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Abstract—A simple strategy is proposed to design differ-
ential-mode bandpass filters with good common-mode (CM)
rejection using simple resonators. Specifically, the CM rejection
is enhanced by using conventional open-loop resonators as well
as folded stepped-impedance resonators without the addition of
printed or lumped elements along the symmetry plane of the
filter or the use of defected ground solutions. The novelty of the
present proposal is that a good CM rejection is achieved by the
use of magnetic coupling instead of the more commonly employed
electrical coupling. Magnetic coupling inherently yields poorer
CM transmission as requested by good differential filters. The res-
onators, due to their geometrical simplicity, can easily be cascaded
to implement high-order filters. The use of simple geometries also
simplifies the design methodology and makes final tuning based
on electromagnetic simulation simpler or unnecessary.

Index Terms—Balanced differential filters, common-mode (CM)
suppression, magnetic coupling, stepped-impedance resonators.

I. INTRODUCTION

HE USE of balanced differential circuit architectures [1]

for both digital high-speed electronics and analog mi-
crowave circuits has become very popular in recent years due to
their high degree of immunity to environmental noise and elec-
tromagnetic interference, as well as their good electromagnetic
compatibility performance when compared with single-ended
configurations. This trend has pushed on the research on differ-
ential versions of classical single-ended passive components.
Some examples of this kind of research are power dividers
and combiners [2]-[5], diplexers [6], or passive equalizers [7].
Nevertheless, common-mode bandstop filters (CM-BSFs) and
differential-mode bandpass filters (DM-BPFs) are by far the
components that have received more attention [8] in this frame.
A few typical examples of CM-BPFs implemented in printed

Manuscript received November 07, 2014; revised February 05, 2015 and
March 25, 2015; accepted March 29, 2015. Date of publication May 01,
2015; date of current version June 02, 2015. This work was supported by the
Spanish Ministry of Economy and Competitiveness with European Union
FEDER Funds under Contract TEC2010-16948, Contract TEC2013-41913-P,
and Contract Consolider EMET CSD2008-00066, and by the Spanish Junta de
Andalucia under Project P12-TIC-1435.

A. Fernandez-Prieto, A. Lujambio, F. Medina, and R. R. Boix are with the
Faculty of Physics, Department of Electronics and Electromagnetism, Univer-
sity of Sevilla, 41012 Seville, Spain (e-mail: medina@us.es).

J. Martel is with the Department of Applied Physics II, ETSA, 41012 Seville,
Spain.

F. Mesa is with the Department of Applied Physics I, ETSII, 41012 Seville,
Spain.

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TMTT.2015.2424229

circuit technology can be found, for instance, in [8]-[13]. These
structures are designed to reject the common-mode (CM) signal
over a wide frequency band, whereas the insertion loss (IL) for
the differential signal is kept as low as possible (through good
matching and low losses) from dc to the highest frequency
of interest. Our attention in this work will be focused on
DM-BPFs. These components are designed so that they behave
as standard single/multiple BPFs for the differential signal (low
IL at the desired frequency bands and strong rejection in the
out-of-band regions) while also showing strong rejection of the
CM signal over the differential passband(s) and around them.
Many works dealing with DM-BPFs have been published in
the open literature during the last decade, and thus a wide va-
riety of possible implementations is available today for single-
band, dual-band, narrowband, or wideband applications. Some
recent illustrative examples are: narrowband BPFs based on
closed-loop resonators [14], dual-band differential filters based
on asymmetrical coupled lines [15], compact narrowband filters
based on defected ground structure (DGS) [16], and wideband
differential filters based on branch A/4 coupled lines [17] or on
modified branch lines [18]. Differential filters based on surface
integrated waveguide technology have also been reported [19].
Most of these filters exhibit a symmetry plane that behaves
as an electric/magnetic wall depending on the symmetry (dif-
ferential/common, odd/even) of the excitation. The structure re-
sulting of forcing an electric wall (short circuit) at the symmetry
plane should fulfill the specs of the desired differential filter.
The CM response can then be derived from the same geom-
etry after enforcing the symmetry plane to be a magnetic wall
(open circuit). If the desired level of CM rejection is not directly
provided by the CM equivalent structure, electrical components
can be added along the symmetry plane to improve the CM re-
sponse without affecting the differential-mode (DM) response.
This strategy suggests that DM filters can be derived from their
single-ended counterparts after introducing a symmetry plane
by specular reflection or by choosing a symmetrical version of
the filter. Actually, many of the DM-BPFs described in the lit-
erature are symmetrical structures of this class [15], [20]-[26].
One of the simplest filters that can be designed (provided a
narrow passband suffices for the application) is based on the use
of coupled open-loop resonators, which is, in fact, the starting
structure considered in [20]. If a more compact version of the
same kind of filter is desired, folded stepped-impedance res-
onators (FSIRs) could be used instead of the open-loop res-
onators. However, the straightforward implementation of the
differential version of the basic second-order filter based on this
topology does not yield good CM rejection [20]. As mentioned

