Chapter 14
Introduction to Frequency
Selective Circuits

14.1 Some preliminaries
14.2 Low-pass filters
14.3 High-pass filters
14.4 Bandpass filters
14.5 Bandreject filters
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QOverview

m \We have seen that the response of a circuit
depends on the types of elements, the way the
elements are connected, and the impedance of
the elements that varies with frequency.

m |n this chapter, we analyze the effect of varying
source frequency on circuit voltages and
currents. In particular, the circuits made of
passive elements (R, L, C) that pass only a finite
range of input frequencies.
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Frequency response plot / Bode Plot

m The steady-state response due to a sinusoidal
Input 4cosar Is determined by sampling the
transfer function H(s) along the imaginary axis,
l.e. Hjw).

A frequency response plot consists of two

parts: (1) magnitude plot |H(jjw)|, (2) phase
angle plot 0(jo)
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Filters:

Circuits that pass signals at certain
frequencies and block (Reject or attenuate)

signals of other frequencies

B 0
+
V;(s) @ Circuit V (s)
——0
If

V.(t) =V Sin(ot+ @)
V.(0)=V,|H(jo)Sin(at+¢+86,)

STUDENTS-HUB.com Uploaded By: Mohammed Saada



Four types of ideal filters

|H(je)| H(jw)|
|

I 1

1

Passband| Stopband Stopband| Passband

L P F 0(jw) W, p 0(-jw) e H P F
0° 0(jw.)
X: utoff freq.
0jeoc) - 0° |-
(o) [H(jo)|

1 - — |

Pass-
Stopband e Stopband

B P F 0(jw) 1) @We2 w 0(jw)
9(jw¢|) B O(jw)

00 I Oo

0(jwe) |- B(jwe1)
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Low Pass Filter (LPF) L

.
o Series RL Filter RS 2,
* Qualitative analysis: .
atw=0 (DC) , X, =@l =27fL =0 i
— L short ”’é? : "
Vo=Vi1 ,
atw=0 ,X, =wL=27xfl =x T .
— L open . RZ .
—>Vo=0 '
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|H(jw)|

1.0

S

Cut-off frequency v ®
0(jw)
1 v
lH(iwc)l = '_\—/-EHmax»
~90° -

10w
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Series RL Filter (LPF)

e Quantitative analysis: +

Voltage Transfer Function
R
]{@): /% ;
s+ &7

S=Jjw

sl

e ¥ Y Y \—

R V,(s)

Ze

When @ =0, the denominator and
the numerator are equal and ‘H( Jj O)‘ =1. This means that at @ =0, the
input voltage is passed to the output terminals without a change in the

voltage magnitude.
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Series RL Filter (LPF)

o= =1 —R/L CS )
c T _ T 1/ Vi(s) REV,(s)
r 43 !
a)C

Hls)= — .
(S) Jo+ @, L@

H(jo)=
J 1 +

6(jw)=—tan™ a)j
a)C
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Series RL Filter (LPF)

1

For =0 — |H(jo) = =1 (max)
e
1 +| —
D¢
For o = @, %‘H(jwc)‘: - 2 :\lf
()
1+ —
D¢
. 1 1
For o =10w, %‘H(JWCX: 2 :10
\/1+[10w(;]
s
For o =00 —|H(joo) = 1 =0 (m)
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Example

e Choose values for R and L 1n the circuit of the RL filter
such that the resulting circuit could be used in an
electrocardiograph to filter out any noise above 10 Hz and
pass the electric signals from the heart at or near 1 Hz.

« Then compute the magnitude of Vo at 1 Hz, 10 Hz, and 60
Hz to see how well the filter performs.

