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Stepped-Impedance 
Low-Pass Filters 

 
Say we know the impedance matrix of a symmetric two-port 
device: 

11 21

21 11

Z Z
Z Z
⎡ ⎤

= ⎢ ⎥
⎣ ⎦

Z�  

 
Regardless of the construction of this two port device, we can 
model it as a simple “T-circuit”, consisting of three 
impedances: 
 
 
 
 
 
 
 
In other words, if the two series impedances have an 
impedance value equal to 11 21Z Z− , and the shunt impedance 
has a value equal to 21Z , the impedance matrix of this “T-
circuit” is: 

11 21

21 11

Z Z
Z Z
⎡ ⎤

= ⎢ ⎥
⎣ ⎦

Z�  

 
Thus, any symmetric two-port network can be modeled by this 
“T-circuit”! 

11 12Z Z−  

12Z  
11 12Z Z−  

Port 1 Port 2 
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For example, consider a length  of transmission line (a 
symmetric two-port network!): 
 
 
 
 
 
 
Recall (or determine for yourself!) that the impedance 
parameters of this two port network are: 
 

11 22 0

12 21 0

cot

csc

Z Z jZ

Z Z jZ

β

β

= = −

= = −

 

 
With a little trigonometry, ICBST : 
 

11 12 0 2
Z Z j Z tan β⎛ ⎞− = ⎜ ⎟

⎝ ⎠
 

Furthermore, if β  is small: 
 

1sin cos tanβ β β β β≈ ≈ ≈  
 
where β  is expressed in radians.  Thus, 
 

11 12 0 2
Z Z j Z β⎛ ⎞− ≈ ⎜ ⎟

⎝ ⎠
 

 
and also: 

0Z  
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0
12 21 0 csc ZZ Z jZ

j
β

β
= = − ≈  

 
Thus, an electrically short ( 1β ) transmission line can be 
approximately modeled with a “T-circuit” as: 
 
 
 
 
 
 
 
 
 
Now, consider also the case where the characteristic 
impedance of the transmission line is relatively large.  We’ll 
denote this large characteristic impedance as 0

hZ . 
 
Note the shunt impedance, value 0

hZ j β .  Since the 
numerator ( 0

hZ ) is relatively large, and the denominator ( j β ) 
is small, the impedance shunt device is very large. 
 
So large, in fact, that we can approximate it as an open 
circuit! 

0
0 0for 1 and 

h
hZ Z Z

j
β

β
≈ ∞  

 
So now we have a further simplification of our model: 
 

0 2
j Z β⎛ ⎞

⎜ ⎟
⎝ ⎠

 

0Z
j β

 Port 1 Port 2 

0 2
j Z β⎛ ⎞

⎜ ⎟
⎝ ⎠
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The remaining impedances are now in series, so the circuit can 
be further simplified to: 
 
 
 
 
 
 
 
 

The equivalent circuit for transmission line with short electrical 
length ( 1β ) and large characteristic impedance 0

hZ ( 00
hZ Z ). 

 
Now, consider the case where the characteristic impedance 
of the transmission line has a relatively low value, denoted as 

0Z , where 0 0Z Z . 
 
Note the series impedance, values ( )0 2j Z β .  Since both 0Z   
and β  are small, the product of the two is very small. 
 
So small, in fact, that we can approximate it as a short 
circuit! 

0 2
hj Z β⎛ ⎞
⎜ ⎟
⎝ ⎠

 

Port 1 Port 2 

0 2
hj Z β⎛ ⎞
⎜ ⎟
⎝ ⎠

 

0
hj Z β  

Port 1 Port 2 
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0 0 00 for 1 and 
2

jZ Z Zβ
β⎛ ⎞ ≈⎜ ⎟

⎝ ⎠
 

 
So now we have another simplification of our model: 
 
 
 
 
 
 
 
 
Which of course further simplifies to: 
 
 
 
 
 
 
 
 

The equivalent circuit for transmission line with short electrical 
length ( 1β ) and small characteristic impedance 0Z ( 00Z Z ). 
 

Q:  But, what does all this have to do with constructing a 
low-pass filter? 
 
A:  Plenty! Recall that a lossless low-pass filter constructed 
with lumped elements consists of a “circuit ladder” of series 
inductors and shunt capacitors! 

0Z
j β

 Port 1 Port 2 

0Zj
β

−  Port 1 Port 2 
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Q:  So? 
 
A:  Look at the two equivalent circuits for an electrically 
short transmission line.  The one with large characteristic 
impedance 0

hZ  has the form of a series inductor, and the one 
with small characteristic impedance 0Z  has the form of a 
shunt capacitor! 
 
I.E.: 
 
 
 
 
 
 
 
and: 
 
 
 
 
 
 
 
are identical if: 
 

0 0
h hj Z j L Z Lβ ω β ω= ⇒ =  

 
Thus, the “series inductance” of our transmission line length 
is: 

0
hjX j Z β=  

j X j Lω=  
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0
hZL β
ω

=  

 
Q:  Yikes! Our inductance appears to be a function of 
frequency ω .  I assume we simply set this value to cutoff 
frequency  cω ,  just like we did for Richard’s transformation? 
 
A:  Nope! We can simplify the result a bit more.  Recall that 

pvβ ω= , so that: 

0 0
h h

p

Z ZL
v

β
ω

= =  

 
In other words, the series impedance resulting from our 
short transmission line is: 
 

0
h

p

ZZ j
v

ω
⎛ ⎞

= ⎜ ⎟⎜ ⎟
⎝ ⎠

 

 
Q:  Wow! This realization seems to give us a result that 
precisely matches an inductor at all frequencies—right? 
 