0018-9480 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

Authorized licensed use limited to: Universidad de Sevilla. Downloaded on May 26,2020 at 15:48:52 UTC from IEEE Xplore. Restrictions apply.



1844

before, this drawback is usually overcome by adding tuning el-
ements along the symmetry plane, which do not affect the DM
operation too much, but improve the CM rejection performance.
In this paper, it will be shown that, in the case of two resonators
(second-order filters), this is not necessary if magnetic coupling
is employed instead of the commonly used electric coupling.
Magnetic coupling can easily be achieved by simply rotating the
resonators 180° with respect to an axis perpendicular to 4 A’.
For a given level of required coupling, the magnetic version
gives place to a larger separation between the resonators. How-
ever, even though magnetic coupling provides the interaction
mechanism for DM operation, the resonators are still electrically
coupled under CM excitation. The level of electric coupling in
this case is much lower than the one involved in the original
structure based on electrical coupling for both DM and CM ex-
citations, thus giving place to weak CM transmission. However,
if magnetic coupling is used in the design of the differential re-
sponse, the excitation of the filter has to be carried out through
capacitive coupling since, otherwise, the appropriate values of
external quality factor cannot be achieved. Fortunately this is
not a problem if planar interdigitated capacitors are used when
tight feed coupling is required. A very good performance can
be achieved with this simple strategy, which is experimentally
demonstrated here for two second-order demonstration filters
based on open-loop resonators and FSIRs. Two key features of
the present approach are: 1) no additional tuning has to be done
to improve CM rejection and 2) increasing the order of the filter
is a trivial task in comparison with implementations based on
complex resonator geometries since the basic resonator is geo-
metrically very simple.

This paper is organized as follows. Section II presents the
design of a simple narrowband DM-BPF based on electrically
coupled open-loop resonators with symmetrically taped exci-
tation, and its performance is compared with the magnetically
coupled version to show the superiority of the last one with re-
spect to CM rejection requirements. A similar study is carried
out in Section III for the second-order filters based on electri-
cally coupled and magnetically coupled FSIRs. A fourth-order
filter based on the use of four inline FSIRs including one mag-
netically coupled pair is finally shown in Section I'V.

II. OPEN-LOOP COUPLED-RESONATOR BALANCED
BANDPASS FILTERS

A. Conventional Case: Electrically Coupled Resonators

The layout of the straightforward implementation of a bal-
anced bandpass filter based on two electrically coupled open-
loop resonators is shown in Fig. 1. This is the unloaded version
of the structure analyzed in [20]. The design of the differential
response can be carried out following the procedure described in
[27] for coupled-resonator filters, where the involved resonators
would be the ones in Fig. 1 with a virtual ground at the A A’
plane. The inter-resonators coupling factor, A/, and the external
quality factor, (J, required to obtain the desired fractional band-
width, A, is given, in general, by the following expressions:

A

My = ——, fori=1,...,n—1
VIidi+1

(1)
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Fig. 1. Layout of an electrically coupled open-loop balanced bandpass filter
(no attention is paid to CM performance). The final dimensions of the designed
second-order Butterworth filter (f¢ = 2.45 GHz, A = 10%)arel; = 2.5 mm,
lo = 875 mm, I3 = 16.9 mm, wo = 2.53 mm, w; = 0.8 mm, ¢t =
2.435 mm, and s; = 0.53 mm.
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Fig. 2. DM external quality factor (Q.) versus ¢ obtained through the compu-
tation of S¢ for the structure in the inset. ADS Momentum has been used for
the full-wave simulations.

Jod1 Indn+1
e = — en = — 2
Qa="3 @ \ 2
where n is the filter order and g;(i = 1,...,n — 1) are the

low-pass prototype element values for the filter response that
are aimed to be implemented. The center frequency, f¢, is con-
trolled by the length of the open-loop resonator, which has to be
close to half the guided wavelength at such frequency.

