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Compact Wideband Balanced Bandpass Filters
With Very Broad Common-Mode and
Differential-Mode Stopbands
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Rodriguez, Member, IEEE, Vicente E. Boria, Senior Member, IEEE, and Ferran Martin, Fellow, IEEE

Abstract— Compact balanced bandpass filters based on a
combination of multisection mirrored stepped-impedance res-
onators and interdigital capacitors are presented in this paper.
The considered filter topology is useful to achieve wide band-
widths for the differential mode, with broad stop bands for
that mode, as well as very efficient common-mode suppression.
By conveniently adjusting the transmission zeros for both oper-
ation modes, the differential- and common-mode stopbands can
be extended up to significantly high frequencies. Filter size
and this differential- and common-mode stopband performance
are the main relevant characteristics of the proposed balanced
filters. The potential of the approach is illustrated by the
design of a prototype order-5 balanced bandpass filter, with
central frequency fy) = 1.8 GHz, 48% fractional bandwidth
(corresponding to 55.4% —3-dB bandwidth), and 0.04-dB ripple
level. The filter is automatically synthesized by means of an
aggressive space-mapping software tool, specifically developed,
and two (pre- and post-) optimization algorithms, necessary to
determine the transmission-zero frequencies. The designed filter
is as small as 0.481 5 x 0.51) ¢, where A ¢ is the guided wavelength
at the central filter frequency, and the differential-mode stopband
extends up to at least 6.5 GHz with more than 22-dB rejection.
The common-mode suppression is better than 28 dB from dc up
to at least 6.5 GHz.

Index Terms— Balanced bandpass filters, common-mode noise
suppression, interdigital capacitors, microstrip technology, space
mapping, stepped-impedance resonators (SIRs).

I. INTRODUCTION
ALANCED (or differential mode) microwave filters
have attracted the interest of the microwave community
in recent years. The reason is the increasing demand of
differential circuits and systems, due to the high immunity to
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noise, electromagnetic interference, and crosstalk of differ-
ential signals [1], [2]. Ideally, balanced filters should be able
to efficiently suppress the (parasitic) common mode over the
widest possible band, and simultaneously exhibit good perfor-
mance for the mode of interest (differential mode), including
low insertion loss and high return loss in the passband, high
filter selectivity, and a broad stopband (spurious cancellation).
Filter size, design simplicity, and cost are also important
aspects.

Solutions to suppress the common mode based on cascaded
common-mode filters have been reported [3]-[5]. However,
this strategy is not the optimum solution in terms of filter size.
For this reason, common-mode suppressed balanced filters are
mostly implemented through approaches that inherently reject
the common mode. Following these approaches, narrow-band
[6]-[11], dual-band [4], [12]-[20], wideband [21]-[38], and
ultrawideband [39]-[47] balanced bandpass filters have
recently reported.

This paper is focused on the design and synthesis of
differential-mode bandpass filters, first reported in [36], based
on a combination of multisection mirrored stepped-impendence
resonators (SIRs) and interdigital capacitors. The proposed
topology is useful for the implementation of wide-band
responses for the differential mode. Due to the presence of
multiple (controllable) transmission zeros for the differen-tial
and common modes and to the blocking effect of the series
connected interdigital capacitors at low frequencies, the
common mode is efficiently suppressed from dc up to high
frequencies (covering the differential-mode passband and
beyond). Good performance in the passband and broad
stopband for the differential mode is also achieved with the
proposed topology. Moreover, filter size is reduced as
compared to other similar filters based on quarter wavelength
admittance inverters [34], since these filters are implemented
only with semilumped (i.e., electrically small) components.
The proposed filters are fully planar, can be fabricated in
commercially available microwave substrates, use only two
metallic levels, and do not use metallic vias. Hence, they
represent a low-cost solution for wideband balanced filters.
Finally, the layout of the filters is obtained following an
automated scheme, by means of a developed software tool that
implements an aggressive space-mapping (ASM) optimization
and synthesis algorithm.
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As compared to the work presented in [36], in this paper,
we provide a detailed analysis of the circuit model, includ-
ing the equations that provide the reactive element values
from filter specifications. We discuss in detail the developed
ASM algorithm, necessary to automatically generate the filter
layout, as well as the pre- and postoptimization algorithms
necessary to determine the positions of the transmission-zero
frequencies. Finally, we report an order-5 common-mode sup-
pressed balanced filter, and we dedicate a section to compare
the size and performance of such filter with other balanced
filters (exhibiting comparable differential-mode bandwidth)
available in the literature.

