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3. PA
SSIV

E
 F

ILT
E

R
S.

 

3.1
From

 E
quation (3.2) w

e get 

 

r

 

L

 

 

 

≈

 

 126 m

 

Ω

 

.

 

3.2
 

 

3.3
T

he pow
er that the sinusoidal signal source delivers is absorbed in 

 

R

 

s

 

 and 

 

R

 

L

 

, since the 

 

L
C

 

 netw
ork 

is 
lossless. 

T
he 

m
axim

ally 
available 

pow
er 

from
 

the 
source 

and 
that 

is 
dissipated 

in 

 

R

 

L

 

 
is

 w
here 

 

V

 

in

 

(

 

ω

 

) is the effective value of the sinusoidal. For a frequency w
here the

m
axim

ally pow
er is dissipated in 

 

R

 

L

 

 

 

is the sam
e pow

er dissipated in 

 

R

 

s

 

. T
he transfer function and

frequency response for an 

 

L
C

 

 filter is determ
ined by

. U
sually the frequency response is norm

alized in

order to sim
plify the calculations so that 

. T
his m

eans that for a doubly

resistively term
inated 

 

L
C

 

 ladder w
ith 

 

R

 

s

 

 

 

=
 

 

R

 

L

 

 

 

w
e have 

. 

 

 

 

3.4
C

onsider Figure 3.2. T
he current is 

. T
he pow

er dissipated in the load is 

 
. 

M
axim

um
 

pow
er 

is 
dissipated 

w
hen 

the

denom
inator is m

inim
um

, w
hich occur w

hen 

 

X

 

L

 

 =
 –

 

X

 

s

 

 and w
hen 

 is m
axim

um
. T

hat is

w
hen 

 

R

 

L

  =
  R  

s.

 

. H
ence, the m

axim
al pow

er transfer occur if 

 

Z

 

L

 

 =
 

 

Z

 

s *.

 

3.5
Since 

 

R

 

s

 

 

 

=
 

 

R

 

L

 

, 

 

the output voltage w
ill not be larger than half of the input voltage, i.e., the attenuation 

is –20 log(0.5) =
 6.02 dB

. A
t 

 

ω

 

 =
 0 w

e get 

 

V

 

outm
ax

 

 =
 1 V

. A
t the passband edge there w

ill be som
e

additional attenuation due to the ripple in the passband, 

 

A

 

m
ax

 

, w
here 

 

A

 

m
ax

 

 =
 –10 log(1 – 

 

ρ

 

2

 

). W
ith 

 

ρ 

 

=

50%
 w

e have 

 

A

 

m
ax

 

 =
 –10 log(1 – 

 

0.5

 

2

 

) =
 1.249 dB

. T
he total attenuation at the passband edge is: 6.02

+
 1.249 =

 7.269 dB
 w

hich correspond to 10

 

–(7.269/20)

 

 =
 0.4331. T

he output signal is therefore 

 

V

 

out

 

(

 

t

 

) =
0.8661 sin(

 

ω

 

c

 

t

 

).

 

3.6 a
T

he im
pedance scaling involve m

ultiplying all im
pedance w

ith the sam
e factor, i.e., 

 

ksL

 

, 

 

k

 

/

 

sC
 

 

and 
w

hich yields 

 

L

 

 

 

→

 

 

 

kL

 

, 

 

C

 

 

 

→

 

 

 

C
/k

 

 and 

 

R

 

 

 

→

 

 

 

kR

 

. Since im
pedance scaling is done w

ith the sam
e factor 

 

k

 

,
the transfer function and frequency response are not affected. in our case, 

 

k

 

 =
 

 

R

 

L

 

’/

 

R

 

L

 

 =
 1000/600. W

e
get 

 

L

 

1

 

 =
 

 

L

 

3

 

 =
 

 

k L
’

 

3

 

 =
 

 

k

 

 600 m
H

 =
 1 H

, 

 

C

 

2

 

 =
 (3.3/

 

k

 

) μ
F =

 1.98 μ
F and 

 R

 s   =
  

R

 

L

 

 =
 600/

 

k

 

 =
 1 k

 

Ω

H
s()

s 2
rz 2

+

s 2
cs

rp 2
+

+
----------------------------

=

P
im

ax

V
in

ω(
)

2

4R
s

-----------------------
=

P
out

ω(
)

P
im

ax
--------------------

V
out

ω(
)

2

R
L

-------------------------

V
in

ω(
)

2

4R
s

----------------------

-------------------------
4R

s

R
L

---------
H

j ω
(

)
2

1
≤

=
=

H
norm

jω
(

)
m

ax
1

=

H
denorm

jω
(

)
m

ax
0.5

=

I
V

1

Z
1

Z
2

+
------------------

=
P

L
I

2R
L

=

V
1

Z
1

Z
2

+
------------------
⎝

⎠
⎜

⎟
⎛

⎞
2R

L

V
1

2R
L

R
s

R
L

+
(

) 2
X

s
X

L
+

(
) 2

+
-----------------------------------------------------------

=
=

V
1

2R
L

R
s

R
L

+
(

) 2
--------------------------
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b)
T

he new
 frequency response shall have the passband edge at 6π M

rad/s, i.e., w
e increase the band

edge w
ith the factor 6000π. A

ll term
s in the expression for the frequency response contain frequency

dependent im
pedances (L and C

) as products of ω
2L

C
. T

hese products w
ill be unaffected after the

frequency scaling. If w
e increase ω

 w
ith a factor k and divide L

 and C
 w

ith the sam
e factor, then the

products 
rem

ain 
the 

sam
e, 

i.e., 
(k ω

) 2(L
/k)(C

/k) 
=

 
ω

2L
C

. 
T

he 
resistors, 

w
hich 

are 
frequency

independent and not affected. In this case, w
e get R

s  =
 R

L  =
 1 kΩ

 and L
1  =

 L
3  =

 1/k H
 =

 1/6000π =
53.0516 μ

H
.