As an example, the n = 2 Butterworth design with f& =
2.45 GHz and A = 10% is considered. For such design, M5 =
0.071 and Q.1 = Q.2 = Q. = 14 are required. For the
chosen substrate (¢, = 3.0, h = 1.016 mm), the following res-
onator dimensions are selected: {1 = 2.5 mm, [ = 8.75 mm,
I3 = 16.9 mm, and wy = 0.8 mm. The value of ¢J. is mainly
controlled by the tap distance ¢ (see Fig. 1). The procedure
reported in [27, Ch.7] can be followed to extract Q. using a
full-wave simulator (ADS Momentum [28] has been used here).
The variation of ), with respect to ¢ is plotted in Fig. 2. From
this figure, the appropriate tap position leading to Q. = 14 is
found to be ¢ = 2.12 mm. The coupling coefficient (My2) is
controlled by the gap distance between resonators, s;. From the
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Fig. 3. DM coupling coefficient (M12) as a function of the gap separation
between adjacent resonators, 1.

values of the two resonance frequencies, f,,; and fp2, of the cou-
pled open-loops shown in the inset of Fig. 3, the value of Af;5
is obtained using the formula [27]

2 2
fpl _pr

My = 2 £2
p1+ p2

3
The design curve relating M5 to s; is shown in Fig. 3. From
this figure, a gap distance of s; = 0.5 mm gives us the required
value of M;, = 0.071. After a final fine tuning process, the
definitive values for fabrication were s1 = 0.53 mm and ¢ =
2.43 mm. Finally, the 50-{2 microstrip characteristic impedance
corresponds to wy = 2.53 mm.

The simulated and measured results for both DM and CM ex-
citation for the filter shown in Fig. 1 are depicted in Fig. 4(a). A
detail of the DM response is shown in Fig. 4(b), where a photo-
graph of the fabricated prototype is also included. The simulated
and measured results satisfy the required DM specs with reason-
ably low IL (0.81 dB measured at f'). Unfortunately, a poor CM
rejection level is found for this type of filters, as clearly indicated
by the common-mode rejection ratio (CMRR) at £ (around 14
dB). Most of the contributions that can be found in the litera-
ture try to improve this CM rejection by introducing some ad-
ditional structures along the symmetry plane, AA’, of the filter.
When operating in CM, A A’ behaves as a perfect magnetic wall
(virtual open circuit), and thus any extra element introduced in
the symmetry plane will influence the CM response. In contrast,
the DM will not be affected by these new elements since AA’
is an electric wall (virtual short circuit) in such case. Typical el-
ements used to reduce CM transmission are lumped inductors
and capacitors, A4/2 open-circuited stubs or DGSs.

In this paper we do not follow the above guideline of adding
elements along the symmetry plane, which additionally makes
the design process more difficult and might even preclude the
use of these structures for high-order filter design. Instead, our
proposal is to employ magnetic coupling rather than electric
coupling in the design of the differential filter. Interestingly, this
leads to more separate resonators that are weakly coupled under
CM excitation, thus giving place to inherent low CM transmis-
sion. Although magnetic coupling has incidentally been intro-
duced in some differential filter designs [14], [29], [30], [32],
to the authors’ knowledge, the relevance of this fact to suppress
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Fig. 4. (a) Simulated and measured DM and CM response of the conventional
open-loop balanced bandpass filter of Fig. 1. (b) Detail of the differential pass-
band including a photograph of the prototype.

CM transmission has not been exploited before. When electric
coupling is used in the differential filter design, both CM and
DM coupling levels are of the same order of magnitude. On the
contrary, if magnetic coupling is used to achieve the required
DM response, the associated level of electric coupling affecting
CM operation can be, at least, one order of magnitude smaller
(for typical values of the dielectric constant of the substrate).

B. Alternative Design: Magnetically Coupled Resonators

The layout of the magnetically coupled version of the filter
reported in Section II-A is shown in Fig. 5. The new structure is
obtained by rotating around an axis perpendicular to AA’ 180°
each of the electrically coupled resonators of Section II-A in
such a way that the coupling between them is now mainly mag-
netic.