This paper is organized as follows. The filter topology and
the equivalent circuit model are presented in Section II. Such
section includes the analysis of the circuit model, necessary
to achieve the required differential-mode filter response. The
determination of the transmission-zero frequencies (for both
the differential and common modes), necessary to achieve
broadband common-mode suppression, and efficient rejection
of the differential mode in the differential-mode stopband,
is discussed in Section III. Section IV is devoted to the design
and synthesis tool, based on ASM (as mentioned before), able
to provide the filter layout following an unattended scheme.
An illustrative design example is reported in Section V, specif-
ically a fifth-order wideband balanced filter. In Section VI,
a comparative analysis with other wideband balanced filters
is carried out. Finally, the main conclusions are highlighted
in Section VII.

II. FILTER TOPOLOGY, LUMPED ELEMENT
EQUIVALENT CIRCUIT, AND ANALYSIS

The typical topology of the wideband balanced bandpass
filters under consideration is depicted in Fig. 1 [36]. Such
topology corresponds to a fifth-order filter, but it can be
generalized to an arbitrary order by simply adding or removing
filter stages. All filter elements can be described by means of
simple reactive elements in the frequency region of interest.
This means that the filter is electrically small by nature,
since it is composed by semilumped elements, rather than by
distributed components.

The first-, third-, and fifth-filter stages are transverse mir-
rored SIRs made of seven alternating sections with high/low
characteristic impedance. The second- and fourth-filter stages
are made of differential pairs of interdigital capacitors cas-
caded between inductive (narrow) strips. The elliptical win-
dows etched in the ground plane have the purpose of reducing
the parasitic capacitances of the interdigital capacitors and
increasing the per unit length inductance of the inductive
strips. With this topology, wide bandwidths for the differential
mode can be achieved, since it is possible to obtain low
reactance slope for the series resonators (interdigital capacitors
in series with the inductive strips), and low susceptance slope
for the shunt resonators (made by a combination of mirrored
SIR elements, as will be later shown). It is interesting to men-
tion that the presence of series connected interdigital capaci-
tors blocks signal transmission at low frequencies for both the
differential and common modes. This is particularly useful for
the suppression of the common mode at low frequencies.

Fig. 1. Topology of the proposed balanced bandpass filters. The upper metal
level and ground plane are depicted in black and gray, respectively. Relevant
dimensions are indicated.

The lumped element equivalent circuit of the filter is shown
in Fig. 2(a). The inductances and capacitances designated as
L., and C,; account for the external inductive strips (with
length /1. ;) and capacitive patches (with width Wc¢, ;), respec-
tively, of the mirrored SIRs, whereas L. ; and C.; describe the
central inductive strips (with length /. ;) and central patches
(with width Wc¢, ;), respectively. The interdigital capacitances
are called Cy ;, whereas L, ; corresponds to the inductive strips
cascaded to the interdigital capacitors. The capacitance Cpyr is
a parasitic capacitance, necessary to adequately describe the
interdigital capacitors and narrow inductive strips adjacent to
them. Note, however, that Cpy is part of the shunt resonators
of the preceding and following filter stages, and are, therefore,
relevant for the determination of the reactive elements of
such stages, as will be later discussed. The subindex i added
to the reactive elements of the circuit model indicates the
corresponding filter stage.