1 1 . 1
R I
a)C
]C()+CUC 1+J— e(ja)):_tanl(a)j
A @,
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H(jo) = — 0. =27, = L— =R/L
o 4
1 +| —
\/ [a)c j f.=10Hz
b choose L =100 mH
O(jow)=—tan™'| —
o, S R=27f L =22x10x100 mH = 6.28 Q
V. |=H(jo)|V,
\/a) + 207[)

1 1 0.995

1 10 0.707
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Series RC Filter (LPF) R

* Qualitative analysis: “é) =~
atw=0 (DC) , X, =}/ =c0
— C open
Vo =Vi

atw=00 ,X_ = le:O

— C short
Vo=0
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* Quantitative analysis:

Voltage Transfer Function

1
His)= yAiR

Vke

s+éc
S=Jjw
1/RC
H{jo)=
(]a)) jo+1/RC

STUDENTS-HUB.com

R
B 3
V(s) (b % —=V,(s)
w.=1/7=1/RC
0, 1
H(jo)=—F—=
( ) JO+ @, 1+j£
a)C
. |
‘H(]w)‘ ) 2 Same as RL
\/1 + (a)] circuit
a)C
O(jo) —tanl[ﬂ
a)C
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High Pass Filter (HPF) -
» Series RC Filter "‘C> RE

* Qualitative analysis:

c
ata)=O(DC),XC=4)C=OO U,CS@ RSP,

— C open
Vo=0

— C short
Vo=Vi
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* Quantitative analysis: c

Voltage Transfer Function v C‘f) R3S ,

" f%c

¢ w.=1/7=1/RC
e+ U H(io)= 212 __ 1
. &C (Ja)) j(()-l-&)c 1_|_&
S=J] ]6()
H(jw)=—2% 1

jo+ o H(jow) = 2
(2

)
. -1
6(jw)=90—tan Q—)
)]
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H(jw)

10 r———=—===
H(jo,.)|= L com
V2
0
o(jwy| v
+90°
O(jo.)=45
0°

STUDENTS-HUB.com Uploaded By: Mohammed Saada



Series RL Filter (HPF)

* Quantitative analysis:

Voltage Transfer Function

H(s): sl _ S ;
sL+R s+R/L

S=Jjw

H(jo)=
jo+ o,
w.=1/t=R/L
. jo |
Hljow)= =
(jo) jora. o
Jjo

STUDENTS-HUB.com

R

W '-
Vi(s) ¢ sL > V()

1

H(jw) = 2
e

0(jw)=90- tanl[ﬁj

@c

Same as RC circuit
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Example 14.4: RL circuit with load (1)
m An RL circuit can be an HPF if v = v,.

m \When a load resistor R, is in parallel with the

output inductor L:

R
AW

O 4@

Ks R 1
— H(s) = - , where . =—, K =
: L 1+ (R/R,)

s+ Ko
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Example 14.4: RL circuit with load (2)

m The effects of R, are:
(1) reducing the
nassband magnitude
oy a factor of K, (2)
owering the cutoff
frequency by the
same factor of K.

2 '\'I—.?.-

1.0 (V) -

0.8 -
1

V2 06

0.4

i ek

02

L

u“\oaded

, loaded

(R;=R)

&l \l | | l [

0
0

10 f. 20 30 40
Frequency (kHz)

N
-

m Problem: the response varies with the load.

Solution: use active filters
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Bandpass Filters (BPFs) | \

* Two cut-off frequencies :w 1 & Wer o

™o Mc2

« Center frequency (Resonant Frequency): w,
* W, 1S the center of pass-band "

o

—

o (1)0 — \/a)cla)cz %L“iﬁ: :

* Hipax = |H (j(l)o)l "‘g‘g(i i -
 Bandwidth ﬁ = Wy — Weq —
 Quality factor Q = % o}

* Only two of these parameters can be specified
independently, others are calculated
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Bandpass Filters (BPFs)

Series RLC circuit

-
mZ=1/(joC), Z,=joL. —

m /. —>was w—>0,=v,—>0.

B/, —>»as o>, =v,—0.

O L
m At some frequency m,)e(o,x),tvé) (@—0)  Rr3:
L. +2;=0,v,=v.