3.7
A

n R
C

 section attenuate at the cutoff frequency w
ith 3.0102 dB

. H
ence, ω

c  =
 1/R

C
. For fc  =

 1,2 kH
z 

and R
 =

 10 kΩ
 w

e get 2π1200 =
 1/(C

 10
4) =

>
 C

 =
 13.249 nF

3.8
%

 L
P specification: A

m
ax  =

 0.01; A
m

in  =
 50; w

c =
 100e6; w

s =
 350e6; R

s  =
 50; R

L  =
 50.

a) B
utterw

orth
W

c = 100*10^6; W
s = 350*10^6; Am

ax = 0.01; Am
in = 50; Rs = 50; RL = 50; 

N = BW
_ORDER(W

c, W
s, Am

ax, Am
in)

N = 8; Ladder = 0; 
%

 pi ladder
[L, C, K] = BW

_LADDER(W
c, W

s, Am
ax, Am

in, N, Rs, RL, Ladder)
N

 =
 7.0186 W

e select N
 =

 8

b) C
hebyshev I

W
c = 100*10^6; W

s = 350*10^6; Am
ax = 0.01; Am

in = 50; Rs = 50; RL = 50;
N = CH_ORDER(W

c, W
s, Am

ax, Am
in)

N = 5; Ladder = 0;
[L, C, K] = CH_I_LADDER(W

c, W
s, Am

ax, Am
in, N, Rs, RL, Ladder)

N
 =

 4.9281
W

e select N
 =

 5

L
 [μ

F]
C

 [n F]

0
 0.05339068015275

0.38010948348175
0

0
 0.22754961736904

0.67103268710839
0

0
0.26841307484336

0.56887404342260
0

0
0.15204379339270

0.13347670038186
0

L
 [μ

F]
C

 [n F]

0
0.15126633060317

0.65245987094190
0

0
0.31546102537261

0.65245987094190
0

0
0.15126633060317

R
L =

 1 kΩ

R
s =

 1 kΩ
L

1 =
 1 H

L
3 =

 1 H

C
2 =

 1.98 μ
F

V
in

+_

V
out

R
L ’=

 600 Ω

R
s ’ =

 600 Ω
L

1 ’=
 600 m

H
L

3 ’=
 600 m

H

C
2 ’=

 3.3 μ
F

V
in

+_

V
out
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c) C
hebyshev II

N = CH_ORDER(W
c, W

s, Am
ax, Am

in)
N = 5;  Ladder = 0;
[L, C, Rs, RL, W

0, K] = CH_II_LADDER(W
c, W

s, Am
ax, Am

in, N, Rs, RL, Ladder)
N

 =
 4.9281     W

e select N
 =

 5

d) C
auer

W
c = 100*10^6; W

s = 350*10^6; Am
ax = 0.01; Am

in = 50; Rs = 50; RL = 50; 
N = CA_ORDER(W

c, W
s, Am

ax, Am
in)

N = 5; 
[G, Z, R_ZEROS, P, W

snew
] = CA_POLES(W

c, W
s, Am

ax, Am
in, N);

W
 = [0:W

s/200:5*W
s];

H = PZ_2_FREQ_S(G, Z, P, W
);  Att = M

AG_2_ATT(H);
plot(W

, Att, 'linew
idth', 2, 'color', 'r'); hold on

Ladder = 0; 
%

 pi ladder
[L, C, Rs, RL, W

0, K] = CA_LADDER(W
c, W

s, Am
ax, Am

in, N, Rs, RL, Ladder)
Z0 = []; T = 1;
H = LADDER_2_H(N, Z0, L, C, Rs, RL, K, W

, T);
Att = M

AG_2_ATT(H*2);
PLOT_ATTENUATION_S(W

, Att)
N

 =
 3.888 W

e can not realize a low
pass C

auer ladder of even order. T
here m

ust be at least one zero at
infinity for a realizable low

pass filter. W
e m

ay use a m
odified even-order C

auer filer type C
, how

ever,
here w

e select N
 =

 5  

3.9
From

 a nom
ogram

 w
ith ω

s /ω
c  =

 6 =
>

 N
 =

 5.
From

 a table w
ith R

s  and R
L , i.e., r =

 1 w
e select the filter P

0516. W
e get for the norm

alized T ladder

(a T ladder begins w
ith an inductor) and after denorm

alization w
ith and R

0  =
 50 Ω

 and rp0 =
 ω

c ε –1/N =

10
5 ε –1/6 =

 1.379 10
5 w

here 
r =

 1 
R

s =
 R

L  =
 R

0 r =
 50 Ω

L
1 ’ =

 0.6180
L

1  =
 L

1 ’R
0 /rp0 =

 0.2589 m
H

C
2 ’ =

 1.6180
C

2  =
 C

2 ’/(R
0 rp0 ) =

 236.56 nF
L

3 ’ =
 2.0000

L
3  =

 L
3 ’R

0 /rp0 =
 0.73103 m

H
C

4 ’ =
 1.6180

C
4  =

 C
4 ’/(R

0 rp0 ) =
 236.56 nF

L
5 ’ =

 0.6180
L

5  =
 L

5 ’R
0 /rp0 =

 0.2589 m
H

L
 [μ

F]
C

 [n F]
ω

0

0
0.15303549765980

0.16897449368419
0.01669091433255

 5.95455565846428 10
8

0
0.52370812504808

0.15154721380251
0.04872239250670

3.68011778483394 10
8

0
0.12456064600872

L
 [μ

F]
C

 [n F]
ω

0

0
0.13999718453357

0.61223598723062
0.01469869387294

 3.33350568849650 10
8

0
0.28631519830734

0.52231096665713
0.04187643147380

2.13821117393035 10
8

0
0.11730363270447

ε
10

0.1A
m

a
x

1
–

=

+_

R
L

V
out

C
4

L
3

C
2

L
1

V
in

R
s

L
5
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D
enorm

alization of the elem
ent values for

B
utterw

orth filters is done w
ith rp0 . N

otice
the 

sym
m

etry 
in 

the 
ladder 

and 
elem

ent
values 

w
hich 

is 
an 

indication 
of 

low
er

elem
ent sensitivity.