The circuit models for the differential and common modes
are depicted in Fig. 2(b) and (c), respectively. Note that
the unique difference between the differential- and common-
mode circuits is the absence of the capacitance C.; in the
former circuit. The central patch capacitances are grounded
for the differential mode and do not play any role for that
mode. However, such capacitances, in combination with the
inductances of the central strips, L. ;, provide transmission
zeros for the common mode, useful for the suppression of this
mode. It is interesting to mention that the external resonators,
L.,;—C,,;, provide transmission zeros for both the differential
and common modes. Such transmission zeros are useful to
further enhance the common-mode stopband bandwidth, to
improve the filter selectivity for the differential mode, and
to obtain a broad stopband for this mode above the differential-
mode passband.

In the design of the filter, the first step is the determination
of the elements of the circuit model from filter specifications,
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Fig. 2.

and by the position of the differential- and common-mode
transmission zeros. Once such elements are known, the second
step is the determination of the filter layout, to be discussed
in Section IV. In the circuit model, the capacitances Cp, are
the single parasitic elements. Such capacitances are due to
the series stages (interdigital capacitors and narrow induc-
tive strips), but, as mentioned before, they are part of the
shunt stages. The capacitances Cp,r are not easily controllable
parameters, but they can be easily inferred once the layouts
of the series stages are known. Therefore, in the design
flowchart, it is first necessary to determine the series elements,
L ; and C; ;, and then synthesize the layouts of the interdigital
capacitors and inductive strips. From such layouts, the values
of capacitances Cpar can be derived. The element values Ly ;
and Cy; can be easily determined from filter specifications
(central frequency, bandwidth, filter order, and ripple level),
according to standard filter design techniques [48], [49]. Let
us assume that the capacitances Cpar have been inferred from
the layouts of the series stages (to be discussed in next
section). The other reactive elements of the shunt branches are
determined as follows. For the differential mode, the reactance
of the shunt branches is given by

(@?L,Co — 1)L, (
w3cparLeCeLc —o(CeLe + CeL, + CparLc)

1y

As,diff =

(a) Lumped element equivalent circuit model of the filter of Fig. 1(a), and equivalent circuits for the (b) differential and (c) common modes.

where the subindex i has been omitted for simplicity. The
three unknowns that appear in (1), L., L., and C,, are given
by the position of the transmission zeros for the differential
mode

1
= — 2
Sz.dd mVLC 2

by the filter central frequency, where the shunt reactance for
the differential mode, y dgiff, opens

1 CeLe+CeLe + CparLc

Jo= 15y CparLoCo L,

3)

and by the susceptance slope

b wo d_B _ @0 Cpar 1 Cea)o(l + LeCea)(%)
2 do o0 2 2L o 2(1 _ LeCea)%)z
“)
where wyp = 2 fo is the central angular frequency. The

capacitances of the central patches, C.;, are determined from
the positions of the common-mode transmission zeros, i.e.,

1
27/ L.C,’

Thus, from the solution of (2)—(5), the reactive element values
of the shunt branches of the filter are inferred.

fz,cc = (5)



Concerning the transmission zeros, it should be noted that
there are as many differential-mode transmission zeros as
shunt branches, or (N + 1)/2, where N is the filter order
(it is considered that the filter order is odd). The differential-
mode transmission zeros are also common-mode trans-
mission zeros. This helps to broaden the common-mode
rejection (CMR) bandwidth. However, (N + 1)/2 additional
common-mode transmission zeros, due to the central patch
capacitors, are available to suppress the common mode in
the frequency region corresponding to the differential-mode
passband.

III. OPTIMIZATION OF THE TRANSMISSION-ZERO
FREQUENCIES

In this paper, rather than a single (degenerated) common-
mode transmission zero, the zeros for that operation mode
are distributed in order to achieve good CMR within the
differential-mode passband and beyond. With these transmis-
sion zeros, and those for the differential mode, necessarily set
above the passband of interest (but also active for the common
mode), the common mode can be significantly rejected beyond
the differential-mode passband, as will be shown later.