The same substrate, filter type, filter order, specs, and
working frequency are used to illustrate the advantages of the
new design. The same classical design procedure employed
before can be followed for the new configuration. Therefore,
the same values of M7y and Q. are required. The main dif-
ference is that the excitation of the pair of resonators must
now be of capacitive nature to be capable of implementing
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Fig. 5. Layout of a magnetically coupled open-loop balanced bandpass filter
of second order. The final dimensions of the designed filter (same specs as in

Fig. larely = 4 mm, l; = 4.9 mm,l; = 16.9 mm, wg = 2.53 mm,
wy = 0.8mm, ws = 0.3 mm,? =9 mm, sy = 1.6 mm, and s2 = 0.1 mm.
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Fig. 6. DM external quality factor, ., as a function of the length of the ca-
pacitive feeding lines, ¢, for several values of the separation s5.

the required value of (.. This capacitive excitation makes
the interaction with the resonators different and modifies the
resonance frequency of the resonators. In order to bring the
resonance frequency to the required value, the dimensions of
the resonators have to be adjusted to the following values:
Iy =4mm, l, = 4.9 mm, I3 = 16.9 mm, and w; = 0.8 mm.
Note that, incidentally, the new filter is shorter than the pre-
vious one. Again, we can obtain design curves for ). and M2
similar to those in Figs. 2 and 3. These new curves are depicted
in Figs. 6 and 7. The parameters that now control Q). are the
width, ws, and length, ¢, of the capacitively coupled feeding
lines and their separation to the resonator, s3. We can choose
wy within a wide range of values provided two conditions
are fulfilled, which are: 1) ¢ is short enough to neglect I/O
coupling and 2) s, is wide enough to avoid problems related
to fabrication tolerances. The chosen value, w; = 0.3 mm,
fulfills both requirements. The other two parameters have been
varied to obtain the design curves in Fig. 6. From Figs. 6 and 7,
we extract the following dimensions to fulfill the filter specs:
81 = 1.6 mm, s5 = 0.1 mm, and ¢ = 9 mm. Note that the
feeding lines and the resonators have to be closely spaced to
reach the required value of Q..
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Fig. 7. Simulated DM coupling coefficient, M, versus the gap between the
resonators, si, for the magnetically coupled open-loop resonators used in our
design.

The final design has been simulated and a fabricated proto-
type has been measured. The results are plotted in Fig. 8 for both
DM and CM excitations. The comparison of this response with
one of the previous filters makes it apparent that CM noise sup-
pression has been drastically improved; specifically, a measured
value of CMRR (@f¢) equal to 40 dB has been obtained. This
26-dB improvement has been achieved without the addition of
new elements that would have complicated the design process.
As required, the DM response also has a reasonably good perfor-
mance, although the measured IL is slightly worse in the new
design (1.28 dB has been measured at the center frequency).
Interestingly, the spurious band appearing at about 7.5 GHz in
Fig. 4(a) does not appear in Fig. 8(a). i.e., the upper out-of-band
response of the magnetically coupled structure is better than of
the conventional one.

It has already been mentioned that the coupling between the
resonators in the new configuration (DM operation) is magnetic
in nature. This fact is illustrated by the high current density ob-
served in the coupled sections of the resonators under DM ex-
citation in Fig. 9(b). The magnetic coupling in this configura-
tion is stronger than the electric coupling of the original con-
figuration [see Fig. 9(a)]. Hence, the required gap for a given
coupling level will be larger for the new configuration than for
the electrically coupled resonators. However, for CM operation,
the coupling mechanism is electric in both configurations, as it
is qualitatively illustrated in Fig. 9(c) and (d). The key obser-
vation here is that the greater distance between the resonators
allowed by the magnetically coupled configuration (DM opera-
tion) helps now to improve the CM rejection of the structure.

An interesting feature of the magnetically coupled structure
is the appearance of an extra transmission zero (TZ) in the CM
response (at approximately f = 5.3 GHz). This TZ is related to
the difference in the modal phase velocities of the even and odd
modes supported by the magnetically coupled sections as they
behave as a pair of coupled microstrip lines [see Fig. 10(a)].
If this difference was zero, a passband would appear in the
CM response in the frequency region above 5 GHz and below
6 GHz. Actually, the coupled section of length I. is charac-
terized by its even- and odd-mode characteristic impedances,
Zye, Zyo, respectively, and their even- and odd-mode electrical
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Fig. 8. (a) Simulated and measured DM and CM responses of the proposed
open-loop balanced bandpass filter of Fig. 5. (b) Detail of the differential pass-
band including a photograph of the prototype.
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configurations. Current patterns have been obtained at fg.
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Fig. 10. (a) Basic structure of magnetically coupled A, /2-resonators. (b) CM
equivalent half-circuit. (c) DM equivalent half-circuit.