f)
W

e get for the elem
ent values for the π

ladder 
C

1 ’ =
 0.6180

C
1  =

 C
1 ’/(R

0 rp0 ) =
 90.355 nF

L
2 ’ =

 1.6180
L

2  =
 L

2 ’R
0 /rp0 =

 0.5914 m
H

C
3 ’ =

 2.0000
C

3  =
 C

3 ’/(R
0 rp0 ) =

 292.41 nF 
L

4 ’ =
 1.6180

L
4  =

 L
4 ’R

0 /rp0 =
 0.5914 m

H
C

5 ’ =
 0.6180

C
5  =

 C
5 ’/(R

0 rp0 ) =
 90.355 nF 

A
lso here w

e have sym
m

etry and ladder has few
er inductor and is therefore cheaper to m

anufacture.
g)

In this case, the term
inating resistors are unequal. W

e have r =
 R

L /R
s =

 300/600 =
 0.5. From

 a table,
or BW

_LADDER, w
e get the elem

ent values for the π ladder. N
otice w

hen the term
inating resistors are

unequal w
e get different cases. In this case, w

e have N
 =

 odd and the signal source is a voltage
source. W

e denorm
alize so that one of the term

inating resistor becom
es 300 Ω

 and the other
becom

es 600 Ω
. W

e select R
0 =

 300 Ω
.

r =
 0.5 

R
s ’ =

 1/r =
 2

R
s =

 600 Ω
R

L ’ =
 1

R
L =

 300 Ω
C

1 ’ =
 3.1331

C
1  =

 C
1 ’/(R

0 rp0 ) =
 76.346 nF 

L
2 ’ =

 0.9237
L

2  =
 L

2 ’R
0 /rp0 =

 2 m
H

C
3 ’ =

 3.0510
C

3  =
 C

3 ’/(R
0 rp0 ) =

 74.346 nF 
L

4 ’ =
 0.4955

L
4  =

 L
4 ’R

0 /rp0 =
 1.1 m

H
C

5 ’ =
 0.6857

C
5  =

 C
5 ’/(R

0 rp0 ) =
 16.709 nF 

T
he ladder has no sym

m
etry and the sensitivity is probably som

ew
hat larger. 

 N
otice that for a reciprocal ladder it is possible to place the signal source (voltage source) either in

series w
ith R

L  or R
s and use the voltage of the other resistor as output signal (signal carrier). T

he
frequency response w

ill be the sam
e in both cases, except for a constant factor. In this case, according

to Problem
 3.5 the m

axim
al output voltage is R

L V
in /(R

s  +
 R

L ) =
 300 V

in /(600 +
 300) =

 V
in /3

com
pared to V

in /2 in case a) and b). U
sually w

e have no reason to not select equal term
ination w

hen
the ladder is used as reference filter for synthesis of active, SC

 or digital filters. 

3.10
W

e have ω
c  =

 2π 500 krad/s and ω
s  =

 2π 2500 krad/s. A
 nom

ogram
 yields w

ith ω
s /ω

c  =
 5 =

>
 N

 =
 3. 

W
e select the filter T0316, w

ith R
s  =

 R
L  =

 1, the norm
alized T ladder have the follow

ing 
norm

alized elem
ent values 

R
s ’ =

 R
L ’ =

 1, L
1 ’ =

 L
3 ’ =

 1.5963 and C
2 ’ =

 1.0967
D

enorm
alizing w

ith R
0  =

 600 Ω
 and ω

c  =
 1000 π

rad/s gives R
s  =

 R
L  =

 R
0 R

s ’ =
 600 Ω

T
he denorm

alized T ladder is show
n to the right.

For a π ladder w
e get the norm

alized elem
ent

values: R
s ’ =

 R
L ’ =

 1, C
1 ’ =

 C
3 ’ =

 1.0967 and L
2 ’

=
 1.5963 and after denorm

alization

+_

R
L

V
out

C
3

L
4

C
1

L
2

V
in

R
s

C
5

R
L ’

R
s ’

L
1 ’

L
3 ’

C
2 ’

V
in

+_

V
out

L
1

L
3

L
3 ' R

0

ω
c

------
1.5936

600
1000π
---------------

0.3049 H
=

⋅
=

=
=

C
2

C
2 '

1
R

0 ω
c

-------------
1.0967

600
1000π
⋅

-----------------------------
581.8 nF

=
=

⋅
=

R
L  =

 600 Ω

R
s =

  600 Ω
L

1 =
 305 m

H
L

3 =
 305 m

H

C
2 =

 582 nF
V

in

+_

V
out
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R
s  =

 R
L  =

 R
0 R

s ’=
 600 Ω

H
ence the sam

e num
erical values in the tw

o ladders, but the π ladder have one inductor less.

3.11
C

hebyshev I filter, π ladder, R
s  =

 R
L  =

 50 Ω
 

ω
c  =

 2π⋅ 22⋅10 6 rad/s

ω
s  =

 2π⋅ 33 ⋅10 6 rad/s
R

0  =
 50 Ω

From
 the nom

ogram
 w

e get N
 =

 5 and since R
s  =

 R
L  =

>
 w

e select the table w
ith r =

 1

D
enorm

alized ladder.

3.12
W

e select the filter C
051529 and get the norm

alized elem
ent values show

n below
 w

ith r 2 =
 1, i.e., 

equal term
inating resistors. W

e should also have selected the filter C
051528 that also m

eet the
requirem

ent. W
e get after denorm

alization w
ith ω

c  and R
0  =

 50 Ω
.

