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General Filter Design 
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In this set of notes we examine a general method for 
designing filters of arbitrary order.

 Start with a normalized low-pass “prototype” design (R0 = 1, ωc = 1).

 De-normalize to get a low-pass design with a specified (R0, ωc).

 Use frequency transformations to convert the normalized low-pass 
to a high-pass, bandpass, or bandstop design.

Recipe: 
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ω

( )LRP ω

1.0
cω

21 k+

Passband

Stopband

Cutoff frequency

Filter Types
Low-pass
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ω

( )LRP ω

1.0

cω

21 k+

Passband

Stopband

Cutoff frequency

Filter Types (cont.)
High-pass
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Bandpass

Filter Types (cont.)

ω

( )LRP ω

1.0

0ω

21 k+

Passband

Stopband

Center frequency

BW

1ω 2ω
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Bandstop

Filter Types (cont.)

ω

( )LRP ω

1.0

0ω

21 k+

Passband

Stopband

Center frequency

1ω 2ω

Passband
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Consider a general normalized low-pass filter ladder network:

+-

[ ]0 0 1g R= = Ω

1 1ng C=
1Ng +

2 2ng L=

3 3ng C=
(a)

+-

[ ]0 0 1g R= = Ω 1 1ng L=

1Ng +

2 2ng C=

3 3ng L=

(b)

Note: Both forms (a and b) have the same frequency response (for the same N).

Capacitor comes first

Inductor comes first

Note:  The last element can be either a series inductor or a parallel capacitor in designs (a) and (b).

General Filter Design (cont.) 
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Notation:

0g =normalized generator resistance

kg 
= 


normalized inductance for series inductor     

normalized capacitance for parallel capacitor

1
N

N
N

g

g
g +


=


normalized load resistance if  is a shunt capacitance      

normalized load conductance if  is a series inductance    

General Filter Design (cont.) 

+-

[ ]0 0 1g R= = Ω 1 1ng L=

1Ng +

2 2ng C=

3 3ng L=

+-

[ ]0 0 1g R= = Ω

1 1ng C=
1Ng +

2 2ng L=

3 3ng C=

Note: In most cases, gN+1 = 1.0 (load resistance RL = source resistance Rs).
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Butterworth Behavior

( )IL 3 dBcω =

ω

( )LRP ω

1.0
1cω =

21 2k+ =

Passband

Stopband

Cutoff frequency

1k =

( ) ( )10IL 10log LRPω ω≡Insertion Loss :

Normalized loss-pass prototype



Butterworth Design Table

10

1k =

0LR R=Note :
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Butterworth Attenuation Plot
Attenuation (Insertion Loss)

(Note the log scale on the horizontal axis.)
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ω

( )LRP ω

1.0
1cω =

21 k+

Chebyshev Behavior

( ) ( )2
10IL 10log 1 dBc kω = +

( )2
dB 1010 log 1 k= +Ripple

( ) ( )10IL 10log LRPω ω≡Insertion Loss :
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Chebyshev Design Table
0.5dB ripple

( )2
dB 1010 log 1 k= +Ripple

0.LN R R=has tobeoddforNote :
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Chebyshev Design Table
3.0dB ripple

( )2
dB 1010 log 1 k= +Ripple

0.LN R R=has tobeoddforNote :
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Chebyshev Attenuation Plot
Attenuation (Insertion Loss)

0.5dB ripple
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Chebyshev Attenuation Plot (cont.)
Attenuation (Insertion Loss)

3.0dB ripple



Linear Phase Design Table
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(Minimal Pulse Distortion)

0LR R=Note :
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Example

Design a normalized low-pass Butterworth filter for a matched load with an 
attenuation greater than 15 dB when ω / ωc > 1.5. 