lengths, 8., 8. The intrinsic response of this coupled microstrip
section can be obtained by applying the even and odd excita-
tion analysis [31, Ch.7] to the CM and DM equivalent circuits
in Fig. 10(b) and (c). Taking into account the symmetry in the
BB’ plane, the following transmission coefficient, S5y, can be
obtained:

Sa1 = [551* (1J1] 4)

DO =

where S7; and S7; are the reflection coefficients for even and
odd excitations. This results into the following expressions for
CM and DM operation

Zoo COt 8, — Zpe cot 8,

(jZOe cot (96 — ZQ)(jZOO cot 190 — ZQ)
ZOo tan 00 — ZOe tan 06

(,jZOe tan (96 — ZO)(jZOO tan 00 — Zo) ’

S51 =% (&)

Ssit =iz

Q)

In the above formulas, Zy = 25 €2 for CM and Z; = 100 €2 for
DM. The detailed application of this method, together with a
study of the TZs of both responses and plots for S5 and S$¢ of
the structures is provided in the Appendix. A simple inspection
of the numerator in (5) reveals that the TZ in the CM response
corresponds to a frequency frz at which

Zgo COt 8y = Zye cot O,. 7

Note that if 8, = 8, this TZ disappears. It can be demon-
strated (see the Appendix) that, in the present filter, this oc-
curs at frz = 5.3 GHz, corresponding to values of 4, and 6,
smaller than 7r /2. At this frequency, the coupling structure intro-
duces the TZ observed in the CM response of our filter. Since
this frequency depends on the electric parameters of the cou-
pled region, they can be adjusted to make fryz coincide with
the even resonance frequency of the open-loop resonator so
that the undesired passband for the CM is partially eliminated.
Fig. 11 shows the CM response of the magnetically coupled
filter for different values of the length of the coupled section,
. = l3/2. The value of I, has been modified while keeping the
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Fig. 11. Simulated CM response of several balanced bandpass filters based on
magnetically coupled open-loop resonators for different values of Z...

total length of the resonator constant. From this plot, the depen-
dence of the TZ on /.. is apparent; the longer the coupling region
l., the lower the frequency of the TZ frz. The best CM rejec-
tion is obtained for I, = 8.45 mm, which was the value chosen
for the filter presented in Fig. 8.

Summing up, the magnetically coupled configuration pro-
vides high in-band and good out-of-band CM rejection when
compared with the electrically coupled version. The same con-
cept can be used not only with open-loop resonators, but also
with other types of resonators. In Section III, FSIRs, which are
very popular for designing compact coupled-resonators filters,
are employed to reduce the size of the filter and to achieve an ex-
tended good out-of-band performance also for the DM response.

III. BALANCED BANDPASS FILTER BASED ON ELECTRICALLY
AND MAGNETICALLY COUPLED FSIRS

The use of FSIRs to design balanced differential bandpass
filters has been reported, for instance, in [29] and [30]. As
happens with differential filters based on open-loop resonators,
electrical coupling of FSIRs also yields poor CM noise sup-
pression. Again, lumped, distributed, or DGS elements can
be added to the original design to enhance the CM response.
However, it does not only increase the difficulty in the design
process, but usually prevents the development of higher order
filters due to the impossibility of cascading more than two
resonators.

Next, it will be shown that the use of magnetic coupling pro-
vides a satisfactory CM response and also allows for the design
of high-order filters. Fig. 12 shows the conventional topology of
two electrically coupled FSIRs arranged to create a differential
bandpass filter. The proposed arrangement with magnetic cou-
pling is shown in Fig. 13. In order to compare the performance
of both implementations, the same specifications and substrate
are used for both of them: Butterworth prototype of ordern = 2,
center frequency f¢ = 2.45 GHz, fractional bandwidth A =
10%, permittivity £, = 3, and thickness h = 1.016 mm. As al-
ready mentioned, the required coupling coefficient and external
quality factor result to be M2 = 0.071 and (). = 14, respec-
tively. Curves similar to those in Figs. 2, 3, 6, and Fig. 7 can
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S1

Fig. 12. Layout of a conventional balanced bandpass filter based on two elec-
trically coupled FSIRs. The final dimensions of the designed filter are I; =
7.05 mm, Is = 85 mm, I3 = 4.4 mm,l; = 4.56 mm, wg = 2.53 mm,
w; = 1 mm, = 3.15 mm, and s; = 0.35 mm.