C
1 ’ =

 1.08877
C

1  =
 C

1 ’/(R
0 ω

c ) =
 1.08877/(50 ⋅ 10

8) =
 217.75 pF

L
2 ’ =

 1.29869
L

2 =
 L

2 ’R
0 /ω

c =
 1.29869 ⋅ 50/10

8 =
 649.35 nH

C
2 ’ =

 0.06809
C

2  =
 C

2 ’/(R
0 ω

c ) =
 0.06809/(50 ⋅ 10

8) =
 13.618 pF

ω
'02  =

 3.3629
ω

02  =
 ω

'02 ω
c =

 336.29 M
rad/s

C
3 ’ =

 1.80288
C

3  =
 C

3 ’/(R
0 ω

c ) =
 1.80288/(50 ⋅ 10

8) =
 360.576 pF

L
4 ’ =

 1.15805
L

4 =
 L

4 ’R
0 /ω

c =
 1.15805 ⋅ 50/10

8 =
 579.03 nH

C
4 ’ =

 0.18583
C

4  =
 C

4 ’/(R
0 ω

c ) =
 0.18583/(50 ⋅ 10

8) =
 37.166 pF

ω
'04  =

 2.1556
ω

04  =
 ω

'04 ω
c =

 215.56 M
rad/s

C
5 ’ =

 0.98556
C

5  =
 C

5 ’/(R
0 ω

c ) =
 0.98556/(50 ⋅ 10

8) =
 197.11 pF

N
orm

alized values
D

enorm
alized values 

r =
 1

R
s  =

 R
L  =

 R
0  r =

 50r =
 50 Ω

C
1 ' =

 1.7058
C

1  =
 C

1 '/(R
0 ω

c ) =
 246.8 pF

L
2 ' =

 1.2296
L

2  =
 L

2 'R
0 /ω

c  =
 0.445 μ

H

C
3 ' =

 2.5408
C

3 =
 367.6 pF

L
4 ' =

 1.2296
L

4  =
 0.445 μ

H

C
5 ' =

 1.7058
C

5  =
 246.8 pF

R
L ’

R
s ’

L
2 ’

C
1 ’

V
in

+_

V
out

C
3 ’

L
2

L
2 ' R

0

ω
c

------
1.5936

600
1000π
---------------

0.3049 H
=

⋅
=

=

C
1

C
3

C
3 '

1
R

0 ω
c

-------------
1.0967

600
1000π
⋅

-----------------------------
581.8 nF

=
=

⋅
=

=

+_

R
L

V
out

C
4

L
3

C
2

L
1

V
in

R
s

L
5

V
in

R
sC

1
R

L

+_ V
out

C
2

L
2

ω
02

C
3

C
4

L
4

ω
04

C
5
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T
he π ladder have few

er inductors and is often preferred for the realizing L
P filters. T

he T ladder
have series resonance circuit in the shunt arm

s and the voltage over the capacitors in the shunt arm
s

m
ay becom

e too large if the losses in the inductors is sm
all.

3.13
T

he notation C
031534 correspond to N

 =
 3, ρ =

 15%
, Θ

 =
 34

o, passband ripple A
m

ax  =
 0.09883 dB

and m
inim

um
 stopband attenuation A

m
in  =

 20.53 dB
, ω

c  =
 800π M

rad/s, and ω
s  =

 1.7883 ⋅ 800π
M

rad/s =
 4.494488 G

rad/s. From
 a table or the M

A
T

L
A

B
 program

 CA_LADDER w
e get a norm

alized π

ladder w
ith the elem

ent values 
, 

, 
, and R

s ’ =
 R

L ’

=
 r =

 1
T

he norm
alized zero is at s =

 ± j ω
z  =

 ± j2.0199. T
he denorm

alized elem
ent values using R

0  =
 50 Ω

 and ω
0  =

 ω
c  =

 800π M
rad/s are

, C
2  =

 2.2218 pF 

 

w
here 

3.14
For the L

P-H
P transform

ation w
e have 

 

and 
. T

he band edges are m
apped as show

n.

T
he passband and stopband attenuation requirem

ents
are the sam

e in the tw
o specifications.

  W
e get the im

pedances in the H
P filter by changing S

to s in the expression for the corresponding im
pedance

in the L
P filter. R

esistors are not affected since they are
frequency independent. A

n inductor has the im
pedance

H
ence an inductor, L

’, in the L
P filter is replaced w

ith a
capacitor, C

H
P , in the H

P filter. In the sam
e w

ay, a capacitor
in the L

P filter is replaces w
ith an inductor

3.15
A

m
ax  =

 0.5 dB
, A

m
in  =

 25 dB
, fc  =

 15 kH
z, fs  =

 6 kH
z

ω
c  =

 2π fc  =
 2π ⋅ 15 krad/s and ω

s  =
 2π fs  =

 2π ⋅ 6 krad/s

T
ransform

 to a corresponding specification for the L
P filter. Ω

c  =
 ω

I 2/ω
c and Ω

s  =
 ω

I 2/ω
s

W
e select ω

Ι 2 so that Ω
c  =

 1, w
hich allow

 us to directly use the norm
alized values in a table, i.e., =

>

ω
I 2 =

 ω
c and Ω

s  =
 ω

I 2/ω
s  =

 ω
c / ω

s  =
 2π fc /(2π fs ) =

 15/6 =
 2.5 

From
 a nom

ogram
 w

e get: N
 =

 5 and a π ladder w
ith the norm

alized elem
ent values

C
1 ' =

 C
5 ' =

 0.6180, L
2 ' =

 L
4 ' =

 1.6180 and C
3 ' =

 2.0000

C
1 '

C
3 '

0.8544
=

=
C

2 '
0.2792

=
L

2 '
0.8780

=

R
L

C
2

V
in

R
s

+_ V
out

L
2

ω
02

C
1

C
3

C
1

C
3

C
1 '

R
0 ω

0
-------------

6.799  pF
=

=
=

L
2

R
0

ω
0

------
L

2 '
17.467  nH

=
⋅

=

ω
02

1L
2 C

2

-----------------
5.0762 G

rad/s
=

=

A
(ω

)

A
m

in

ω
c

ω
ω

s
–ω

s
–ω

c A
m

ax

A
(Ω

)

A
m

in

Ω
c

Ω
Ω

s
–Ω

s
–Ω

c

A
m

ax

L
P specification H

P specification
S

ω
I 2s ------

=

Ω
 ω

I 2

ω ------
–

=

SL
′

ω
I 2s ------L

′
→

1
sC

H
P

-------------     i.e.,
=

C
H

P
1

ω
I 2L

′
------------

=

R
’

L’C
’

L
P

H
P

R
 =

 R
’C

 =
ω
Ι 2 1L’

L =
C

’
ω
Ι 2 1

1SC
′

---------
s

ω
I 2C

′
-------------

→
sL

H
P

=
L

H
P

⇒
1

ω
I 2C

′
-------------

=
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C
om

pute ε and rp0 .