Filter [ ]1LR = Ω+-

[ ]0 1R = Ω

From attenuation plot: 4N >

Choose: 5N =

Choose “a” design
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Example (cont.)
Proposed filter layout:

+-

[ ]0 0 1g R= = Ω

1 1ng C=

2 2ng L=

3 3ng C=

4 4ng L=

5 5ng C=
[ ]6 1Lng R= = Ω

1
N

N
N

g

g
g +


= 


     

normalize

normalized loa

d load conduct

d resistance if  is a shun

ance if  is a series i

t capacitan

nductance 

ce

   
Recall :

1

2

3

4

5

0.618
1.618
2.000
1.618
0.618

g
g
g
g
g

=
=
=
=
=

From Table:
[ ]
[ ]
[ ]
[ ]
[ ]

1

2

3

4

5

0.618 F

1.618 H

2.000 F

1.618 H

0.618 F

n

n

n

n

n

C

L

C

L

C

=

=

=

=

=

Hence:
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Example (cont.)
Results from Ansys Designer

[ ]rad/sω

[ ]dBLRP

[ ]
( )
3 dB

1k =

[ ]
[ ]( )

100 dB /

30 dB /

decade

octave
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Example

Design a normalized Chebyshev low-pass filter for a matched load with 3.0 dB of 
ripple in the passband and an attenuation greater than 15 dB when ω / ωc > 1.5. 

Filter [ ]1LR = Ω+-

[ ]0 1R = Ω

From attenuation plot: 2N >

Choose: 3N =

Choose “a” design

Note: N has to be odd when RL = R0.
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Example (cont.)
Proposed filter layout:

2 2ng L=

1N
N

N

g

g
g +


= 


normalized load resistance if  is a shunt capacitance     

normalized load conductance if  is a series indutance    
Recall :

1

2

3

3.3487
0.7117
3.3487

g
g
g

=
=
=

From Table:

[ ]
[ ]
[ ]

1

2

3

3.3487 F

0.7117 H

3.3487 F

n

n

n

C

L

C

=

=

=

Hence:

+-

[ ]0 0 1g R= = Ω

1 1ng C= 3 3ng C=

[ ]4 1Lng R= = Ω
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Example (cont.)
Results from Ansys Designer

[ ]rad/sω

[ ]dBLRP

[ ]
( )

3 dB

3dB of ripple

[ ]
[ ]( )

60 dB /

18 dB /

decade

octave
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Denormalization

Impedance scaling:

 This accounts for arbitrary Rs and RL

 Scale all impedances by R0.

( )
( )
( )
( )

0

0

0

0

1

/

s

L Ln

n

n

R R

R R R

L L R

C C R

′ =

′ =

′ =

′ =

[ ]0 50R = ΩExample :

The prime denotes that there is no longer impedance scaling, but a normalized 
frequency is still being used (ωc = 1).
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Frequency scaling:

 This allows us to shift from ωc = 1 to arbitrary ωc

 Replace ω with ω /ωc (and require same impedances)

( )
( )

0

0

/

/

s

L

c

c

R R
R R
L L

C C

ω

ω

=
=

′=

′=

Denormalization (cont.)

c c

Lj L j L j j Lωω ω ω
ω ω
   ′

′ ′→ = =   
   

c c

Cj C j C j j Cωω ω ω
ω ω
   ′

′ ′→ = =   
   

Hence:

ω in prototype ω in final filter
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Impedance and frequency scaling:

 This scales the impedance and shifts from ωc = 1 to arbitrary ωc .

( )
( )

0

0

0

0

/

/ /

s

L Ln

n c

n c

R R
R R R
L L R

C C R

ω

ω

=
=

=

=

Denormalization (cont.)

This takes us from the normalized “prototype” low-pass filter 
to the final low-pass filter.
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Example
Design a low-pass Butterworth filter for a matched 50 Ω load with  fc = 1.0 GHz 

and an attenuation greater than 15 dB when ω / ωc > 1.5. 

+-

[ ]0 50R = Ω

1C

2L

3C

4L

5C
[ ]50LR = Ω

[ ]
[ ]
[ ]
[ ]
[ ]

1

2

3

4

5

0.618 F

1.618 H

2.000 F

1.618 H

0.618 F

n

n

n

n

n

C

L

C

L

C

=

=

=

=

=

Recall the normalized design:

1

2

3

4

5

0.618
1.618
2.000
1.618
0.618

g
g
g
g
g

=
=
=
=
=

Choose type “a” design (arbitrary choice)
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Example (cont.)

