating a zero at 10rad/s.
e Theslope decreases by 20dB/decade at w = 100rad/s, indicating a pole at 100rad/s.
*  The slope decreases by 40dB/decade at w = 600rad/s, indicating a second order pole at vy = 600rad/s. The

damping factor of this pole cannot be determined from an asymptotic Bode plot; call it &,. The denominator of
the network function will contain the factor

2
1425, jw_(wJ
600 \ 600

K(1+]}2) ()
10

H(w) = 5 5
1+251,-w_[w] 1+252,-w_[w) (mw]
0.7 \07 600 \ 600 100

To determine K, notice that |H(w)[=0dB=1 when 0.7 < w< 10. Thatis
K(1)(%)®
2

—[‘*’) (1))
0.7

1= =K(0.7)? 0O K=2

P134-8 By inspection,

HG®) = AL+19100)
i(1+1% 09)

from the magnitude plot for 100<w<1000
u/
i 8| = A /100 _A
H(w)| = Aj--=>=
[Hge) = A S Y00

O 20log A15,=0 O A=100

100(1+]% )

S0 H(jw) = ———F—
i1+ 1% 000)
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P13.4-9

K ﬁ&j wu
z

@ T(w)= o

IT(w)= g 1+ é‘?ﬁz

K | mwrf } 02
T(w)| dB =20 logyg — ,[1+ =20log;o K-20l0 +201 1
| T(w)| 90 4, H 010 010 @ 0910 104

Let |TL (oo)| dB =201log,;oK —20log;, w
and [T,,(w)| dB = 20log,
z

T (W] dB  w< z

Then |T(w)| dB =
Th(w)|dB  w> z

So|T, (w)| dB and [Ty (w)| dB are the required low and high- frequency asymptotes.

(T{w)l;d8 T@ e Slope = - 2o dB/decsde
I //" S(Ir{]xat = o
‘;..
2o log K
2

o
l Sy l::“-"'lj. ,“J“-‘-qyjﬂl:.

The Bode plot will be within 1% of |T(w)| dB both for w<<z and for w>>z. The range when w<<zis
characterized by

ITL ()| = .99|T((o)| (gainsnot in dB)
0 20109y,.99 = [T, (w)| dB [T(w)| dB  (gainsindB)

2
20 logyoK—20 log;qw —20 log,q K 1+(wj
() z

2
—-2010g,, 1+[w)
z

20109y

2
1+ m]
z
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The range when w >> z is characterized by
[Ty (W) =99 T(w)| (gains not in dB)
0 201095999 = [Ty (w)| dB [T(w)|dB (gainsindB)

w z

2
~20l0gy, = 1+[°°)
[0V] Y4

2010910

N

72 i:?z
14
(1] 1
.99

The error isless than 1% when w < z and when w> 7z.

O

€

I

I

7
P13.4-10

H((A))Z VO(w) — Rt - Rt

Vs(w) 1 + R

Rt +R1 PN t :
jwC 1+jwCR,

e  RHIGCR) (R, 1+j6CR,

R; +R +jwCRR, Ri+R; 1

When Rl = 1kQ, C = 1uyF and Rt = 5kQ

(5 <1000
+j7w 0 E]é
0
H(w)=gmi£om 0 H(wp %ﬁjﬁ 1080 <w 1200
N
El J1200 El w<1200
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v B 08

[&) -+

+ } > W Cfog scale)

b

fooo i200
P13.4-11
@ gwky Vin(@) = 1(6) [Ry+(j &y = M) +(=] M +] ) +R,]
l . .
° Vo(w) =1(w) [(—] tM+j o) +R,]
+ T(w) = Vo(w) - R, +jw(L, -M)
Vip(w)  R;+R,+jw(L, +L, -2M)
V i e
(R K; = L\I[l;nm [T(w)| = & =075
L1+L2_2M
~ K, =DMy T = RR+2R =02
1 2
z =R 333 rad/s
LZ_M
p = R*Re o 1050 rags
P13.4-12
1
H) = - 192 - _HORIG 1 (+6RiCy)
) Ry C R RIC2 o
jawCy
L 1mp
H(w) = Q—leztuwm . Rfl
= (RCp) = -+ w>
H RiC2 Co R1C1
G _ 1 1 _
072 = E’Rlcl = 4000rad/s
-l= 2o fna (7 3
lo
~204d8/jecnde
—.b —t—
: = ady rﬁd/_g
0 Cloca- Seale)
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P13.4-13 Pick the appropriate circuit from Table 13.4-2.

1+j@
_{ Hw) = -k—2%
:: S
p
Cl where
] k= Ro
— R,
C—D Y 2=
ClRl
_ 1
- CaR;
Werequire =
200 =z = 1
C1R1
500 =p = .
CZRZ
14dB=5= kP = &1
z C,
Pick Cl = 1uF, thenC, = 0.2uF, R; = 5kQ and R, = 10kQ
P13.4-14 Pick the appropriate circuit from Table 13.4-2.
k
RE H(w) =- ®
Rl 1+j—
p
——ANV N —/\/& where
k:&
c Ry
T - = 1
, CR
— + 2
+
Cf:) v R v We require
i L o 1
- 500 = p :ﬁ
2
= 34dB = 50 = %

1

Pick C = .1uF, thenR, 20kQ, R; = 400Q
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Pick the appropriate circuit from Table 13.4-2.

R R2

P13.4-15

]

Werequire
200=p=_ 1
CZRZ
500=z= 1
ClRl
14dB = 5=k = "2
Rl

Hw) = -k

where

Pick C, = 0.1uF. Then R, = 20kQ, R, = 100kQ and C, = 0.05,F.

1+j9

—

1+
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