AL

(—0)

m The input voltage can pass ol
through the circuit if the 5 (0—>x)  R$:
source frequency is near @,.
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Voltage Transfer Function

H(s)=—
R+sL+1/sC

~ R
sCR +s*LC +1
sC

sCR/LC
H(s)= 2
sCR/ILC+s“LC/LC+1/LC

{2)

52+S(R)+1/LC S=jw

L
R
In General for BPF @

) S o 1
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at o = w, t1=aw. (%e)_ (%)CRCJ

jo L +— & =0 4 possible values of @, , only two are
0,
/ ; positive and have physical meaning
> =—F— 2
o R R 1
1c Y T
at w = o, 2L 2L LC
1 2
‘H(JCOC)‘:— ) :E_F £ _|_L
V2 =L \2r) " Ic
o & 1
1 “\ L W, = Oc| D¢y = TC

[t (Vo[ 1 0-eeoiiE_ [T
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Example 14.5

Using the series RLC circuit , choose values for R, L,
and C that yield a bandpass circuit able to select
inputs within the 1-10 kHz frequency band. Such a
circuit might be used in a graphic equalizer to select
this frequency band from the larger audio band
(generally 0-20 kHz) prior to amplification.
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Solution
We need to compute values for R, L, and C that produce

a bandpass filter with cutoff frequencies of 1 kHz and 10
kHz.

W,y = —% + \/'(zz-)‘ + (%) (14.29) Complex
R [[RY 1 < I

wa =55+ (i) - (L_C_) (14.30)

ﬂ Simple
| |
a)o:\/a)crla)cz:ﬁ Q:wozﬁ: 7
g~ R R
L
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Any approach we choose will provide only two equations—
insufficient to solve for the three unknowns—because of the
dependencies among the bandpass filter characteristics. Thus, we
need to select a value for either R, L, or C and use the two
equations we've chosen to calculate the remaining component
values. Here, we choose 1 uF as the capacitor value, because there
are stricter limitations on commercially available capacitors than on
inductors or resistors.

1
=,/ = =3162.28 Hz.
fo ferfes A JLC

L= 1 -— =2.533mH
(2r,)"C

0= o, _ @, _ /. _ L2 _ 3126.8 03514,
B 005 for— S CR 10000—-1000

—> R = L2 =143.2411Q)
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Parallel RLC K .

+
L4V,

a) Show that the RLC circuit is also a bandpass filter by
deriving an expression for the transfer function H(s).

b) Compute the center frequency,

c) Calculate the cutoff frequencies, the bandwidth, and
the quality factor, Q.

d) Compute values for R and L to yield a bandpass
filter with a center frequency of 5 kHz and a bandwidth
of 200 Hz, using a 5 uF capacitor

s

:
-
+—|
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R

A ————

Vi(s) 1 /sC =

s

4‘

Voltage Transfer Function

)= _2e4)_
Zeq(s)+ R

L/C
Zeq(s)=—

—+sL
sC

\)

____RC
H(S)_ $2 S 1

+——+
RC LC
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4 possible values of @, , only two are

positive and have physical meaning

1 1Y 1
O, =———+.|| — | +—
2RC JRC/) LC
1 1Y 1
0, =——+.|| — | +—
2RC JRC/) LC

1
@, = \/a)(nwcz = ﬁ
1

IB WDpy — Cl:_C

1
o JLC R*C
gL L

RC Uploaded By: Mohammed Saada
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Assume C = S ulF
1 1
LC  (27.200)*5*%10°°

—>R =159.15Q

1 1

—>L=—== 2 6
w,C (2z*5000)" *5*10

=202.64 uH
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Band Reject Filter

0(jw)

T~
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Band Reject Filter

Series RLC circuit

m/=1/(joC), Z,=joL.

B/ —>was w—>0,=

v,— Vi

B/, —>was o>, =

v,— Vi

m At some frequency @,(0,%),

ZC+ZL:O” v,— 0
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Voltage Transfer Function

H(S)Z sL+1/sC
R+sL+1/sC

5% + (lj In general for BRF

_ L
B s+ wf,
3 +s(§j+1/LC jl> HO) = G Bs t o

S=Jjw

\/Lc
J /LC“‘) [“)(RL)]z

H(jw) =
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at o = w,
1
]a)C

jo L+ =0

_
Satw=ao,

|H(] a)c)| S

Same as series BPF

STUDENTS-HUB.com

4 possible values of @, , only two are

positive and have physical meaning

o =X J(ﬁj L
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Example 14.8 Series RLC BRF

» Using the series RLC circuit, compute the component values that yield
a bandreject filter with a bandwidth of 250 Hz and a center frequency

of 750 Hz. Use a 100 nF capacitor. Compute

values for R, L, w¢q, wcp and Q. R
A~ y |
1 D
C.) = wC,I’B - 3' l-" ' "‘,
_C
I
L =— -
w,C —
_ 1
[27(750)])*(100 X 107°)
= 450 mH.
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R = BL