The first (lower) differential-mode transmission zero must
be positioned not very far from the upper differential-mode
cutoff frequency. By this means, filter selectivity at the upper
transition band is substantially improved. However, we should
avoid locating the first differential-mode transmission zero too
close to the upper cutoff frequency, in order to prevent the
degradation of the differential-mode return loss in the upper
part of the passband. According to the previous comments,
a tradeoff is necessary.

In practice, it is difficult to a priori predict the positions
of the transmission zeros (for the differential and common
modes) necessary to optimize the differential and CMR bands.
The reason is that filter design is focused on achieving a
certain differential-mode response (dictated by specifications).
However, the common-mode response (not subjected to spec-
ifications) typically exhibits transmission peaks. The position
of such peaks depends on the transmission-zero frequencies,
but not straightforwardly. Therefore, an iterative algorithm
for the optimization of the transmission-zero frequencies (for
both the differential and common modes) has been developed
(pre-optimization algorithm). To illustrate how this algorithm
works, let us consider a specific (conducting) filter example,
corresponding to the following specifications: order N = 5,
quasi-Chebyshev bandpass response with central frequency
Jfo = 1.8 GHz, fractional bandwidth FBW = 48% (or 55.4%
—3-dB fractional bandwidth), and ripple level L, = 0.04 dB.
(These specifications correspond to the filter to be designed
later on.)

In a first step, the location of all the transmission zeros
(differential and common modes) is set to an arbitrary single
frequency, significantly above the upper cutoff frequency of
the differential-mode passband, e.g., 2.5 fo. From filter speci-
fications, we can infer the value of L and Cy, corresponding to
the second and fourth stages, using well-known formulas [49].
Since the elements of the shunt branches depend on Cpar
[see expression (1)], it is necessary to first synthesize the

layout of the series branches, according to the ASM algorithm
to be specified later, and, from it, determine the value of Cpy;.
Once this parasitic capacitance is known (Cpar = 0.445 pF, as
indicated later), (2)—(5) can be used to determine L., L., C,,
and C. for the first-, third-, and fifth-filter stages, and the
response of the circuit (differential and common modes) at the
schematic level can be inferred [Fig. 3(a)]. From this response,
we can identify the common-mode transmission maxima at
frequencies 1.942 and 2.047 GHz. (Note that these frequencies
can be automatically obtained by means of a simple algorithm
able to detect transmission maxima.)

In the second step, we reallocate two of the common-mode
transmission zeros in the transmission peak frequencies (for
that mode) and set the additional common-mode transmission
zero to 1.5 fy (2.7 GHz). The differential-mode transmission
zeros are kept unaltered in this second step. Thus, the trans-
mission zeros are: f; .. = 1.942 GHz, 1.5 fy, 2.047 GHz and
Sfe.da = 2.5 fo, 2.5 fo, 2.5 fo. The new response is the one
depicted in Fig. 3(b), where the common-mode transmission
peaks are found to be at 1.829, 1.915, and 3.103 GHz.

According to the previous common-mode transmission
peaks, in a new (third) iteration, the transmission zeros are
set to f;. = 1.829 GHz,1.5 fy, 1.915 GHz and f; 40 =
3.103 GHz, 2.5 fo, 2.5 fo. Note that the third-common-mode
transmission peak (at 3.103 GHz) is canceled by means of
the first-differential-mode transmission zero. The new filter
response is found to be the one depicted in Fig. 3(c), where
it can be appreciated that the common-mode transmission
peaks are significantly attenuated. Nevertheless, in this iter-
ative algorithm, the objective is to obtain common-mode
transmission peaks within the differential-mode passband with
a level below —25 dB. The common-mode transmission peaks
are found to be located at 1.811 and 1.895 GHz. Hence,
the new set of transmission zeros in the fourth iteration is set
to f;ee = 1.811 GHz, 1.5 fo, 1.895 GHz and f; 40 =
3.103 GHz, 2.5 fo, 2.5 fo. The new response is depicted
in Fig. 3(d), where there are still two peaks above —25 dB
at frequencies 1.808 and 1.892 GHz. Hence, the novel set of
transmission zeros is f; .. = 1.808 GHz, 1.5 fy, 1.892 GHz
and f; 44 = 3.103 GHz, 2.5 fo, 2.5 fo. With these transmission
zeros, the filter response [Fig. 3(e)] exhibits CMR above 25 dB
up to at least 2.5 fy. Therefore, the algorithm stops at this
fifth iteration, and the common-mode and differential-mode
transmission zeros are located at f; . = 1.808 GHz, 2.7 GHz,
1.892 GHz and f; 44 = 3.103 GHz, 4.5 GHz, 4.5 GHz,
respectively.

