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4. F
ILT

E
R

S W
IT

H
 D

IST
R

IB
U

T
E

D
 E

L
E

M
E

N
T

S

 

4.1
T

he chain m
atrix of tw

o cascaded tw
o-ports is obtained by m

ultiplying the individual chain m
atrices.

 and w
e get

w
here w

e have used the fact that

 and

 

4.2

First w
e recognize that the input im

pedance to an open-ended lossless transm
ission line correspond to

a capacitor in the 

 

Ψ

 

-plane capacitor. H
ence, w

e replace the capacitor as show
n in the first step above.

N
ext w

e use the first K
uroda identity in T

able 4.1 to change the order of the series 

 

Ψ

 

-

 

inductor and the
transm

ission line. W
e get the new

 port resistances 

 

R

 

3

 

 =
 

 

R

 

1

 

 +
 

 

R

 

2

 

 and 

 

R

 

4

 

 =
 

 

R

 

2

 

 +
 

 

R

 

2 2

 

/

 

R

 

1

 

. A
gain w

e
identify the 

 

Ψ

 

-

 

capacitor w
ith a open-ended transm

ission line.

 

4.3

First w
e recognize that the input im

pedance to an short-ended lossless transm
ission line correspond to

a 

 

Ψ

 

-plane inductor. H
ence, w

e replace the 

 

Ψ

 

-

 

inductor as show
n in the first step above. N

ext w
e use the

last K
uroda identity in T

able 4.1 to change the order of the shunt 

 

Ψ

 

-

 

capacitor and the transm
ission

line. W
e get the new

 port resistances 

 

R

 

3

 

 =
 

 

R

 

1

 

R

 

2

 

/(

 

R

 

1

 

 +
 

 

R

 

2

 

) and 

 

R

 

4

 

 =
 

 

R

 

1 2

 

/(

 

R

 

1

 

 +
 

 

R

 

2

 

). A
gain w

e identify
the 

 

Ψ

 

-

 

inductor w
ith a short-circuited transm

ission line.
   B

y repeatedly using K
uroda identities can any ladder structure be converted to a R

ichards’ structure
w

ith the sam
e input im

pedance. In fact, a R
ichards’ structure can realize any reactance function.
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4.4
From

 E
xam

ple 4.5 w
e have for the original 

 

T

 

 ladder: 

 

Z

 

1

 

 =
 

 

Z

 

3

 

 =
 3.85381

 

⋅

 

50 Ω
 =

 192.6905 Ω
 and Z

2  =
 

0.3776909⋅50 Ω
 =

 18.884545 Ω
. W

e insert a U
E

 betw
een R

s  and the first Ψ
-inductor w

ith port
resistance R

s . N
ext w

e use the last K
uroda identity in T

able 4.1 to change the order of the elem
ent.

W
e get from

 the T
able 

 =
 50 Ω

 and 
 =

 192.6905 Ω
. Solving

yields Z
U

E  =
 242.6905 Ω

 and Z
C  =

 62.97417 Ω
. N

ext w
e insert a U

E
 betw

een the last Ψ
-inductor and

the load resistor. W
e get using the first K

uroda identity 
 =

 242.6905 Ω
 and

 =
 62.97417 Ω

. W
s get the follow

ing characteristic resistances from
 left to right

using the notation in Figure 4.25: Z
4  =

 62.97417 Ω
, R

4  =
 242.6905 Ω

, Z
5  =

 18.884545 Ω
, R

5  =
242.6905 Ω

, and finally, Z
6  =

 62.97417 Ω
. A

s expected there is sym
m

etry in the elem
ents and the

elem
ent spread is the sam

e as in E
xam

ple 4.5

4.5

4.6
W

e perform
 the follow

ing sim
plifications steps: a) to d). W

e get L =
 Z

1 /n
2 and Z

3  =
 Z

2 /n
2. T

he circuit 
in d) is a series resonance circuit 
.

4.7 
W

e select a C
hebyshev I filter of order N

 =
5 and realize it w

ith a π ladder w
ith the elem

ent values 
C

1  =
 C

5  =
 1.7058, L

2  =
 L

4  =
 1.2296, and C

3  =
 2.5408. W

e get after inserting tw
o U

E
 from

 each 
side. Four shunt Ψ

-capacitor-U
E

 sections and a final shunt Ψ
-capacitor w

ith the characteristic
im

pedances Z
1  =

 2.5862, Z
2  =

 0.4807, Z
3  =

 0.3936, Z
4  =

 0.4807, and Z
5  =

 2.5862. W
e select the

length of the lines l =
 λ/4. It is also possible to select l =

 λ/8 w
hich yields a shorter line. W

e have v
p  =

0.6c =
 1.8 10

8 m
/s. W

e select l =
 λ/4 and get w

ith f0  =
 v

p /λ
0 =

 3 G
H

z yields l =
 v

p /4f0 =
 15 m

m
.