@

(b)

Iy

wo ~— 13
52

Fig. 13. (a) Layout of a novel balanced bandpass filter based on two magneti-
cally coupled FSIRs and (b) a detail of the filter’s feeding line. The final dimen-
sions of the designed filter are I; = 7.95 mm, [, = 5.45 mm, I3 = 3.1 mm,
Iy = 426 mm, I = 2.7 mm, lg = 3.03 mm, we = 2.53 mm, w; =
0.8 mm ws = 3 mm, 8 = 1.54 mm, and s, = 0.1 mm.

be generated to obtain the physical dimensions that provide the
required values of Mjs and Q.. In order to reach the required
value of Q)., an interdigitated capacitor has to be defined to ex-
cite the individual resonators, as is depicted in Fig. 13.
Numerical simulations and measured results for the two de-
signed filters based on FSIRs (electrically or magnetically cou-
pled) are shown in Figs. 14 and 15. These figures clearly show
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Fig. 14. (a) Simulated and measured DM and CM responses of the electrically
coupled FSIRs balanced bandpass filter of Fig. 12. (b) Detail of the differential
passband including a photograph of the fabricated prototype.

that CM suppression is drastically improved when magnetic
coupling is employed. The measured CMRR (@ f¢) achieved
with the proposed magnetically coupled filter reaches 40 dB
within the differential passband. Additionally, as it happened
with the filter in Fig. 5, an extra TZ has been introduced in
the CM response at 6.3 GHz, thus improving the CM perfor-
mance even more. The out-of-band DM response is expected
to be better for the FSIR based filters than for the open-loop
based ones. This fact is observed in the response of the conven-
tional electrically coupled filter (]SS is below —20 dB until
9 GHz, i.e., 3.7f%). However, the magnetically coupled FSIR
filter presents an even better out-of-band performance, free of
spurious passbands up to 12 GHz (about 5 fél).

IV. BALANCED BANDPASS FILTER BASED ON MAGNETICALLY
COUPLED FSIRs OF ORDER N = 4

In previous sections, it has been shown that magnetic cou-
pling can improve the CM performance of conventional elec-
trically coupled resonators filters without degrading the DM
response, which has been demonstrated with the implementa-
tion of filters of order n = 2. However, since the employed
topology is quite simple (conventional resonators without any
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Fig. 15. (a) Simulated and measured DM and CM responses of the magneti-
cally coupled FSIR balanced bandpass filter of Fig. 13. (b) Detail of the differ-
ential passband including a photograph of the prototype.

extra added elements), nothing prevents the application of this
design procedure to higher order filters using an inline config-
uration. An increase in the number of resonators is expected
to yield both better DM selectivity and CM suppression. This
is not possible with many of the solutions usually found in the
literature due to the complicated geometries that come into
play, which make it unfeasible to build higher order filters in
a straightforward way.