A:  Not quite!  Recall this result was obtained from applying a 
few approximations—the result is not exact! 
 
Moreover, one of these approximations was that the 
electrical length of the transmission line be small.  This 
obviously cannot be true at all frequencies.  As the signal 
frequency increases, so does the electrical length—our 
approximate solution will no longer be valid. 
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hus, this realization is accurate only for “low frequencies”—
recall that was likewise true for Richard’s transformations! 
 
Q:  Low-frequencies?  How low is low? 
 
A:  Well, for our filter to provide a response that accurately 
follows the lumped element design, our approximation should 
be valid for frequencies up to (and including!)  the filter 
cutoff frequency cω . 
 
A general “rule-of-thumb” is that a small electrical length is 
defined as being less than 4π  radians. Thus, to maintain this 
small electrical length at frequency cω , our realization must 
satisfy the relationship: 
 

0 4
c

c h
L

Z
ω π

β = <  

 
Note that this criterion is difficult to satisfy if the filter 
cutoff frequency and/or the inductance value L that we are 
trying to realize is large. 
 
Our only recourse for these challenging conditions is to 
increase the value of characteristic impedance 0

hZ . 
 
Q:  Is there some particular difficulty with increasing 0

hZ ? 
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A:  Could be!  There is always a practical limit to how 
large (or small) we can make the characteristic 
impedance of a transmission line.   
 
For example, a large characteristic impedance 
implemented in microstip/stripline requires a very 
narrow conductor width W.  But manufacturing 
tolerances, power handling capability and/or line loss 
(line resistance R increases as W decreases) place a 
lower bound on how narrow we can make these 
conductors! 
 
However, assuming that we can satisfy the above 
constraint, we can approximately “realize” a lumped 
inductor of inductance value L  by selecting the correct 
characteristic impedance 0

hZ  and line length  of our 
short transmission line: 

 
0
h

p

ZL
v

=  

 
Q:  For Richard’s Transformation, we first set the stub 
length to a fixed value (i.e., 8cλ= ), and then determined the 
specific characteristic impedance necessary to realize a 
specific inductor value L.  I assume we follow the same 
procedure here? 
 
A: Nope!  When constructing stepped-impedance low-pass 
filters, we typically do the opposite! 
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1)  First, we select the value of 0
hZ , making sure that the short 

electrical length inequality is satisfied for the largest 
inductance value L in our lumped element filter: 
 

 

0
4h c LZ ω
π

>  

 
 
This characteristic impedance value is typically used to realize 
all inductor values L in our low-pass filter, regardless of the 
actual value of inductance L. 
 
2)   Then, we determine the specific lengths n  of the 
transmission line required to realize specific filter inductors 
values Ln: 
 

0

p
n nh

v
L

Z
⎛ ⎞

= ⎜ ⎟
⎝ ⎠

 

 
 

Q:  What about the shunt capacitors? 
 
A:  Almost forgot! 
 
Recall the low-impedance transmission line provided a shunt 
impedance that matched a shunt capacitor: 
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I.E.: 
 
 
 
 
 
 
 
and: 
 
 
 
 
 
 
 
are identical if: 
 

0

0 1
Z

Zj j C
C

β ω
β ω

− = − ⇒ =  

 
Thus, the “shunt capacitance” of our transmission line length 
is: 

0Z
C β

ω
=  

 
But again using the fact that pvβ ω= : 
 

0p Z
C

v
=  

0Zj
β

−  

j
Cω
−  
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And thus the shunt reactance of our transmission line 
realization is: 

0p ZvjZ
ω

⎛ ⎞−
= ⎜ ⎟⎜ ⎟

⎝ ⎠
 

 
Although this again appears to provide exactly the same 
behavior as a capacitor (as a function of frequency), it is 
likewise accurate only for low frequencies, where 4β π< . 
 
Thus from our realization equality: 
 

0Z
Cβ

ω=  

 
We can conclude that for our approximations to be valid at all 
frequencies up to the filter cutoff frequency, the following 
inequality must be valid: 
 

0 4c c ZC πβ ω= <  

 
Note that for difficult design cases where cω  and/or C is very 
large, the line characteristic impedance 0Z  must be made 
very small. 
 
Q: I suppose there is likewise a problem with making 

0
Z  very 

small? 
 



 

4/23/2007 Stepped Impedance Low Pass Filters 13/14 

Jim Stiles The Univ. of Kansas Dept. of EECS 

A: Yes!  In microstrip and 
stripline, making 0Z  small means 
making conductor width W  very 
large.  In other words, it will take 
up lots of space on our substrate.  
For most applications the surface 
area of the substrate is both 
limited and precious, and thus 
there is generally a practical limit 
on how wide we can make width W 
(i.e., how low we can make 0Z ). 

  
However, assuming that we can satisfy the above constraint, 
we can approximately “realize” a lumped capacitor of 
inductance value C  by selecting the correct characteristic 
impedance 0Z  and line length  of our short transmission line: 
 

0p Z
C

v
=  

 
The design rules for shunt capacitor realization are thus: 
 
1)  First, we select the value of 0Z , making sure that the 
short electrical length inequality is satisfied for the largest 
capacitance value C  in our lumped element filter: 
 

 

0 4 c
Z

C
π
ω

<  
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This characteristic impedance value is typically used to realize 
all capacitor values C  in our low-pass filter, regardless of the 
actual value of capacitance C. 
 
2)   Then, we determine the specific lengths n  of the 
transmission line required to realize specific filter capacitor 
values Cn: 
 

( )0
h

n p nZ v C=  

 
 
An example of a low-pass, stepped-impedance filter design is 
provided on page 414-416 of your book (but of course, you 
already knew that—right?). 
 
 
 
 
 
 
 

 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