4.8
A

 thid-order bandstop filter w
ith center frequency 2.4 G

H
z and 3-dB

 bandw
ith is 50%

 can be realized 
w

ih a third-order low
pass filter w

ith cutoff frequency at 1.7 G
H

z w
hen w

e assum
e that τ =

 1/4.8 ns.
A

 third-order B
utterw

orth ladder filter (T type) w
ith lum

ped elem
ent has the norm

alized elem
ent

values: R
s  =

 R
L  =

 1, L
1  =

 L
3  =

  1, and C
2  =

 2.  

4.9 
T

he norm
alized low

pass T ladder have the follow
ing elem

ents R
s  =

 R
L  =

 1, L
1  =

 L
3  =

 1.5963 and 

C
2  

=
 

1.0967. 
W

e 
get 

ω
c1  

=
 

0.9⋅2.4⋅10
9⋅2π 

=
 

1.357168 10
10 

rad, 
ω

c2  
=

 
1.1⋅2.4⋅10

9⋅2π 
=

1.6587609 10
10 rad and Ω

c  =
 ω

c2 – ω
c1 =

 3.0159289 10
9 rad. D

enorm
alize the L

P filter w
ith R

 =
 50

Ω
, L

L
P

1 =
 R

L
1 /Ω

c =
 26.464463 nH

 and C
L

P
2 =

 C
2 /R

Ω
c =

 7.2727178 pF. ω
I 2 =

 sqrt(ω
c1 ω

c2 ) =

1.5004057 10
10. W

e get for the bandpass filter L
1 =

 L
3 =

 L
L

P
1 =

 26.464463 nH
, C

1 =
 C

3 =
 1/ω
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P
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R
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Z
3
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L
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=
 0.16784916 pF, C

2 =
 C

L
P

2 =
 7.2727178 pF, and L

2 =
 1/ω

I 2C
L

P
2 =

 0.61078147 nH
. 

T
his filter is obviously very difficult to im

plem
ent w

ith discrete com
ponents, since an inductor of 1 nH

corresponds to a w
ire w

ith a length of about 1 m
m

.

4.10
 

 w
here Z

0  =
 50 Ω

, d =
 20 m

m
, Z

L  =
 30 +

 j60 Ω
, f =

 2.4 G
H

z, 

v
p  =

 0.6c =
 1.8 10

8 m
/s, 

 1/m
m

 =
=

>

 Ω

4.11
Synthesize a R

ichards’ structure that realizes the reactance function 

A
nsw

er: T
he characteristic resistances are Z

1  =
 1 Ω

, Z
2  =

 2 Ω
, Z

3  =
 3 Ω

 and the last U
E

 is term
inated

w
ith a short-circuit. T

he solution can be verified by 
Den = [2 0 13 0];
Num

 = [0 12 0 3];
[Z, KI, RL] = RICHARDS_REACTANCE(Num

, Den)
T

he reactance can also be realized w
ith an inductor (4 H

) in parallel w
ith a series resonance circuit

w
ith C

 =
 27/32 F and L =

 4/27 H
.

4.12 A
 50 ohm

 transm
ission line is loaded w

ith a com
plex im

pedance: Z
L  =

 30 +
 j60 Ω

. the transm
ission line

is operated at 2.4 G
H

z. D
eterm

ine the length of this transm
ission line so that w

e have input im
pedance of the

transm
ission line equal to: Z

in  =
 30 – j60 Ω

.

Z
L  =

 30 +
 j60, Z

0  =
 50, f =

 2.4e9
v =

 0.6 * 3 10
8, λ =

 v/f, β =
 2πi/λ

Z
in  =

 30 –j60

D
ue to the equation 4.24 in the text book w

e have:
Z

in  =
 Z

0  (Z
L  +

 Z
0 tan(βd)) / (Z

0 +
 Z

L tan(βd))
B

y re-ordering this equation w
e find:

d =
 (1/β)atan( Z

0 (Z
L  – Z

in )/(Z
L Z

in  – Z
0 2) =

 14.9 *10
–3 m

eter
Plug in the values give the length (d):
d =

 14.9 m
m

Z
in

d(
)

Z
L

jZ
0

β
d

(
)

tan
+

Z
0

jZ
L

β
d

(
)

tan
+

----------------------------------------Z
0

=

β
2
πv
p
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0.0838

=
=

Z
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0.0838
20
⋅
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+

+
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j
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)

0.0838
20
⋅
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)
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+
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14.6929

j26.6914
–

=
=

Z
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2
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2
+
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