The comparison between the obtained differential-mode
response (circuit level) and the theoretical (ideal) Chebyshev
response is depicted in Fig. 4 (the circuit elements of the final
circuit are indicated). Although somehow degraded, the return
loss in the passband is acceptable on account of the improved
filter selectivity beyond the upper cutoff frequency (upper
transition band).

IV. FILTER SYNTHESIS THROUGH ASM

Layout generation from the lumped element values is carried
out following an ASM scheme [50]-[52]. Specific ASM
algorithms for the series resonators (interdigital capacitors



—— Cirouit sim. 827 (1% it.)

—— Cirouit sim. 877 (1% it.)

- - -Circuit sim. SZ7 (1" it.)

(@)

—— Cireuit sim. 87 (3“ it.)

Circuit sim. 87y (37 it.)

- - -Circuit sim. S, (3“ it.)

=== — — po——

Frequency (GHz)
(c)

{ i — Circuit sim. S2° (2 it)
‘ gPP ! QDD ond
||| 21 \ —Circuit sim. 8" (2" it.)
2 u | - - Circuitsim. §° (2 i)
—~~ - - \
@ i h
o il n
~ Al "
8 s A -\
w 40— - : i \1 \
- ! \
8 s A \
DD
U). S11 :“ |
-60 |- " |
8 ¢ "
i
w 'y
I
-80 ) !
2 3 4 5
Frequency (GHz)

(b)

—— Circuit sim. S, (4" it.)
—— Circuit sim. 877 (4" it.)

- - - Circuit sim. SJ7 (4" it.)

cc (dB)

21

S

DD
217

S

17

DD

Frequency (GHz)
(d)

(dB)

cC
S21

DD
217

S

DD
117

Circuit sim. S, (5" it.)
—— Circuit sim. 877 (5" it.)

- - - Circuit sim. S, (5" it.)

Frequency (GHz)

Fig. 3.

(e)

Evolution of the differential- and common-mode responses (circuit level) obtained by means of the iterative algorithm used for the optimization of

the transmission-zero positions. (For the common mode, only the insertion loss is depicted.) (a) First, (b) second, (c) third, (d) fourth, and (e) fifth iterations.

cascaded between narrow inductive strips) and for the mirrored
SIRs have been developed.

A. Synthesis of the Series Resonators

For the series resonators, the variables in the optimization
space are L ; and Cj ;, whereas the variables in the validation
space are the length of the inductive strip, I;s, and the
length of the fingers, [ s. The separation between fingers is set
to 0.2 mm. The width of the fingers and inductive strips is
set to 0.4 mm. To initiate the ASM algorithm, seeding values
for I1s and [y are required. These values are inferred from

well-known expressions providing the inductance of a narrow
strip and the capacitance of an interdigital capacitor [48].
Then, the element values L;; and C;; are obtained through
parameter extraction, and the first estimation of the Jacobian
matrix B is obtained using a finite difference scheme [51].
Specifically, I,y and [y are perturbed, and the effects of these
perturbations on the variation of Ly ; and C; ; are expressed as
derivatives in matrix form. From the extracted values of Ly ;
and Cy ;, the first error function is obtained

f(x) = P(x¢) — X (6)



—— Circuit sim. SED:)

