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Abstract—The development of microstrip filters has been in
great demand due to the rapid growth of wireless communica-
tion systems in this decade. Quasi-elliptic response filters are
very popular in communication systems because of their high
selectivity, which is introduced by a pair of transmission zeros. A
number of ways of implementing the quasi-elliptic response filter
on microstrip have been studied over the last two decades, i.e.,
the cascaded quadruplet filter, canonical filter, and extracted-pole
filter. However, there is very little information in the literature
giving the design details for microstrip extracted-pole filters.
In this paper, design equations of the extracted-pole filter for
microstrip are reviewed. A new class of microstrip filter is also
presented here. This class of filter will have a quasi-elliptic
function response and at the same time linear phase in the pass-
band. The linear phase of the filter is introduced by an in-phase
cross coupling, while the transmission zero is realized using an
extracted-pole technique. Experimental results, together with a
theoretical comparison between the group delay of this design, and
the conventional quasi-elliptic six-pole filter are also presented.

Index Terms—Author, please supply index terms. E-mail key-
words@ieee.org for information.

I. INTRODUCTION

T HE rapid growth of wireless and mobile communica-
tions in this decade has catalyzed an increasing demand

for a high-performance microstrip bandpass filter with high
selectivity and linear phase or flat group delay in the pass-
band. High-selectivity bandpass filters have been successfully
achieved by introducing additional out-of-phase cross cou-
plings in the filter structure—namely, the canonical filters
[1] and cascade quadruplet (CQ) filters [2]. Conventionally,
linear phase is usually achieved by a reflection-type equalizer
attached via a circulator to the output of the bandpass filter.
Jokela [1] has shown that by using the canonical filter structure,
both high selectivity and linear phase is achievable without
an external equalizer. However, there are some disadvantages
attached to the canonical structure. The cross couplings, both
in-phase and out-of-phase, contribute to the transmission zeros
both at real and imaginary axes. Therefore, canonical filters
are very difficult to tune, which is potentially difficult for
narrow-band bandpass filters. In Jokela’s design, as shown in
Fig. 1(a), three types of resonator topologies are used to realize
the required cross coupling. For a single topology filter, it is
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Fig. 1. Coupling structure and microstrip implementations for: (a) canonical
filter, (b) cascaded quadruplet filter, and (c) extracted-pole filter.

always difficult to arrange the resonators in order to achieve
both in-phase and out-of-phase cross couplings. For CQ filters,
both high selectivity and linear phase can be achieved. CQ
filters have more flexibility compared to the canonical filter
because the transmission zero pair at the imaginary axis (real
frequency) is controlled by an out-of-phase cross coupling and
the real axis (imaginary frequency) is controlled by an in-phase
cross-coupling independently. However, to achieve both real
and imaginary frequency transmission zero pairs, a minimum
of eighth order is required due to the arrangement of the CQ
filter.

In this paper, a new way to achieve both high selectivity and
linear phase in the passband for microstrip filters is proposed.
The structure allows for a sixth-order minimum. This new struc-
ture originated from -mode waveguide filters [3]. The
transmission zero pair at the imaginary axis is extracted from the
transfer function and realized separately with a pair of bandstop
filters and phase shifters connected to the end of the main cou-
pling structure. The real axis transmission zero, which flattens
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the group delay, is achieved by an in-phase cross coupling. Thus,
the real and imaginary zero pairs are independently tuned. This
has made the structure very attractive for practical design. This
design can be achieved even for resonator topology, which can
only realize single type of coupling. The microstrip (or stripline)
layout of the canonical, CQ, and extracted-pole filters are shown
in Fig. 1, together with the coupling configuration diagrams.

The extracted pole for microstrip was introduced by Hedges
and Humphreys [4] by using microstrip hairpin topology. They
demonstrated that the extracted-pole technique developed by
Rhodes [3] can be transferred to microstrip using a four-pole
bandpass filter. However, there was little information on how
to obtain the parameters for the microstrip design from the
extracted-pole synthesis. This paper will extend Rhodes’
extracted-pole technique to microstrip by working through an
example of a six-pole quasi-elliptic response filter. A new set of
equations for determining the external-factor and coupling
coefficients are reviewed. These equations will depend on
the bandpass parameters instead of the low-pass parameters,
which are usually used in most filter designs. A circuit model
for the microstrip extracted-pole filter will also be reviewed.
The comparison between the theoretical quasi-elliptic function
response and the approximated circuit model will be discussed.