In this section, the methodology used previously for de-
signing balanced bandpass filters of order n = 2 is extended
to a filter of order n = 4. The layout of the proposed filter is
depicted in Fig. 16. It should be pointed out that the size of the
resonators 1 and 4 is different to that of resonators 2 and 3. As
was already explained in Section II-B, the employed excitation
(inductive/capacitive) affects the resonance frequency of the
resonator. Hence, the dimensions of the resonators have to be
adjusted to assure that the resonance frequency is the same for
all the resonators that conform the filter. The chosen specifi-
cations for this new design are: Butterworth prototype, center
frequency f& = 2.45 GHz, and fractional bandwidth A = 14%
on a substrate of relative permittivity £, = 3 and thickness
h = 1.016 mm. The required coupling coefficients and external
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TABLE 1
COMPARISON WITH REPORTED BALANCED BANDPASS FILTERS BASED ON COUPLED RESONATORS
0 Size Differential-mode Common-mode
Pg X A) | fd (GHz) | 3-dB A (%) | IL Qf¢ (dB) | Afsap/Afaoae | CMRR @f¢ (dB) | |SS5| (dB)
[20] 2 0.252 x 0.19 1.57 12.7 0.95 0.25 25 <-25 (0-2.3 GHz)
[32] 2 0.201 x 0.23 1.05 7 1.5 0.21 54.7 <-24 (0.5-3.5 GHz)
[33] 2 1.29 x 0.2 242 6.6 0.8 0.228 44 <-20 (0-4 GHz)
Fig.5 2 | 0.195 x 0.246 2.455 11.1 1.28 0.316 38.8 <-30 (0-4.2 GHz)
Fig. 13 | 2 | 0.168 x 0.235 2.465 10.7 1.32 0.319 38.6 <-30 (0-5 GHz)
[30] 4 | 0.288 x 0.388 1.508 6 2.48 0.534 57 <-30 (0-14 GHz)
[29] 4 0.215 x 0.22 1.02 12 3.51 0.52 31 <-30 (0-6 GHz)
[14] 4 | 0.149 x 0.228 1.02 9.83 1.76 0.51 45 <-30 (0-6 GHz)
Fig.16 | 4 | 0373 x 0.214 2.475 13.9 1.105 0.528 47 <-30 (0-5.6 GHz)
lg 0 'Tq—-_.(-_—
'y -10 dd /"r
@ Sii = ==Measurements
la sg‘f — Simulations
_20 /
l7 - \ cc
Y ~ 30 |— 52
@ g
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53
Fig. 16. Layout of a fourth-order balanced bandpass filter based on in-line cou-
pled FSIRs. The final dimensions of the designed filter are (in millimeters):
I, =841, =732,13 =298,1ly =4.86,1l5 =8.7,1s = 6.35,1; = 3.1,
leg = 4.26,w = 253, w; = wy = 1,t = 293,51 = s3 = 0.21, and
sz = 1.54.
quality factors for the configuration in Fig. 16 can be obtained
from (1) and (2), which are found to be Q.1 = Qs = 5.47,
My = Msy = 0.117, and M3 = 0.076. Design curves for
M; ;11 and Q. similar to those of the previously designed
filters can be generated using the full-wave simulator ADS
Momentum. At this point it should be noted that two different .
curves for the coupling coefficient have to be obtained: one \%
for the coupling between resonators 1 and 2 (3 and 4), which @
is mainly electric in nature, and another one for the coupling
between resonators 2 and 3, which is mainly magnetic. In-
creasing the filter order results in a layout of resonators with 50 i
. . . . x / |
alternating coupling schemes, thus ensuring the existence of '/ - ==Measurements
at least a pair of magnetically coupled resonators in the filter. 60 4 —— Simulations
This magnetically coupled resonator pair is expected to highly .8 2 22 24 26 28 3 32
improve the CM noise suppression. Additionally, due to the Frequency (GHz)
higher order of the filter, the selectivity of the DM response is ®)

also expected to be greatly improved.

All these observations are corroborated in Fig. 17, which
shows the simulated and measured results for both DM and CM
responses of the filter shown in Fig. 16. In this figure, a measured
rejection level for CM of approximately 50 dB in the differential
passband is observed, while measured IL is better than 1.2 dB in
the passband. Furthermore, DM performance has been signifi-
cantly improved in the out-of-band region since insertion IL is
below —35 dB until 12 GHz and no spurious passbands are ob-
served. As was predicted, the filter selectivity has been clearly
improved and now the filter has steeper skirts. In addition to
the good performance, this filter has been designed using a very

Fig. 17. (a) Simulated and measured DM and CM responses of the designed
fourth-order FSIR balanced bandpass filter in Fig. 16. (b) Detail of the differen-
tial passband including a photograph of the fabricated prototype.

well-known standard design procedure without any worry about
CM rejection. Due to the nature of the magnetic coupling, the
CM is automatically suppressed below —30 dB in the whole fre-
quency band, except a peak of —24 dB at 5.67 GHz.

A comparison of the presented filters with previous solutions
proposed in the literature is given in Table I. The new filters of
order n = 2 of Figs. 5 and 13 are compared with similar struc-
tures of coupled resonators of the same order, where lumped
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Fig. 18. Equivalent circuit and coupling structure under study for: (a) CM and
(b) DM operation.

elements or DGSs have been used to improve CM rejection. It
can be observed that the proposed novel filters provide a very
good performance in terms of CM rejection with the additional
advantage of having a continuous solid ground plane and no
lumped elements. The filter of order n = 4 has also been com-
pared with other similar filters, demonstrating a very competi-
tive performance with the additional advantage of a simple de-
sign process. Moreover, it should be pointed out the flexibility
that is obtained thanks to the possibility of implementing filters
of any order in an inline configuration.