 
 =

 0.3493114 and

rp0  = Ω
c  ε –1/N

 =
 1.23412016 (O

nly for

B
utterw

orth filters)
D

enorm
alize w

ith R
0  =

 50 Ω
 and rp0 , i.e.,

m
ultiply 

all 
capacitances 

w
ith 

1/(R
0 rp0 )

and all inductances w
ith R

0 /rp0 .
R

s  =
 R

L  =
 50 Ω

C
1  =

 C
5  =

 C
1 '/(R

0 rp0 ) =
 1.001523 ⋅ 10

–2 F
L

2  =
 L

4  =
 L

2 'R
0 /rp0  =

 65.55277 H

C
3  =

 C
3 '/(R

0 rp0 ) =
 3.241118 ⋅ 10

–2 F
T

ransform
 from

 L
P to a H

P filter yields:
L

1  =
 L

5  =
 1/(ω

I 2C
1 ) =

 1/(ω
c C

1 ) =
 1.059 m

H

C
2  =

 C
4  =

 1/(ω
I 2L

2 ) =
 1/(ω

c L
2 ) =

 161.86 nF

L
3  =

 1/(ω
I 2C

) =
 1/(ω

c C
1 ) =

 0.327 m
H

3.16
In the sam

e w
ay as in Problem

 3.15 (error in the book) w
e get Ω

s  =
 ω

I 2/ω
s  =

>
 ω

c / ω
s  =

 2π fc /(2π fs ) =
 

 15/6 =
 2.5 and w

e get N
 =

 4. T
he L

C
 ladder w

ith equal term
inating resistors does not exist since the

attenuation at ω
 =

 0 is A
m

ax . W
e m

ay either select a m
odified approxim

ation of type c or select unequal
term

inating resistors. 
Incom

plete solution!

3.17
H

P->
L

P 
 Select 

, 

w
hich yields: Ω

c  =
 1 rad/s and Ω

s  =
 3.75 rad/s. From

 the
toolbox or nom

ogram
 w

e get N
 =

 3.
   In the L

P->
H

P transform
ation, an inductors is replaced w

ith
a capacitor and vice versa. Select therefore the L

P filter w
ith

the few
est num

ber of capacitors in order to get the few
est num

ber of inductors in the H
P filter.

   W
e get (Ω

s  =
 3.75 rad/s and A

m
in  =

 40 dB
) from

 the table.
W

e select a filter that satisfy both the transition bandw
idth

and attenuation. H
ence, filter C

0315 Θ
 w

ith Θ
 =

 16 have Ω
s /

Ω
c  =

 3.6279 and A
m

in  =
 40.2 dB

. T
he norm

alized elem
ent

values 
for 

this 
filter 

is 
(r 2 

=
 

R
s /R

L  
=

 
1) 

and 
they 

are
denom

alized w
ith C

 =
 C

’/(R
0 Ω

s ) and L =
 R

0 L
’/Ω

s . W
e get the

elem
ent values

 

L
P->

H
P-transform

ation yields
C

1  =
 C

3  =
 1/(ω

I 2L
L

P
1 ) =

 1/(ω
c L

L
P

1 ) =
 2.6955 nF

C
2  =

 1/(ω
I 2L

L
P

2 ) =
 1/(ω

c L
L

P
2 ) =

 50.41 nF 

L
2  =

 1/(ω
I 2C

L
P

2 ) =
 1/(ω

c C
L

P
2 ) =

 6.1337 μ
H

3.18a) D
eterm

ine the elem
ent values in a 3rd-order B

utterw
orth filter w

ith the passband edge 2.5 kH
z. A

t the
band 

edge 
for 

the 
L

P 
filter 

and 
H

P 
filter 

w
e 

have 
according 

to 
Problem

 
4.15,

, i.e., for this frequency, half of the pow
er are dissipated in each of

R
s ’

L
2 ’

L
4 ’

C
3 ’

C
5 ’

R
L ’

C
1 ’

V
in

+_

V
out

ε
10

0.1A
m

a
x

1
–

=

R
L

R
s

L
2

L
4C

5
C

3
C

1
V

in

+_

V
out

A
(f)

280.1

7.5
f

[dB
]

[M
H

z]
2.0

ω
c

ω
I 2

Ω
c

-------
=

ω
s

ω
I 2

Ω
s

------
=

ω
I 2

ω
c

=

C
L

P
2

L
L

P
3

V
in

R
s

+_ V
out

R
L

L
L

P
2

L
L

P
1

C
1

V
in

R
s

+_ V
out

R
L

L
2

ω
02

C
2

C
3

L'L
P

1
L'L

P
3

0.9897
=

=

L'L
P

2
0.0529

=

C
'L

P
2

1.0869
=

L
L

P
1

L
L

P
3

49.485 H
=

=

L
L

P
2

2.645 H
=

C
L

P
2

21.738  m
F

=

H
L

P
jω

(
)

2
H

H
P

jω
(

)
2

+
1

=
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the filters and the attenuation at the passband edge is: A
m

ax  =
 –10 log(0.5) =

 3.01 dB
. W

e get

. From
 the table (or M

A
T

L
A

B
 program

) w
e get the

norm
alized elem

ent values L
1  =

 L
3  =

 1 and C
2  =

 2. D
enorm

alize w
ith R

0  =
 8 Ω

 and rp0  =
 ω

c  e (–1/N
) =

ω
c =

 5000 π rad/s. T
he denorm

alized elem
ent values for the singly term

inated L
P ladder are

r =
 0

R
s  =

 8 Ω
L

1 ’ =
 0.5000

L
1  =

 L
1 ’R

0 /ω
c =

 0.5000 ⋅ 8/5000π =
 0.2547 m

H
C

2 ’ =
 1.3333

C
2  =

 C
2 ’/(R

0 ω
c ) =

 1.3333/(8 ⋅ 5000π) =
 10.61 μ

F
L

3 ’ =
 1.5000

L
3  =

 L
3 ’R

0 /ω
c =

 1.5000 ⋅ 8/5000π =
 0.7639 m

H

T
he elem

ent values in the H
P filter are w

ith  ω
I 2 =

 ω
c 2

C
3  =

 1/(R
0 ω

c L
1 ’) =

 15.915 μ
F

L
4  =

 R
0 /(ω

c C
3 ’) =

 381.98 μ
H

C
5  =

 1/(R
0 ω

c L
3 ’) =

 5.305 μ
F

 

N
ote: If the speakers are placed relatively far from

 each other (one w
avelength or m

ore at the
passband edge frequency) then this m

ethod is appropriate. If the speakers are placed closer, then the
attenuation at the passband edge should instead be 6 dB

. T
his requires a m

ore com
plicated filter

solution. N
otice that the specification and design of the crossover flitters is controversial and an

intensely discussed topic am
ong audio freaks. 

b)
W

e get after long calculations Z
in  =

 8 Ω
.

c)
It is possible to replace the resistor R

s  w
ith another diplexer w

ith the input im
pedance R

s =
 8 Ω

 and
that divide the low

er frequency band (0 – 2.5 kH
z) in tw

o bands.