A six-pole microstrip bandpass filter has been successfully
designed and made in copper microstrip with duroid substrate

with the assistance of circuit model simulation
and full-wave electromagnetic (EM) simulation [5]. The design
consideration and experimental results will be presented. The
results of the six-pole microstrip filter, together with its group
delay response, will also be presented.

II. EXTRACTED-POLE SYNTHESIS

A brief summary of the extracted-pole synthesis will be out-
lined here. A detailed analysis of the extracted-pole synthesis
can be found in [3]. The synthesis starts from the low-pass quasi-
elliptic transfer function. The extracted-pole synthesis can only
be performed on a complex conjugate symmetrical network.
Therefore, it will only work on an even-order transfer function
with a fourth-order minimum.

The initial cycles of the extracted-pole synthesis involve ex-
tracting a unity impedance phase shifter from both ends of the
network with complex conjugate symmetry. The next cycle is
to extract a complementary pair of the complex axis transmis-
sion zeros (real frequency zeros) from each side of the passband
by extracting a shunt resonator from both ends of the remaining
network. This process will be repeated until all complex zeros
are extracted from the transfer function. The remaining network
can then be extracted using a cascade synthesis.

III. M ICROSTRIPREALIZATION

After performing the extracted-pole synthesis, a set of param-
eters will be obtained that corresponds to the low-pass proto-
type, as shown in Fig. 2. The square blocks with symbols
and represent phase shifters with phase shift ofand
( ), respectively, and the block with symbols “” and
“1” are admittance inverters and unity admittance inverters,
respectively. The symbols and are the frequency

Fig. 2. Low-pass block diagram of an extracted-pole quasi-elliptic response
filter with linear phase.

invariant admittances and the capacitances, respectively. This
low-pass prototype can be transformed into a bandpass filter by
using the following transformation equations [6]:

(1)

(2)

where is the center frequency and is the fractional band-
width of the bandpass filter. The frequency invariant admittance

is absorbed into the capacitance and inductance in the
transformation because it cannot be realized in a real circuit.
Thus, the resonator is detuned from the center frequency.
From (1) and (2), it is obvious that all the resonators are res-
onating at different frequencies. Therefore, this type of filter is
not a synchronously tuned filter.

The circuit shown in Fig. 2 is not easily realized using mi-
crostrip because of the series resonator in the extracted section.
Fig. 3(b) shows a small modification of the extracted section of
the filter [see Fig. 3(a)] so that it can be easily realized using a
microstrip resonator (for this case, it is a square-loop resonator
[2]), as shown in Fig. 3(c). This modification is verified by com-
paring the frequency responses of the two circuits, as shown in
Fig. 4. These responses are obtained using the Hewlett-Packard
Advanced Design System (ADS) circuit model simulator [7].
This has shown that the modification gives a very good approx-
imation.

The full-circuit model for the microstrip extracted-pole filter
is shown in Fig. 5. The admittance inverters are realized using a

-network of capacitors. To convert the circuit model of Fig. 5
into microstrip, the coupling between the resonator and feed
line (the external -factor) and the coupling between resonators
(coupling coefficient) have to be determined. A new set of the
external -factor equations, i.e., and the coupling co-
efficients , is derived for the microstrip extracted-pole
filter and is given as

(3)
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Fig. 3. Extracted section of the filter. (a) Original extracted section. (b) Modified extracted section to a realizable circuit model. (c) Equivalent circuit for microstrip
layout using a square-loop resonator.

Fig. 4. Plot ofjS21j of the modified extracted section compared to the original
circuit.

to (4)

(5)

(6)

where the number of poles, , and is
the resonance frequency of theth resonator. Conventionally,
the low-pass parameters [8] are used to determine the external

-factors and the coupling coefficients. However, the bandpass
parameters are used here because the extracted-pole filter is not
a synchronously tuned filter. If the low-pass parameters were
used, the external -factors and coupling coefficients would not
be perfectly accurate. This is because the conventional equations

Fig. 5. Full-circuit model for the bandpass extracted-pole microstrip filter.

for determining external -factors and the coupling coefficients
do not include the frequency invariant admittances, which are
introduced by the extracted-pole synthesis.