= 2m(250)(450 x 107%)

= 707 (1.
B BY’
W, = ‘-E + ‘i' + w,z,
= 3992.0 rad/s,
W = g + \/(%)— + w,z,
= 5562.8 rad/s

The cutoff frequencies are at 635.3 Hz and 885.3 Hz.
Their difference is 885.3 — 635.3 = 250 Hz, con-
firming the specified bandwidth. The geometric
mean is V(635.3)(885.3) = 750 Hz, confirming the

specified center frequency.
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Parallel RLC BRF

Voltage Transfer Function sL_
R
H(s)= N
R+sL//1/sC 5 .
I\

s* +s L +1/LC
RC
] s* + @’
o 2 H(S): 2 2
LC Vi Vi , S*+ fs + o,
o, =——+.|| = | +to,
] 2 2
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14.2 Use a 1 mH inductor to design a low-pass, RL, pas-
sive filter with a cutoff frequency of 5 kHz.

PlOCl EM

eice a) Specify the value of the resistor.
MULYESIM

b) A load having a resistance of 68 {1 i1s connected
across the output terminals of the filter. What 1s
the corner, or cutoff, frequency of the loaded fil-
ter in hertz?

c) [If you must use a single resistor from Appendix H
for part (a), what resistor should you use? What 1s
the resulting cutoff frequency of the filter?

[a] % = 10,0007 rad/s

R = (0.001)(10,000)(7) = 31.42Q

[b] R. = 31.42/68 = 21.490

Wloaded = % S 21.48834 rad/s

floaded = 3419.98 Hz

[c] The 331 resistor in Appendix H is closest to the desired value of 31.42 ().
Therefore,

33krad/s so fo=5252.11Hz
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14.5 Use a 500 nF capacitor to design a low-pass passive
osw  filter with a cutoff frequency of 50 krad/s.

PROGLIM

st a) Specify the cutoff frequency in hertz.
MULTISIM

b) Specify the value of the filter resistor.

¢) Assume the cutoff frequency cannot increase by
more than 5%. What is the smallest value of
load resistance that can be connected across the
output terminals of the filter?

d) If the resistor found in (c) is connected across
the output terminals, what is the magnitude of
H(jw) when w = 0?

. 50000 50 .
(a] f. = ;“W = —— = o x 10° = 7957.75 Hz

[b] S = 50 x 10°

1
It= (50 x 103)(0.5 x 10-6) 400

[c] With a load resistor added in parallel with the capacitor the transfer
function becomes

RUI(/sC) Ru/sC
R+ R.|[(1/sC)  R[R; + (1/sC)] + Ry /sC

H(s) =
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B Ry, B 1/RC
" RR;psC+ R+ R;, s+ [(R+RL)/RRLC]

This transfer function is in the form of a low-pass filter, with a cutoff
frequency equal to the quantity added to s in the denominator.

Therefore,
Y R+ R, 1 (1 N i)
“ RR.C  RC Ry
R .
— =10.05 S Ry =20R = 80012
Ry,
, R; 800
dl H(70) = = = (.9524
[d] H(;0) RT R~ 810 5
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14.10 a) Find the cutoff frequency (in hertz) for the high-

Figure P14.10
pass filter shown in Fig. P14.10. 5nF
b) Find H(jw) at w,, 0.2w,, and Sw,. . { .
c) If v = 500coswt mV, write the steady-state ” 50 k2 v,
expression for v, when w = ., w = 02w,, and
® = 5. . .
(] L 1 — 4000rad/
YU RC T BOx10%) (5 x 10-9) /s
£, = 2000 _ 636,621
o
o S jw
[b] H(s) = s + we H(jw) = 4000 + jw
S 74000 B
H(juwe) = H(j4000) = 7==5 000 = 7071
H(j0.2w,) = H(j800) = —2°%0 __ _ (.1961/78.69°
S J 4000 + jS00 ‘
N (00 \ 520,000 - .
H (j5we) = H(j20we) = 7555 0 = 0.9806/11.31
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[c] vo(t)|w. = (0.7071)(500) cos (4000t + 457)
= 353.55 cos(4000f + 45°) mV

