Transforms Aid the Design of
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ilters designed using either direct synthesis or using low-pass prototype tables
often have impractical values and are sensitive to component and PWB parasitics. These
difficulties are more prevalent in bandpass filters. This article describes how to use transforms to improve filter realizability.
The well-known tee to pi transform is one
example of many transforms available. A few of
the more useful transforms will be introduced to
illustrate how to apply them to solve practical
problems.

F

Conventional bandpass at narrow bandwidth

Qloaded =
=

Flower Fupper
Fo
=
BW Fupper − Flower
836.91
= 34.87
24

The Norton transform
One of the most useful transforms for filter
design is the Norton. The series form is depicted in Table 1 (see Appendix). It replaces a series
reactor, which may be an inductor, capacitor or
L-C resonator, with three reactors and a transformer. One of the shunt reactors will always be
negative. Initially it would seem this transform
is not useful but by applying it to this example,
we will see it is a powerful tool.
We first apply the series Norton to the series
2357.37 NH inductor in Figure 1 using a turns
ratio, N, equal to 39.64. Using the equations
given in Table 1 results in the top schematic in
Figure 2. Notice that the series inductor is
reduced to 59.47 NH, a much more manageable
value. The shunt –61.01 nH inductor has a high-

Shown in Figure 1 is the schematic of a 3-section 825 to 849 MHz bandpass filter designed by
transforming a 0.14 dB ripple Chebyshev lowpass prototype. Conventional cookbook techniques were used to design this filter, as
described in numerous references [1].
Notice that the series inductor is extremely
large and would be difficult to realize at 800
MHz. In addition, the resulting series capacitor
is small, and even a small capacitance to ground
for a soldering pad between
L2 and C2 would destroy the
response of this filter.
Extreme
component
value ratios are a major
problem in the realization of
conventional narrow bandpass filters. This occurs
because the design process
divides the shunt inductors
by the loaded Q and multiplies the series inductors by ▲ Figure 1. Schematic of a conventional 3-section bandpass filter from
the loaded Q. The loaded Q
825 to 849 MHz, with 0.14 dB ripple and 308-ohm source and load terof this bandpass filter is:
minations.
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these equations. The result is the
middle schematic in Figure 2. N
was chosen so that when cascaded the two transformers would
cancel.
Finally the first transformer is
shifted right until it cancels the
second transformer. As the first
transformer passes C2, C3 and C4
in the middle schematic of Figure
2 the impedance shift increases
their values by (39.64)2 =
1571.32. Once the transformer
reaches the second transformer,
they cancel. The resulting
schematic is given at the bottom
of Figure 2. The ratio of the
largest to the smallest inductor
value has been improved by a factor of 39.64. This is a significant
improvement in the realizability
of this filter. Also notice that
every node, where component
pads are required, has a capacitor
to ground. In the final filter, this
capacitance value may be reduced
to compensate for the pad capacitance.
For reasons described in the
next
section, a shunt 1.5 nH
▲ Figure 2. Schematic after applying the series Norton transform to L2 in Figure 1
inductor
was desired for the
with N = 39.64 (top schematic), after applying the series Norton to C2 in Figure 1
shunt
parallel
resonators. The
with N = 1/39.64 = 0.02523 (middle schematic) and after shifting the transformparameters
of
this
filter require
ers to the right (bottom schematic).
that the termination resistances
be 308 ohms if the shunt inductors are to be 1.5 nH. The next
transform will use series capacitors at the input and output to
transform nominal 50 ohms terminations so that 308 ohms is
presented to the filter. This transform and defining equations are
given in Table 1. The resulting
schematic is given in Figure 3.
▲ Figure 3. Schematic after using series input and output capacitors, so that 50-ohm
Other forms of reactance
terminations effectively load the filter internally with 308 ohms.
impedance transformers in-clude
tapped capacitors and tapped
inductors. These techniques are
er reactance than L1 and may be absorbed into L1 thus exact only at the design frequency; however they are
eliminating the negative inductor. N was chosen so that useful for bandpass filters because the passband bandthe new shunt inductor is similar in value to L1.
width is limited.
Next, we apply a series Norton transform to C2 in
Figure 2 using N = 1/39.64 = 0.02523. The Norton A coaxial resonator bandpass filter
equations operate on the reactance of reactors rather using lumped/distributed equivalents
than their values. Because capacitor reactance is
Table 1 (see Appendix) shows a transform for replacinversely proportional to capacitor value, 1/C is used in ing a resonant parallel L-C to ground with a grounded
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▲ Figure 4. A family of ceramic-loaded coaxial resonators from Trans-Tech, Inc.