3.19
W

e have for the L
P-B

P transform
ation

 and 
. T

he band

edges, see the figure. T
he  attenuations are the

sam
e. N

otice that the w
idth of the passband in the

B
P filter and L

P filter are the sam
e and that the

stopband 
edge 

in 
the 

L
P 

filter 
equals 

the
difference in stopband edges in the B

P filter.W
e

get the im
pedances in the B

P filter be changing S
for s in the expressions for the im

pedances in the
L

P filter. R
esistors are frequency independent and

are not affected. 
  For an inductor w

ith the im
pedance SL’ w

e get

. H
ence an inductor, L

’ in 

the L
P filter is replaced by a series resonance circuit consisting of a

capacitor, 
 and an inductor, L

B
P

 =
 L

’. In the

sam
e w

ay w
e get for a capacitor, C

’, in the L
P filter, i.e., for an

adm
ittance SC

’ w
e get 

. W
e get a parallel

resonance 
circuit 

consisting 
of 

a 
capacitor, 

C
B

P  
=

 
C

’ 
and 

an

inductor, 
. In the sam

e w
ay w

e m
ay derive

expressions for m
ore com

plex im
pedances.

3.20
ω

c1 ⋅ ω
c2 =

 40⋅ 90 =
 3600 (M

rad/s) 2and ω
s1 ⋅ ω

s2 =
 11.6 ⋅ 311.6 =

 3614.56 (M
rad/s) 2 W

e select to 

increase ω
s1 to ω

s1 ⋅=
 3600/311.6 =

 11.5533 M
rad/s. W

e get ω
Ι 2 =

 3600  (M
rad/s) 2. Ω

c  =
 ω

c2 –ω
c1  =

90 – 40 =
 50 M

rad/s, Ω
s  =

 ω
s2 –ω

s1  =
 311.6 -11.5533 =

 300.046 M
rad/s and

 
 =

>
 N

 =
 4. rp0  =

 79.99579 M
rad/s. W

e select a π ladder.
C

1 ´=
 0.7654, L

2 ´ =
 1.8478, C

3 ´ =
 1.8478, L

4 ´=
 0.7654 and denorm

alize by m
ultiplying L

 w
ith R

0 /rp0

ε
10

0.1A
m

a
x

1
–

10
0.301

1
–

1
=

=
=

L
P specification

Ω

A
(Ω

)

–Ω
s

–Ω
c

Ω
c

Ω
s

B
P specification

A
(ω

)

ω
c2

–ω
s2

–ω
c2

ω
s2

ω
c1

–ω
s1

–ω
c1

ω
ω

s1

S
s

ω
I 2

s⁄
+

=
Ω

ω
ω

I 2
ω⁄

–
=

SL
′

sL
′

ω
I 2L

′
s⁄

+
→

R
’

L
’C
’

L
P

B
P

R
 =

 R
’

L
’

L
 =

C
’

ω
Ι 2 1

C
 =
ω
Ι 2 1L

’

C
’

C
B

P
1

ω
I 2L

′
(

)
⁄

=

SC
′

sC
′

ω
I 2s ------C

′
+

→

L
B

P
1

ω
I 2C

′
(

)
⁄

=

ε
10

0.1A
m

a
x

1
–

0.152620
=

=
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and C
 w

ith 1/R
0 R

rp0 . C
1  =

 95.68 pF, L
2  =

 2.3098 μ
H

, C
3  =

 230.987 pF, L
4  =

 956.80 nH
. 

T
ransform

 to a B
P ladder. l1  =

 2.90 μ
H

, c1  =
 95.68 pF, l2  =

 2.3098 μ
H

, c2  =
 120.2 pF, l3  =

 1.2026 μ
H

,
c3  =

 230.987 pF, l4  =
 956.80 μ

H
, c4  =

 290.31 pF.
T

he num
ber of zeros at s =

 0 is 4 and at s =
 ∞

 it is also 4 and the num
ber of poles is 8.

3.21
ω

c1  =
 2π ⋅ 6 ⋅ 10

3 rad/s, ω
c2  ω

c2 2π ⋅ 9 ⋅ 10
3 rad/s =

>
 ω

c1 ω
c2  =

 4π
2 ⋅ 54 ⋅ 10

6 (rad/s) 2

ω
s1  =

 2π ⋅ 4 ⋅ 10
3 rad/s, ω

s2  =
 2π ⋅ 12 ⋅ 10

3 rad/s =
>

 ω
s1 ω

s2  =
 4π

2 ⋅ 48 ⋅ 10
6 (rad/s) 2

T
he sym

m
etry requirem

ent is not satisfied. W
e select ω

Ι 2 =
 4π

2 ⋅ 54 ⋅ 10 6 (rad/s) 2

Increase ω
s1  =

>
 ω

s1  =
 4π

2 ⋅ 54 ⋅ 10
6/2π ⋅ 12 ⋅ 10

3 =
 2π ⋅ 4.5 ⋅ 10

3 rad/s

 Ω
c =

 ω
c2 –ω

c1  =
 2π (9 – 6) ⋅ 10

3 =
 2π ⋅ 3 ⋅ 10

3 rad/s

Ω
s  =

 ω
s2 –ω

s1  =
 2π (12 – 4.5) ⋅ 10

3 =
 2π ⋅ 7.5 ⋅ 10

3 rad/s

T
he filter order: A

m
ax  =

 0.5 dB
, A

m
in  =

 20 dB
 and

Ω
s /Ω

c  =
 7.5/3 =

 2.5 =
>

 N
 =

 3

Select a T ladder w
ith the norm

alized elem
ent values 

L
1 ’ =

 L
3 ’ =

 1.5963
C

2 ’ =
 1.0967

D
enorm

alize w
ith R

0  =
 500 Ω

 and Ω
c  =

 2π ⋅ 12 ⋅ 10
3 rad/s.