V. CONCLUSIONS

The symmetrically excited versions of coupled resonators fil-
ters based on open-loop or FSIR resonators behave as differen-
tial bandpass filters whose CM response is very different de-
pending on the type of coupling between the resonators. It has
been shown that magnetic coupling inherently leads to much
better CM rejection without significant degradation of the DM
response. This means that a good CM response can be obtained
by using simple resonators without adding tuning elements for
the CM response in the form of lumped/distributed components
or DGS structures. This fact significantly simplifies the design
procedure and reduces the need for fine tuning based on time-
consuming numerical optimization. Moreover, high-order fil-
ters with very good CM rejection can easily be designed thanks
to the existence of magnetically coupled sections embedded in
them.

APPENDIX

In this Appendix, the analysis of the coupling structure pro-
posed in Section II-B is carried out by means of equivalent cir-
cuits for CM and DM operation. The structure is basically a pair
of symmetrical coupled lines with different boundary conditions
depending on the excitation (even or odd), as shown in Fig. 18.
Due to the symmetry with respect to the BB’ plane, the even

cc

Sa1

S[ (dB)

0 2 4 6 8 10 12
Frequency (GHz)

Fig. 19. Transmission coefficients for the structures under study represented in

\
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-300 I l ) I
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Fig. 20. Curves Zg, cot 6, and Z,. cot 6. versus frequency.

and odd excitation analysis can be used to obtain the transmis-
sion coefficient, S31, for the structures under study as

1
So1 = 5[‘5?1 - 551]- (®

Under CM excitation, the AA’ plane behaves as a virtual
open-circuit, resulting in the circuit in Fig. 18(a). The virtual
open can be translated to the input port to obtain the following
reflection coefficient for the even and odd excitations:

e *jZOe cot (96 — Z(]
= *jZOe cot (99 + ZO
_jZOO cot, 90 — Z()

° = 10
W 5 Z00 cot b, + Zg (10)

(€))

where Zj. and Z, are the even- and odd-mode character-
istic impedances of the coupled lines, Zy is the characteristic
impedance of the system (25 €2 in this case), and finally, 6,
and 6, are the electrical lengths of the even and odd modes,
respectively.

Using (8), the transmission coefficient of the structure is
given by

Zo COt 0, — Zge cot 8,
(jZOe cot 06 — ZO)(jZOo cot 00 — Zo) )

551 = %0 (11)
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Under DM excitation, the AA’ plane behaves as a virtual
short-circuit, resulting in the circuit in Fig. 18(b). The virtual
short can be translated to the input port and the reflection co-
efficient can be calculated for the even and odd excitations as
follows:

o jZOe tan 06 — ZO

(]

(12)

W i Z0 tan 8, + Zo
o jZOO tan 00 — Z(]
1 = (13)

jZOo tan 00 + Z(]

with Zg = 100 €2 in this case.
Again, applying (8), the following transmission coefficient
for the DM is obtained:

Zoe tanf, — Zy, tanf,
(jZOe tan (98 -+ ZO)(jZOO tan&o + Zo) )

Sst = iZy (14)

The expressions (11) and (14), which describe the behavior of
the coupling structure of the new filter under CM and DM exci-
tation, are plotted in Fig. 19 versus frequency. The TZs present
in the CM response can easily be analyzed using (11). In an ho-
mogeneous medium where 8, = 4, the zero will occur when
cot 8, = cot 8, = 0, namely, when 8. = 6, = 7/2. However,
for a inhomogeneous medium where §, # 8, (as is the case for
microstrip technology), the TZ will correspond to the frequency
frz at which Zy, cot 8, = Zg cot 8. This frequency can be
graphically obtained by plotting the behavior of both members
of the above equation and finding the crossing point, as shown
in Fig. 20. It should be noted that this frequency corresponds to
values of 8. and 6, lower than 7 /2. Another trivial zero is found
when 8, = 8, = 0 for both homogeneous and inhomogeneous
structures (this occurs at frz = 0 GHz).

A similar analysis can be applied to the transmission coeffi-
cient of the DM given in (14). For the homogeneous case (6. =
6,), TZs would occur when 8. = 8, = 0, 7, or 7 /2. However,
for our present case of inhomogeneous medium (6. # 8,), a
TZ is present only when 8. = 8, = 0. The absence of DM TZs
different from frz = 0 GHz is depicted in Fig. 19.
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