quarter-wavelength transmission line stub. The
characteristic impedance of the transmission
line stub is equal to the reactance of the inductor or capacitor multiplied by a factor p/4. A
ceramic-loaded coaxial resonator will be used
for the stub. A Trans-Tech SP resonator with ▲ Figure 5. An 825 to 849 MHz bandpass filter with shunt L-C resseries 9000 material with a nominal relative
onators replaced with equivalent electrical transmission line eledielectric constant of 88.5 has a characteristic
ments (top) and with physical models for square coax specified by
impedance of 6.2 ohms is used [2]. A family of
the inner conductor diameter, side dimensions and length in mils
Trans-Tech coaxial resonators is shown in
(bottom). The physical parameters given are for the Trans-Tech
Figure 4. When the filter in Figure 1 was
9000 Series small profile (SP) coaxial resonators.
designed, using the equations in Table 1, it was
determined that the shunt inductor should be
approximately 1.5 nH. The terminating impedance was bottom of Figure 5 is a schematic after the electrical
originally set at 308 ohms so that the resulting shunt lines are converted to coaxial resonators described by
physical dimensions. Each of the resonators has an
inductor would be 1.5 nH.
Shown at the top of Figure 5 is the bandpass filter in inside conductor diameter of 93 mils and an outer side
Figure 3 after transformation of the parallel L-C res- dimension of 239 mils to match the size parameters of a
onators into transmission line stubs characterized by Trans-Tech SP style resonator. The required lengths are
electrical transmission line parameters. Given at the 368.25, 374.86 and 358.83 mils respectively.
A final determination of resonator lengths should
consider parasitic capacitance for the resonator pins and
PWB landing pads. Given in Figure 6 are the amplitude
transmission, return loss and group delay responses of
the final 825 to 849 MHz bandpass filter computed by
the Eagleware GENESYS simulator [3] including midband loss predicted by physical models for the coaxial
resonators.

The tubular bandpass
Figure 7 shows a 3-section series resonator 700 to
1000 MHz Chebyshev bandpass filter with 0.05 dB passband ripple. Design techniques using invertor transforms for this filter are given in the classic Microwave
Filters, Impedance Matching Networks and Coupling
Structures [4]. These algorithms fail as the passband
bandwidth exceeds 20 percent. The bandwidth of this
example is:
▲ Figure 6. Computed transmission, return loss and group
delay responses of the final 825 to 849 MHz coaxial resonator bandpass filter.
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700 × 1000 (1000 − 700) = 36.86%

▲ Figure 7. A 3-section 700 to 1,000 MHz bandpass filter designed
using direct synthesis (top) and then transformed to a pure seriesresonator configuration by applying shunt Norton transforms to C2 to
place a capacitor in series with L2 and to C4 to place a capacitor in
series with L3.

▲ Figure 9. Commercial tubular bandpass filters
from K&L Microwave (top) and RLC Electronics
(bottom).

Next, tee to pi transforms are applied to
each tee to create the schematic shown at the
bottom of Figure 8. Notice that each node now
has a capacitor to ground that may be used to
absorb any stray capacitance at that node.
Figure 9 shows a photograph of a commercial tubular bandpass filter, manufactured by
K&L Microwave, whose design uses this filter
topology [5].
■
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Appendix

▲ Table 1. Transforms used in the examples in this article. These are only a sample of many available transforms.
Reference [1] includes additional forms for each transform type and additional types of transforms useful in filter
design.
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