Circuit sim. S"):)
- = - Chebyshev response S,,

- - -Chebyshev response S,

(dB)

DD
21

S

DD
1

Frequency (GHz)

Fig. 4. Comparison between the ideal Chebyshev response subjected to the
filter specifications and the differential-mode response of the filter (circuit
level) resulting from the iterative algorithm used to determine the location of
the transmission zeros. For stages second and fourth, Ly = 12.622 nH and
Cs = 0.619 pF and Cpar = 0.445 pF. For the shunt branches, the circuit
elements are L, = 1938 nH, L. = 3.139 nH, C, 1.358 pF,
and C. | = 2.468 pF (first stage), L, 3 = 0.311 nH, L¢3 1.378 nH,
C, 3 = 4.020 pF, and C. 3 = 2.522 pF (third stage), and L, 5 = 0.575 nH,
L. 5 =2.576 nH, C, 5 =2.176 pF, and C. 5 = 2.747 pF (fifth stage).

where x; is the vector in the optimization space containing
the objective (target) values, x¢ is the vector in the validation
space, with the seeding values for /;; and [y in the first
iteration, and P(x¢) is the vector in the optimization space
resulting from parameter extraction from x¢. If we call x;] ),
the jth approximation to the solution in the validation space,
and ) the corresponding error function, the next vector of

the validation space is obtained according to

) = x{) + ) (7)
where h'/) is given by
h() = _(B(j))—lf(j) (8)

and BU) is an approach to the Jacobian matrix, updated
according to the Broyden formula [51]

DT
pU+) — g, hY

9
Convergence is considered to be achieved once the norm of
the error function, defined as follows:

Li\? G\
norm|| = - — - —=
I fnon] \/( L;‘) +( C:)

is smaller than a certain predefined value. Using this
ASM scheme, the layouts of the series resonators are inferred.
Once these layouts are known, the values of Cp,r for each
series stage are easily obtained.

As an illustrative example, let us consider the synthesis of
series resonators with xi = L}, Cy = 12.622 nH, 0.619 pF,
corresponding to stages second and fourth of the filter with
specifications indicated in Section III (which are also the
specifications of the order-5 balanced filter to be synthesized
in next section as an example). The seeding values of the
variables in the validation space are found to be Xt(-l) =i,
Iy =9.399 mm, 4.112 mm, and the reactive element values

hOThD)

(10)

Fig. 5. Generated layout of the series resonator for the designed filter.
Dimensions are (in millimeter): w = 0.4, [ = 7.868, g = 0.2, If = 2.176,
and wy = 04.
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Fig. 6. Series and shunt reactance for the structure depicted in Fig. 5.

inferred through parameter extraction are found to be xﬁl) =

P(xﬁl)) = 15.547 nH, 1.026 pF. The considered substrate is
Rogers RO4003C with dielectric constant &, = 3.55, thickness
h = 0.813 mm, and loss tangent tan & = 0.0021. The specific
parameter extraction is as simple as obtaining the series and
shunt reactance of the equivalent x-circuit from the electro-
magnetic simulation of the layout (the Keysight momentum
is used). The series elements, Ly and C, are obtained from
the resonance frequency and from the reactance slope. The
shunt reactance provides the capacitance Cpy, (it can be merely
obtained from the slope of the susceptance). However, note
that Cpyr is not used during the iteration process. As discussed
in Section III, this capacitance is necessary to determine
the elements of the shunt branches (mirrored SIRs), and it
is fundamental in the optimization of the transmission-zero
positions.