IV. EXAMPLE ON SIX-POLE QUASI-ELLIPTIC FUNCTION

As an example, a six-pole quasi-elliptic function filter with
a passband return loss of 20 dB, a real frequency transmission
zero pair at , and an imaginary frequency trans-
mission zero pair at will be used. This example
is taken from Rhodes’ paper [3]. The extracted-pole synthesis
will not be repeated here since it was thoroughly explained in
[3]. Here, only the results from the extracted synthesis will be
quoted and shown in Table I.

The six-pole bandpass filter example has the following spec-
ifications:

• center frequency: 1842 MHz;
• fractional bandwidth: 4.07%.

The capacitance, inductance, and resonant frequency for each
of the resonators can be determined by applying transformation
equations (1) and (2), and are shown in Table II.
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TABLE I

TABLE II

Fig. 6. Theoretical responses together with the circuit model simulation
results.

The coupling coefficients and the external-factors of this
bandpass filter can be determined from (3)–(5) and their values
are given as

A circuit model simulation is performed using an ADS simu-
lator [7] with the parameters determined above. Fig. 6 shows the
simulation results and the theoretical response of the sixth-order
quasi-elliptic function. This shows that the circuit model gives

Fig. 7. (a) Circuit model simulation responses for six-pole quasi-elliptic
response filter for lossless and with unloadedQ of about 250. (b) Comparison
between the group delay for conventional quasi-elliptic and self-equalized
quasi-elliptic function filter.

a very good approximation of the six-pole quasi-elliptic func-
tion. However, there are some errors in the passband ripples in
the circuit model. This can be accounted for by the frequency
variant admittance inverters used in the circuit model, whereas
the theoretical admittance inverters from the extracted-pole syn-
thesis are frequency invariant. The frequency variant admittance
inverters are used in the circuit model because they give a better
approximation of the real microstrip coupling structures.

Loss can be added to the circuit model to simulate the con-
ductor loss of the real filter by adding parallel resistances to the
parallelLC resonators. Fig. 7(a) shows the responses of a cir-
cuit model with added losses of unloaded-factor of 250 and
the ideal case. When the loss is added, the passband insertion
loss will increase to about 3 dB. To illustrate the linear phase
response of this filter, a comparison is made between a conven-
tional six-pole quasi-elliptic filter (without in-phase cross cou-
pling) and this example. It is clearly shown in Fig. 7(b) that by
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Fig. 8. Plot of type-II mixed coupling of a square open-loop resonator.

introducing an in-phase cross coupling, the group delay can be
flattened significantly. By introducing the in-phase cross cou-
pling, type-II mixed coupling is introduced.

V. TYPE-II M IXED COUPLING

The type-II mixed coupling was first discussed by Honget
al. [9] for a microstrip hairpin structure. This type of coupling
is not continuously decreasing with coupling distance, but in-
creasing until one particular point then starts decreasing. Here,
there are actually two types of coupling existing in the type-II
mixed coupling. Fig. 8 shows a plot of the coupling coefficients,
which are obtained from full EM [5] simulation, against the cou-
pling distance for the microstrip square-loop resonators. The
type-II mixed coupling is also the superposition of the electric
and magnetic couplings, as in the type-I mixed coupling [2].
However, the magnetic coupling of the type-II mixed coupling
is out-of-phase with respect to the electric coupling. This is in
contract to the type-I mixed coupling where the magnetic cou-
pling is in-phase with respect to the electric coupling. Therefore,
the electric and magnetic couplings in type-I mixed coupling en-
hance each other, whereas the electric and magnetic couplings
of the type-II mixed coupling cancel out each other.

When the resonators are placed very close to each other, the
electric coupling dominates. The electric couplings are very
strong, but decay very rapidly. At one particular spacing, i.e.,
about 0.9 mm for this case, there is no coupling between the
two resonators. This is because the electric coupling is equal
to the magnetic coupling. In Fig. 8, marked “Section II,” the
coupling increases with increasing coupling distance, which is
not expected in most coupling structures. This happens because
the net coupling has changed from electric to magnetic, and
also because the magnetic couplings decay at a slower rate
compared to the electric coupling. Therefore, the net mag-
netic coupling appears to be increasing (more negative). The
couplings will increase until one particular point and start
decreasing again, as shown in Fig. 8, marked “Section III.”