[ ]
[ ]
[ ]
[ ]
[ ]

1

2

3

4

5

1.967 pF

12.88 nH

6.366 pF

12.88 nH

1.967 pF

C

L

C

L

C

=

=

=

=

=

+-

[ ]50sR = Ω

1C

2L

3C

4L

5C
[ ]50LR = Ω

De-normalization:

( ) ( )
( ) ( )

9

9

50
50

50 / 2 10

/ 50 / 2 10

s

L Ln

n

n

R
R R

L L

C C

π

π

=
=

=

=

( )
( )

0

0

0

0

/

/ /

s

L Ln

n c

n c

R R
R R R
L L R

C C R

ω

ω

=
=

=

=
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Example (cont.)
Results (from Ansys Designer)

[ ]GHzf

[ ]dBLRP

[ ]
( )
3 dB

1k =

[ ]
[ ]( )

100 dB /

30 dB /

decade

octave
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Frequency Transformation
Normalized low-pass → High-pass

cωω
ω

→ −Replace:

( )LRP ω ω= even function of Note :
(Negative values of ω in the normalized prototype (red color) have been converted to positive values.)

ω in final filter

ω

( )LRP ω

1.0

cω

21 k+

Passband

Stopband

Cutoff frequency

0
1

0
c

ω ω
ω ω ω
ω ω

= −∞ → =
= − → =
= → = ∞

ω in prototype

ω−

ω

( )LRP ω

1.0
cω

21 k+

 

1cω =



31

Frequency Transformation (cont.)

cωω
ω

→ −

( )( )
1 1

1 /
c

n n
c n

j L j L
j L j C

ωω
ω ω ω ω

 → − = = 
 

nL C
1

c n

C
Lω

=

We also need to divide C by a factor of R0 to account for impedance scaling. 

What happens to the circuit elements in the prototype?
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cωω
ω

→ −

( )( )
1 1

1 /
c

n n
c n

j C j C
j C j L

ωω
ω ω ω ω

 → − = = 
 

nC L
1

c n

L
Cω

=

Frequency Transformation (cont.)

Also, we need to multiply L by a factor of R0 to account for impedance scaling. 
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cωω
ω

→ −

Frequency Transformation (cont.)

0

0

0

0

1

s

L Ln

c n

c n

R R
R R R

C
L R

RL
C

ω

ω

=
=

=

=

Summary

Normalized low-pass → High-pass

nCnL

C L

Normalized low-pass

Final high-pass
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Normalized low pass → Bandpass

0

0

1 ω ωω
ω ω
 

→ − ∆  
Replace:

( )LRP ω ω= even function of Note :

2 1

0

ω ω
ω
−

∆ =

Relative bandwidth

0 1 2ω ωω=

Frequency Transformation (cont.)

ω

( )LRP ω

1.0

0ω

21 k+

Passband

Stopband

Center frequency

BW

1ω 2ω

(Negative values of ω in the normalized prototype (red color) have been converted to positive values.)

ω

( )LRP ω

1.0
cω

21 k+

 

1cω =
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Verification of mapping

2ω ω=Denormalized :

( )

2 0

0 2

2 2
2 0

0 2

2 2
2 0

2 1 2

2 2
2 0

2
2 1 2
2 2
2 0
2 2
2 0

1

1

1

ω ωω
ω ω

ω ω
ω ω

ω ω
ω ω ω

ω ω
ω ωω

ω ω
ω ω

 
= − ∆  

 −
=  ∆  

−
=

−

−
=

−

−
=

−
=

1ω ω=Denormalized :

( )

1 0

0 1

2 2
1 0

0 1

2 2
1 0

2 1 1

2 2
1 0

2
1 2 1
2 2
1 0
2 2
0 1

1

1

1

ω ωω
ω ω

ω ω
ω ω

ω ω
ω ω ω

ω ω
ωω ω

ω ω
ω ω

 
= − ∆  

 −
=  ∆  

−
=

−

−
=

−

−
=

−
= −

Normalized : Normalized :

Frequency Transformation (cont.)
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Frequency Transformation (cont.)

( )( )
0

0 0 0

1 1 1
/

n
n n s

n s

Lj L j L j j L
j L j C

ω ωω ω ω
ω ω ω ω ω ω
   

→ − = + = +   ∆ ∆ ∆   

nL

0 0

,n
s s

n

LL C
Lω ω
∆

= =
∆

0

0

1 ω ωω
ω ω
 

→ − ∆  

sCsL

Also, we need to add factors of R0 to account for impedance scaling 
(multiply Ls with R0, divide Cs by R0). 