Uo(t)]0.20. = (0.1961)(500) cos (800t + 78.60°)
= 08.06 cos(800¢ + 78.69°) mV

Vo(t) |50, = (0.9806)(500) cos (20,000t + 11.31°)
— 490.29 cos(20,000¢ + 11.31°) mV
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14.15 Consider the circuit shown in Fig, P14.15. Figure P14.15

a) With the input and output voltages shown in the '5‘0, ,,0
figure, this circuit behaves like what type of filter?
b) What is the transfer function, H(s) = V,(s)/Vi(s), +

of this filter? ”'Ct) 10 mH § "

¢) What is the cutoff frequency of this filter?

d) What is the magnitude of the filter's transfer
function at s = je./?

[a] For w = 0, the inductor behaves as a short circuit, so V, = 0.
For w = oo, the inductor behaves as an open circuit, so V, = V;.
Thus, the circuit 1s a high-pass filter.

sL S S
[b] H(s) = R+sL s+ R/L ~ 5+ 15,000
[c] we = % = 15,000 rad/s
: jR/L j 1
d] |H(jR/L)| = — | | =—
A ORI |jR/L+R/L’ 'j+1' V2

STUDENTS-HUB.com Uploaded By: Mohammed Saada



Figure P14.15

14.16 Suppose a 150 Q load resistor is attached to the fil- e S

ter in Fig. P14.15.

a) What is the transfer function, H(s) = V,(s)/V/(s). -
of this filter? v,(_) 10 mH % ,

b) What is the cutoff frequency of this filter?

¢) How does the cutoff frequency of the loaded fil-
ter compare with the cutoff frequency of the
unloaded filter in Fig. P14.15?

d) What else is different for these two filters?

S —RL
Vo Ry ||sL (R+ RL)
H o = —

Al B = 3 = R RelsE S+§( Ry )

{ L \R+ Ry

_ 153
s+ (15,000
[b] w, = % (%LRL) — %(15,000) — 7500 rad/s
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- . —— N —_——ga —_—

1
[e] wer) = Fwewry

[d] The gain in the passband is also reduced by a factor of 1/2 for the loaded
filter.
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14.18 Calculate the center frequency, the bandwidth, and
the quality factor of a bandpass filter that has an
upper cutoff frequency of 121 krad/s and a lower
cutoff frequency of 100 krad/s.

Wo = /@awe = 1/(121)(100) = 110krad/s

f, =22 _17.51kHz

2m
F=121 — 100 = 21 krad/s or 2.7T9kHz

Wo 110 B

_ x 9,
Q= 3 91 5.24

STUDENTS-HUB.com Uploaded By: Mohammed Saada



14.20 Use a 5 nF capacitor to design a series RLC band-
JSesian  pass filter, as shown at the top of Fig. 14.27. The cen- L
e Ler frequency of the filter is 8 kHz, and the quality

——
Al

wumsiv - factor is 2.

a) Specify the values of R and L.
b) What is the lower cutoff frequency in kilohertz?

¢) What is the upper cutoff frequency in kilohertz?
d) What is the bandwidth of the filter in kilohertz?

1

[a] w:;’:— so L=

LC

1
0

— 79.16 mH
8000(2m)]2(5 x 10-9) o

woL  8000(27)(79.16 x 10-3)

R = 0 5 = 1.99kQ)
_— - 1 1 _— =4
[b] fe = 8000 ~1 +14/1+ 16] = 6.25kHz
1 [ 1
[c] feo = 8000 1 +14/1+ E] = 10.25kHz
i " [d] 3= fo— fa=4kHz
or
B = 'g’ = 80200 = 4kHz

STUDENTS-HUB.com
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14.36 Use a 500 nF capacitor to design a bandreject filter, Figure P14.36

jsemen  as shown in Fig. P14.36. The filter has a center fre- 500
" . nF
sece  Quency of 4 kHz and a quality factor of 5. I (
ISR a) Specify the numerical values of R and L.
b) Calculate the upper and lower corner, or cutoff, 1 ¢
frequencies in kilohertz. . o
¢) Calculatc the filter bandwidth in kilohertz. E R '
. B
[a] w, =27 f, = 8w krad/s
1 1
@2C — (8000m)2(0.5 x 10-9)
ol
)
R = ¢ = = 397.89(2
w,C  (80007)(0.5 x 10-5)
9
[b] fo=f 14 (2 4000 | 2 L 4—
Q= = - —
° Q 20 0 100