R
s  =

 R
L  =

 500 Ω
, L

1  =
 L

3  =
 L

1 ’R
0 /Ω

c  =
 42.343 m

H

C
2  =

 C
2 ’/(R

0 Ω
c ) =

 1.164 nF
T

ransform
ing from

 L
P to B

P.
T

he new
 B

P elem
ent values are:

C
1  =

 C
3  =

 1/(ω
I 2L

1 ) =
 1.108 nF

L
2  =

 1/(ω
I 2C

) =
 4.0312 m

H

3.22
ω

c1  =
 2π ⋅ 5 ⋅ 10

3 rad/s, ω
c2  =

 2π ⋅ 10 ⋅ 10
3 rad/s =

>
 ω

c1 ω
c2  =

 4π
2 ⋅ 50 ⋅ 10

6 (rad/s) 2

ω
s1  =

 2π ⋅ 1 ⋅ 10
3 rad/s, ω

s2  =
 2π ⋅ 20 ⋅ 10

3 rad/s =
>

 ω
s1 ω

s2  =
 4π

2 ⋅ 20 ⋅ 10
6 (rad/s) 2

T
he sym

m
etry requirem

ent is not satisfied. W
e select ω

Ι 2 =
 4π

2 ⋅ 50 ⋅ 10
6 (rad/s) 2

Increase ω
s1  =

>
 ω

s1  =
 4π

2 ⋅ 50 ⋅ 10
6/2π ⋅ 20 ⋅ 10

3 =
 2π ⋅ 2.5 ⋅ 10

3 rad/s

Ω
c  =

 ω
c2 –ω

c1  =
 2π (10 – 5) ⋅ 10

3 =
 2π ⋅ 7 ⋅ 10

3 rad/s

Ω
s  =

 ω
s2 –ω

s1  =
 2π (20 – 1) ⋅ 10

3 =
 2π ⋅ 19 ⋅ 10

3 rad/s

T
he filter order: A

m
ax  =

 0.09883 dB
, A

m
in  =

 22 dB
 and

Ω
s /Ω

c  =
 19/7 =

 2.71 U
sing the program

 below
 w

e get N
 =

 3.085. H
ence w

e select N
 =

 4:

N
ow

, the case RL = 1000 and Rs = 500 do not exist. H
ence w

e interchange the term
inating resistors

and use tables w
ith r =

 0.5.
W

c = 7;  W
s = 19;  Am

ax = 0.09883;  Am
in = 22;

N = CH_ORDER(W
c, W

s, Am
ax, Am

in)
Ladder = 0, Rs = 1000; RL = 500;
[L, C, K] = CH_I_LADDER(W

c, W
s, Am

ax, Am
in, N, Rs, RL, Ladder)

K
I =

 [9 2 9 2], w
hich according to the function LADDER

_2_H
, represent a π netw

ork, i.e., from
 left to

right:
Shunt capacitor (9) – Series inductor (2) – Shunt capacitor (9)– Series inductor (2)

w
here R

s  =
 R

L  =
 500 Ω

L
C

0
0.33630616954450

0.11374902548282
0

0
0.37962163022420

0.05162282824702
0

C
2 ’

L
3 ’

V
in

R
s ’

+_ V
out

R
L ’

L
1 ’

V
in

+_

V
out

R
L

L
2

C
3

C
1

C
2

L
3

R
s

L
1
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Since the ladder is reciprocal w
e m

ay place the signal source in series w
ith the “norm

al load resistor”
and take the output across the “norm

al source resistor”. H
ence, w

e obtain a T ladder.
N

ext step: P
erform

 the L
P

 to B
P

 transform
ation! Incom

plete solution!

3.23
a) T

he geom
etric sym

m
etry requirem

ent yields ω
c1 ω

c2  =
 ω

s1 ω
s2  =

 ω
I 2.  W

e select to increase the 

low
er stopband edge =

>
 f's1  =

 fc1 fc2 /fs2  =
 500 ⋅ 1100/2100 =

 262 kH
z  

Ω
c  =

 ω
c2 – ω

c1 =
 (1100 – 500) 2π =

 1200π krad/s
Ω

s  =
 ω

s2 – ω
s1 =

 (2100 – 262) ⋅ 2π =
 3676π krad/s

and Ω
s /Ω

c  =
 3.06. From

 a table w
e get N

 =
 3 

T
he norm

alized L
P ladder (See for figures Problem

 3.21)
L

1 ’ =
 2.0236

L
3 ’ =

 L
1 ’

C
2 ’ =

 0.9941
D

enorm
alize w

ith R
0  =

 R
L  =

 600 Ω
 

L
1  =

 L
1 ’R

0 /Ω
c  =

 322 m
H

C
2  =

 C
2 ’/(R

0 Ω
c ) =

 439 nF

L
3  =

 L
1

T
ransform

 to a B
P filter.

C
1  =

 C
3  =

 1/(ω
I 2L

3 ) =
 143 nF

L
2  =

 1/(ω
I 2C

2 ) =
 105 m

H

b) Incom
plete solution!

3.24
A

m
ax  =

 0.09883 dB
, A

m
in  =

 40 dB
, ω

c1  =
 40 M

rad/s, ω
c2  =

 90 M
rad/s,ω

s1 =
 24 M

rad/s, and 

ω
s2 =

 150 M
rad/s. =

>
 ω

c1 ω
c2  =

 3600 (M
rad/s) 2 and ω

s1 ω
s2  =

 3600 (M
rad/s) 2. H

ence, w
e have

geom
etric sym

m
etry and w

e do not need the m
odify any of the edges.

Ω
c  =

 ω
c2 – ω

c1 =
 (90–40) =

 50 M
rad/s and Ω

s  =
 ω

s2 – ω
s1 =

 (150–24) =
 126 M

rad/s =
>

 N
 =

 3.4726
and w

e select N
 =

 4 and a π ladder. A
 4th-order low

pass ladder can not be realized and need to be
m

odified to a type b approxim
ation.

H
int use; CA_B_POLES and CA_LADDER Incom

plete solution!