Transformation of elements
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Frequency Transformation (cont.)

( )( )
0

0 0 0

1 1 1
/

n
n n p

n p

Cj C j C j j C
j C j L

ω ωω ω ω
ω ω ω ω ω ω
   

→ − = + = +   ∆ ∆ ∆   

nC

0 0

,n
p p

n

CC L
Cω ω
∆

= =
∆

0

0

1 ω ωω
ω ω
 

→ − ∆  

pC

pL

Also, we need to add factors of R0 to account for impedance scaling 
(multiply Lp with R0, divide Cp by R0). 
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Frequency Transformation (cont.)

0

0

0

0

0 0

0

0

0 0

s

L Ln

n
s

s
n

p
n

n
p

R R
R R R

L RL

C
L R

RL
C

CC
R

ω

ω

ω

ω

=
=

=
∆
∆

=

∆
=

=
∆

Summary

Normalized low-pass → Bandpass

0

0

1 ω ωω
ω ω
 

→ − ∆  

sCsL pC

pL

nCnL

Normalized low-pass

Final bandpass
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Normalized low pass → Bandstop

1

0

0

ω ωω
ω ω

−
 

→ −∆ − 
 

Replace:

( )LRP ω ω= even function of Note :

2 1

0

ω ω
ω
−

∆ =

Relative bandwidth

0 1 2ω ωω=

Frequency Transformation (cont.)

(Negative values of ω in the normalized prototype (red color) have been converted to positive values.)

ω

( )LRP ω

1.0
1cω =

Passband

Stopband

Cutoff frequency

ω

( )LRP ω

1.0

0ω

21 k+

Passband

Stopband

Center frequency

1ω 2ω

Passband
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Verification of mapping

2ω ω=Denormalized :

1

2 0

0 2

12 2
2 0

0 2

2 1 0 2
2 2

0 2 0
2
2 1 2

2 2
2 0

2 2
2 0
2 2
2 0

1

ω ωω
ω ω

ω ω
ω ω

ω ω ω ω
ω ω ω

ω ωω
ω ω

ω ω
ω ω

−

−

 
= −∆ − 

 

 −
= −∆ 

 
−

= −
−

−
= −

−

−
= −

−
= −

1ω ω=Denormalized :

Normalized : Normalized :

Frequency Transformation (cont.)

1

1 0

0 1

12 2
1 0

0 1

2 1 0 1
2 2

0 1 0
2

1 2 1
2 2
1 0

2 2
1 0
2 2
1 0

1

ω ωω
ω ω

ω ω
ω ω

ω ω ω ω
ω ω ω

ωω ω
ω ω

ω ω
ω ω

−

−

 
= −∆ − 

 

 −
= −∆ 

 
−

= −
−

−
= −

−

−
=

−
=
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Frequency Transformation (cont.)

( )
1

10 0

0 0

1,n n n
n

jj L j L j L
L

ω ω ω ωω ω
ω ω ω ω

−
−

      
 → −∆ − → −      ∆     

nL

0 0

1,n
p p

n

LL C
Lω ω

∆
= =

∆

1

0

0

ω ωω
ω ω

−
 

→ −∆ − 
 

( ) ( )
1

0 0

1 1
/n

n n

j L j
L j L

ω ω
ω ω ω

−  
→ + ∆ ∆ 

so

pC

pL

Transformation of elements

Also, we need to add factors of R0 to account for impedance scaling 
(multiply Lp with R0, divide Cp by R0). 
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Frequency Transformation (cont.)

( )
1

10 0

0 0

1,n n n
n

jj C j C j C
C

ω ω ω ωω ω
ω ω ω ω

−
−

      
 → −∆ − → −      ∆     

nC

0 0

1 , n
s s

n

CL C
Cω ω

∆
= =

∆

1

0

0

ω ωω
ω ω

−
 

→ −∆ − 
 

( ) ( )
1

0 0

1 1
/n

n n

j C j
C j C

ω ω
ω ω ω

−  
→ + ∆ ∆ 

so

sCsL

Also, we need to add factors of R0 to account for impedance scaling 
(multiply Ls with R0, divide Cs by R0). 