Using the ASM scheme explained before, convergence, with
an error smaller than 1.7%, is achieved after just 1 iteration.
The final vectors in the optimization and validation spaces
are x’ = 12.587 nH, 0.629 pF, and x{*’ = 7.868 mm,
2.176 mm, respectively. The resulting parasitic capacitance is
found to be Cpar = 0.445 pF. Fig. 5 depicts the synthesized
layout, whereas the series and shunt reactances (inferred
from electromagnetic simulation) are shown in Fig. 6. For
comparison purposes, the target reactance (series reactance
corresponding to x}) and the reactance of Cpy, are also shown
in Fig. 6. As can be seen, the agreement is good in the



TABLE I
WIDTHS OF THE INDUCTIVE STRIPS OF THE MIRRORED SIRS

Le i) Lc (nH) WLe i) WLc (mm)
>1.6 0.8
[1, 1.6) 1.6
[0.5,1) 2.4
[0.35,0.5) 3.2
<0.35 4

region of interest, pointing out the validity of the employed
ASM method.

B. Synthesis of the Mirrored SIRs

For the mirrored SIRs, the procedure is similar to the
one reported in [34], but with significant differences. Such
differences are due to the fact that in the filters reported in [34],
based on mirrored SIRs coupled through admittance inverters,
the SIRs were all identical, except the central patch (in order
to achieve multiple transmission zeros for the common mode).
The filter response in [34] was controlled by the impedance of
the inverters, different in each stage. Therefore, the width of
the pair of transmission-line sections (inverters) was a variable
in the optimization process. However, the transverse distance
between these lines was kept constant in [34] thanks to the
identical admittance of the shunt (SIR) resonators for the dif-
ferential mode. Keeping this distance invariable is convenient
for design purposes. In this paper, the shunt resonators are not
identical since the reactive elements of the SIRs are determined
by the admittance slope and transmission zeros (besides the
filter central frequency). Hence, the variables in the validation
space (geometrical variables) will be different for the various
SIRs in order to keep unaltered the transverse distance between
the pair of lines along the filter. Conversely, the variables in
the optimization space are in all cases L,, L., C,, and C..

Let us now explain in detail, the ASM algorithm applied
to the synthesis of the mirrored SIRs. The first one
(first stage) is optimized as follows: the widths of the inductive
strips Wy and Wy, are set to different values depending on
the inductance value. Specifically, these widths are determined
according to Table I.

Once these widths are fixed, the variables in the validation
space are chosen to be the lengths of these inductances,
Irc and I ., and the lengths of the capacitive patches, /¢, and
lce (the widths of such patches are chosen to be identical to
the lengths, i.e., Wee. = Ice and We, = ¢, corresponding
to a square geometry). Once the four geometrical variables
that must be optimized have been decided, we proceed similar
to the synthesis of the series resonant elements. From well-
known formulas that provide the inductance of a narrow strip
and the capacitance of a patch, the seeding value of the
geometrical variable is determined. After that, the reactive
element parameters, L., L., C., and C., are extracted. The
first Jacobian (4 x 4) matrix is obtained by perturbing the
geometrical variables, and the first error function is obtained
according to (6), where xi and x¢ are the ASM variables of
the first mirrored SIR. The iterative process is then carried out
using (7)—(9) until convergence is achieved.

Py

Fig. 7.  Dimensions are (in millimeters): W, = 3.543, [, = 6.404,
Wee = loe = 10.785, and I, = 5.668.
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Fig. 8.  Differential- and common-mode reactances for the mirrored SIR
of Fig. 7.

As an illustrative example, let us consider the synthesis of
a mirrored SIR with the following reactive element values
(corresponding to the first SIR of the order-5 filter to be
presented in next section): L, = 1.938 nH, L. = 3.139
nH, C, = 1.358 pF, and C, = 2.468 pF. The final vectors
in the optimization and validation spaces (obtained after
six iterations with an error smaller than 0.94%) are found to
be x® = L., L., Co, C. = 1.935 nH, 3.157 nH, 1.354 pF,
2452 pF, and x\% = i1, 1., lce, lcc = 6.404 mm, 5.668 mm,
3.543 mm, 10.785 mm. The corresponding layout is depicted
in Fig. 7, whereas the reactances for the differential and
common modes inferred from electromagnetic simulations are
depicted in Fig. 8. Such reactances are compared to those of
the circuit model, and the agreement is very good, as can be
appreciated in Fig. 8.