3.25
For the L

P-B
S transform

ation w
e have 

 and 
. T

he band edges are 

m
apped as show

n below
. T

he passband and stopband attenuations are retained.
 

S
ω

I 2s

s 2
ω

I 2
+

------------------
=

Ω
ω

I 2ω

ω
I 2

ω
2

–
-------------------

=

Ω

A
(Ω

)

–Ω
s

–Ω
c

Ω
c

Ω
s

B
S specification

A
(ω

)

ω
c2

–ω
s2

–ω
c2

ω
s2

ω
c1

–ω
s1

–ω
c1

ω
ω

s1

Ω
s
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W
e find the im

pedances in the B
S filter by exchanging S w

ith s in the expression for the corresponding
im

pedance in the L
P filter. R

esistors are frequency independent and are not affected. For an inductor
w

ith the adm
ittance 1/SL’ w

e get 

H
ence the resulting adm

ittance in the B
S filter consist of an

inductor, L
’ in parallel w

ith a capacitor w
ith the capacitance

. In the sam
e w

ay w
e get for a capacitor, C

’,

in the L
P filter, i.e., for a im

pedance 1/SC
’ w

e get

 
 

W
e get a series resonance circuit w

ith a capacitor, C
B

P  =
 C

 and

an inductor, 
. 

3.26
W

e have ω
c2 ω

c1 =
 9991 π

2 and
 ω

s1 ω
s2 =

 9999 π
2, i.e., w

e have not geom
etric sym

m
etry. W

e select 
here to increase the low

er band passband edge since it is m
ore im

portant to retain the attenuation
around 50 H

z. W
e get ω

c1 =
 ω

s1 ω
s2 /ω

c2  =
 48.539 ⋅ 2π rad/s. 

ω
I 2 =

 98686.1744 (rad/s) 2 and
 ω

c2 –
 ω

c1 ) =
 

ω
c2 –

 ω
c1 =

  ω
I 2/Ω

c

Ω
c  =

 ω
I 2/(ω

c2 –
 ω

c1 ) =
 98686.1744/6π =

 5304.12598 rad/s 

ω
s2 –

 ω
s1 =

  ω
I 2/Ω

s

Ω
s  =

 98686.1744/2π =
 15706.3925 rad/s

w
hich yields Ω

s  /Ω
c  =

 2.9612 and finally from
 the nom

ogram
 N

 =
 3

T
he L

P filter T0361 (A
m

ax  =
 2 dB

) m
eets the requirem

ent and have the elem
ent values for a π ladder (r

=
 1): L

1 ’ =
 L

3 ’ =
 2.7107 and C

2 ’ =
 0.8327

D
enorm

alize w
ith ω

0  =
 Ω

c  and R
0  =

 R
L  =

 100Ω
 yields L

1  =
 L

3 =
 L

3 ’R
0 /Ω

c =
 51.105498 m

H
 and

C
2  =

 C
2 ’/(R

0 Ω
c ) =

 1.5699099 μ
F

L
P-B

S transform
ation of the elem

ent
values 

yields. 
Inductor 

=
>

 
Parallel

resonance 
circuits 

w
ith 

the 
elem

ent
values
C

1  =
 C

3 =
 1/(ω

I 2L
3 ) =

 198.278699 μ
F

L
1  and L

3 , according to the above, i.e.,
L

1  =
 L

3 =
 51.105 m

H
C

apacitor =
>

 Series resonance circuits
w

ith the elem
ent values L

2 =
 1/(ω

I 2C
2 ’) =

 6.454594 H
 and according to the above C

2 =
 1.5699 μ

F. 

3.27
A

 π ladder w
ith the elem

ent values:
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Place a node inside every closed loop in the π ladder and one outside the loops as show
n below

.
C

onnect the nodes as show
n.

E
very branch that crosses an im

pedance is replaced w
ith its dual elem

ent (adm
ittance) as discussed in

section 3.6.1, e.g., a capacitor is replaced w
ith an inductor w

ith the sam
e num

erical value. W
e get

3.28
W

e get a ladder w
ith a current source in parallel w

ith a source conductance; a shunt branch consisting
of a parallel resonance circuit; a series branch w

ith a series resonance circuit; shunt branch consisting
of a parallel resonance circuit; a series branch w

ith a series resonance circuit; shunt branch consisting
of a parallel resonance circuit, and, finally, a load conductance.

3.29
D

erive the transfer function for a second-order sym
m

etrical constant-R
 lattice section.   

W
e get after very long com

putations 
. Incom

plete solution!

3.30
A

ccording to the figure show
n below

, the load resistor can be replaced w
ith one or several constant-

R
 lattice section since their input im

pedance is =
 R

 (in this case =
 R

L ). T
he bridged-T netw

ork used
below

 requires few
er elem

ent com
pared to a com

plete lattice section.

T
he real pole sp0  =

 –1 and E
q.(4.29), gives 

, w
ith R

 =
 1 w

e get R
 +

 Z
a  =

 s +
1 and Z

a

=
 s. H

ence, in the first section w
e get L =

 1 and C
 =

 1. For the second section w
e get w

ith Z
a  =

parallel resonance circuit:

 
. Identifying the term

 gives

L
parallel  

=
 

6/25 
and 

C
parallel  

=
 

1/6. 
Z

b  
is 

a 
series 

resonance 
circuit 

w
ith 

the 
im

pedance

, w
ith L

series  =
 1/6 and C

series  =
 6/25. T

he lattice

sections are denorm
alized w

ith R
0  =

 R
L  and the L

P filter is denorm
alized w

ith rp0  for a B
utterw

orth
filter and w

ith ω
c  for C

hebyshev I and C
auer filters.
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3.31

3.32

3.33

3.34

3.35 a)Poles in the lhp and zeros m
ay only in the rhp and on the jω

-axis.
b)

Poles in the lhp and zeros m
ay lie anyw

here in the s-plane
c)

Significantly low
er elem

ent sensitivity. 
d)

Singly 
term

inated 
ladders 

are 
used 

for 
exam

ple 
as 

crossover 
filters 

in 
audio 

system
s 

and 
for

suppressing out-of-band signals due to distortion in the pow
er am

plifier in a transm
itter. A

 singly
term

inated ladder is selected since w
e do not w

ant to lose pow
er and the frequency selective

requirem
ent is low

. 
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