43

Frequency Transformation (cont.)

0

0

0

0

0 0

0

0

0 0

1

s

L Ln

n
p

p
n

s
n

n
s

R R
R R R

L RL

C
L R

RL
C

CC
R

ω

ω

ω

ω

=
=

∆
=

=
∆

=
∆

∆
=

Summary

Normalized low-pass → Bandstop
1

0

0

ω ωω
ω ω

−
 

→ −∆ − 
 

sCsLpC

pL

nCnL

Prototype low-pass

Final bandstop
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Example

Design an N = 3 Chebyshev bandpass filter for a matched 50 Ω load with 0.5 dB of 
ripple in the passband, a 10% bandwidth, and a center frequency of 1.0 GHz. 

Choose type “b” low-pass prototype:

+-

[ ]0 0 1g R= = Ω 1 1ng L=

[ ]4 1 SLng G= =
2 2ng C=

3 3ng L=

1
N

N
N

g

g
g +


= 


normalized load resistance if  is a shunt capacitance     

normalized load conductance if  is a series induc    ce  tan

3N = = odd
4 1g⇒ =

From table:

1 1

2 2

3 3

1.5963
1.0967
1.5963

n

n

n

g L
g C
g L

= =
= =
= =
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Example (cont.)
Transform to bandpass:

+-

[ ]50sR = Ω 1sL

2 pC

3sL

[ ]50LR = Ω

2 pL

3sC1sC

0

0

0 0

n
s

s
n

L RL

C
L R

ω

ω

=
∆
∆

=

0

0

0 0

p
n

n
p

RL
C

CC
R

ω

ω

∆
=

=
∆

From table:

1 1

2 2

3 3

1.5963
1.0967
1.5963

n

n

n

g L
g C
g L

= =
= =
= =

For k = 1, 3: For k = 2:
0

0

0

0

0 0

0

0

0 0

s

L Ln

n
s

s
n

p
n

n
p

R R
R R R

L RL

C
L R

RL
C

CC
R

ω

ω

ω

ω

=
=

=
∆
∆

=

∆
=

=
∆

Bandpass:
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Example (cont.)

Hence we have:

1 0
1

0

1
1 0 0

n
s

s
n

L RL

C
L R

ω

ω

=
∆
∆

=

0
2

2 0

2
2

0 0

p
n

n
p

RL
C

CC
R

ω

ω

∆
=

=
∆

3 0
3

0

3
3 0 0

n
s

s
n

L RL

C
L R

ω

ω

=
∆
∆

=

( )( )
( )( )

( )
( ) ( )( )

1 9

1 9

1.5963 50
2 10 0.1

0.1
1.5963 2 10 50

s

s

L

C

π

π

=

=

( ) ( )
( ) ( )

( )
( )( ) ( )

2 9

2 9

50 0.1
1.0967 2 10

1.0967
2 10 50 0.1

p

p

L

C

π

π

=

=

( ) ( )
( )( )

( )
( ) ( )( )

3 9

3 9

1.5963 50
2 10 0.1

0.1
1.5963 2 10 50

s

s

L

C

π

π

=

=
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Example (cont.)

This gives us:

[ ]
[ ]

1

1

127 nH

0.199 nF
s

s

L

C

=

=

[ ]
[ ]

2

2

0.726 nH

34.9 pF
p

p

L

C

=

=

[ ]
[ ]

3

3

127 nH

0.199 nF
s

s

L

C

=

=

+-

[ ]50sR = Ω 1sL

2 pC

3sL

[ ]50LR = Ω

2 pL

3sC1sC
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Example (cont.)

2
21

2 2
11 21 11

0.5dB 0.5dB 1.122 1/1.122 0.8913

1 0.1087 9.636 dB
LR LRP P S

S S S

= ⇒ = ⇒ = ⇒ = =

⇒ = − = ⇒ = −

Ripple

Results from Ansys Designer

0 1 2

2 1

0

0.1

ω ωω
ω ω
ω

=

−
=

2 0

1 0

/ 1.051
/ 0.951

f f
f f

=
=

0 1 2

2 1

0

0.1

f f f
f f

f

=

−
=

[ ]GHzf

dB

[ ]11 9.636 dBS = Γ = −

1f 2f
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