Fig. 9. Circuit model of the type-II mixed coupling.

When the spacing between the resonators is very far apart, the
electric fields between the resonators are negligible. Therefore,
the coupling appears to be purely magnetic.

To model the type-II mixed coupling, a circuit diagram, as
shown in Fig. 9, is used. Due to the arrangement of the coupling
structure, the flow of currents in the two resonators is changed
compared to the type-I mixed coupling [2]. This will cause the
mutual inductances in the circuit model to change from pos-
itive to negative and vice versa. The mutual capacitances
remain the same because they are independence of current. By
inserting a short circuit (electric wall) and open circuit (mag-
netic wall) along the -plane, the resonant frequency of
the of the circuit can be determined as [2]

(7)

(8)

The coupling coefficient of the type-II mixed coupling can be
determined using the following:

(9)

Assuming that , which is usually the case, (9)
can be simplified to

(10)

where is the electric coupling and is the magnetic cou-
pling. The negative sign in (10) indicates that the magnetic cou-
pling is out-of-phase with respect to the electric coupling. Using
Hong’s model [2] for the electric coupling and magnetic
coupling of the square-loop resonators, it is shown that the
type-II mixed coupling model fits reasonably well when the
spacing between the coupling resonators is greater than 0.3 mm,
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Fig. 10 (a) Microstrip circuit layout of an extracted-pole bandpass
quasi-elliptic response filter with linear phase with square-loop resonators. (b)
Photograph of the fabricated filter.

TABLE III

as shown in Fig. 8. The best fit obtained when the ratio between
the electric coupling and the magnetic coupling are 0.6–0.4, i.e.,

(11)

VI. EXPERIMENTAL FILTER

The layout of the six-pole microstrip filter using square-loop
topology is shown in Fig. 10(a). A photograph of the fabri-
cated filter is shown in Fig. 10(b). Here, and ( )
are the electrical length of the microstrip transmission lines.
The spacing between the resonators is determined using full
EM [5] simulation. The physical dimensions for the couplings
and external -factors corresponding to Fig. 10(a) are shown in
Table III.

This filter is fabricated using copper microstrip on an RT/Du-
riod substrate with relative dielectric constant of 10.8 and
thickness of 1.27 mm. The linewidth of the microstrip is 1.1 mm
throughout. The measured performance of the fabricated mi-
crostrip filter, which is obtained using the HP8720 network an-
alyzer, is shown in Fig. 11(a). Some tuning is performed in
this measured result to obtain the best response. The tuning is
achieved by placing small dielectric materials at the appropriate
position to change the resonant frequencies of each resonator
accordingly. Tuning is essential because of the unavoidable fab-
rication errors. The midband insertion loss is measured at about
3.3 dB, which is mainly contributed by the conductor loss of

Fig. 11. (a) Experimental results forjS11j and jS21j. (b) Comparison
between the experimental and theoretical group delay.

the copper. Two attenuation poles at the rolloff frequency near
the passband, which improve selectivity, are achieved. The mea-
sured group delays are shown in Fig. 11(b). The group delay of
the experimental results is slightly lower compared to the pre-
dicted circuit model because there are slight increases in the
bandwidth of the fabricated filter.

VII. CONCLUSION

We have presented the design procedure for the ex-
tracted-pole technique for microstrip filter. A circuit model of
the microstrip extracted pole is also presented. This model has
shown close correlation with the theory. This model makes the
design of microstrip extracted-pole technique for quasi-elliptic
function filter more straightforward. To demonstrate the validity
of the circuit model, a six-pole quasi-elliptic microstrip filter
has been designed, fabricated, and tested. The measurement
circuit model, together with the theoretical response, has been
presented. We have also shown that by introducing an in-phase
cross coupling in the microstrip extracted-pole filter, a linear
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phase filter with a real transmission zero pair can be achieved.
The unexpected phenomena of the type-II mixed coupling has
been discussed. A circuit model is also presented to explain
these phenomena.
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