= 4.42kHz
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1 N\ 1
fCIZfO[_E+\]1+(@)lzmool_ﬁ+ L4

= 3.62kHz

[c] 3= fa— fa=800Hz
or

g=Jdo 20 _ ghom,

QO 5
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14.39 Design an RLC bandreject filter (see Fig. 14.28[a]) |
with a quality of 2.5 and a center frequency of L
25 krad/s, using a 200 nF capacitor. +
a) Draw your circuit, labeling the component val- i —> "
ues and output voltage. C
b) For the filter in part (a), calculate the bandwidth I -

and the values of the two cutoff frequencies.

1 1
[a] wo =y1/LC so 2C ~ @500 x 109 -~ omH

“o , wo 2!) 000 SAOQ
Q= 3 so 3= 0~ 25 = 10,000 rad/s Wi "
gmH
R vi C> Yo

[b] From part (a), 3 = 10,000 rad/s.

3
W, +2 4 2 42 =
We12 = 2+ 2 + 5

0,000 . .
10,000 \/ (@) + 95,0002 = +5000 + 25,495.1

sTUDENTSTIRI- 1 rad/s wer = 30,495.1 rad /s Uploaded By: Mohammed Saada



Following Slides
for Information

Only
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Application of BPFs

m Q: How to tell which button was pushed? How to
tell the difference between the button tones and
the normal vocal sounds (both are within 300-

3000 Hz) or ringing bell tones (20 Hz)?
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' Dual-tone-multiple-frequency (DTMF)

m Each bottom is "High Group" frequencies [Hz]

1209 1336 1477 1633

encoded with a

. . y
unique pair of 267 112 3 A |rw

sinusoidal tones (f;. &
U sm 4 5 6 B ew

), where the g
relative timingand 282 7 8 | 9 C e
amplitudes must be 2941 * 0 # D e

close enough. 3

(Column 1) (Column 2) (Column 3) (Column 4)

m BPFs: (1) identify whether both freq. groups are

present, (2) select among possible tones.
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BPF design for the low-frequency group
m The transmission spectrum of a series RLC is:

H(jo)|

, Jslo,
1O = ‘H(](O)I - \/( ) ) )2 )
| v | S — - -
Lo o — @) +(fo)
il R 1
| l - I — —
0oy | @t @0 02 5 Where = I @ = JIC

m For the low-freq. group, @.,=2m(697)=4379 rad’s,
D,=21(941)=5912 rad/s, = [=o.,—®.,= 1533 rads.

B 5=R/L., =>L=R/S=(600Q)/1533=0.39 H.

o, = oo, =1/JLC.= C=1/(Lo. o) =1001nF.
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BPF performance (1)

m The transmission of the 4 frequencies in the low-
frequency group are imperfect (<1):

|H697Hz| - ‘H941Hz‘ - T =0.707,

‘H770Hz‘ — ‘H852Hz‘ — \/

1.0
1

= 0.948.
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' BPF performance (2)

m The transmission of the high-frequency group
tones and the 20 Hz ringing tone are imperfect

(>0): |

H(f)
(1209 Hz, 0.344)
(1633 Hz, 0.194)

0.5]

(20 Hz,
0.74%)
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BPF design for the high-frequency group

m The transmission spectrum of a series RLC is:

Lo ,Bzﬁ. 0, = 1

Vo -aif +(poy L NIC

H(jo)|=

m For the high-freq. group, @_.,=21(1209)=7596
rad/s, @.,=2n(1633)=10260 rad/s, = [= 0.0, =
2664 rad/s.

m Both L and C values are smaller:

B=R/L, > L=R/pB=(6000Q)/2664=0.26 H.

o, = o0, =1/JLC.= C=1/(Lo. »,)=5TnF.
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BPF performance

m The transmission of the low-frequency group

tones and the 20 Hz ringing tone are imperfect
(>0): 1

H(f)

(941 Hz.

0.5

(20 Hz, 0.43%)

.
0 U (k) 2 3
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