For the other mirrored SIRs, the lengths of the central
patch and central inductive strip are set to the corresponding
values of the first mirrored SIR, ie., lcc; = lce,1 and
I1c,i = lLc,1. By this means, the distance between terminals
in the differential ports of the mirrored SIRs is identical
in all the stages. Thus, the optimization variables in the
validation space for such SIRs (with i > 1) are: I;.; (the
width of this inductance set using Table I), Wi, i, Wce.i,
and /c,,; (considering Wc.,; = lc.,; in order to obtain a square
geometry for the external patches).



TABLE 11
GEOMETRIC PARAMETERS OF THE MIRRORED SIRs

i I lce e lce Wie Wee Wi | We
1 5.668 | 10.785 | 6.404 | 3.543 0.8 10.785 | 0.8 | 3.543
3 5.668 | 10.785 | 1.471 | 7.247 | 4.203 | 12.007 4 7.247
5 5.668 | 10.785 | 2.457 | 5.270 | 1.215 | 11.858 | 2.4 | 5.270

All dimensions in mm

One important difference between the synthesis of these
filters and those reported in [34] concerns the fact that in [34],
the ASM algorithm was actually a two-step process. That is,
due to the limited functionality (bandwidth) of the admittance
inverters implemented by means of quarter wavelength trans-
mission lines, it was first necessary that an ASM algorithm
be able to provide the schematic necessary to compensate for
the narrowing effects of the admittance inverters on the filter
response (optimum schematic). This first ASM is not necessary
for the design of the proposed wideband balanced filters since
distributed components are not used. Therefore, by considering
the filter topology reported here, a clear benefit in terms
of design simplicity and quickness is obtained (nevertheless,
an iterative, but very fast, algorithm for the optimization of the
transmission-zero frequencies has been necessary, as discussed
in Section III).

V. PROTOTYPE DEVICE EXAMPLE

To illustrate the potential of the proposed ASM approach,
the filter with specifications indicated in Section III and with
the transmission zeros (differential and common modes) allo-
cated at the indicated positions is reported in this section. With
such specifications, the series elements Ly and Cy (identical
for stages i =2 and i = 4), inferred from the low-pass filter
prototype Chebyshev tables corresponding to the cited order
and ripple, and from well-known impedance and response
transformations [48], are those indicated in Section III. The
value of Cpyr and the element values of the mirrored SIRs
(found from the optimization of the transmission-zero frequen-
cies) are also indicated in Section III (see Fig. 4).

Once these element values are known, layout generation for
the series resonators and for each mirrored SIR is obtained
by means of the ASM scheme explained in previous section
(illustrated in detail for the series resonators and for the
mirrored SIR of the first filter stage). The geometric values
of the series resonators (interdigital capacitors and inductive
strips) are given in Section IV-A, and those corresponding to
the different mirrored SIRs are indicated in Table II.

The filter layout is obtained by cascading the synthesized
mirrored SIRs and series resonators. The electromagnetic sim-
ulation (using Keysight Momentum), including losses, of the
filter response for the differential and common modes is
depicted in Fig. 9. Despite the fact that the circuit model of the
proposed filters provides a reasonable response in the region of
interest, it can be appreciated in Fig. 9 that the common mode
resulting from lossy electromagnetic simulation (the response
of interest) exhibits transmission peaks above —20 dB. The
reason is that such peaks are very sensitive to the position
of the transmission zeros (as seen in Section III), which may
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Fig. 9. Lossy electromagnetic and lossless circuit simulation of the designed
balanced filter. (a) Differential-mode response. (b) Common-mode response.

experience some shift in the lossy electromagnetic simulation,
as compared to the circuit response.

Since CMR is not satisfactory enough, readjustment of the
transmission-zero positions is needed. So, we have developed
a second (postoptimization) iterative algorithm similar to the
one reported in Section III, but this time the responses are not
the circuit simulations of the resulting equivalent circuits, but
the electromagnetic simulations (including losses) of the filter
after application of the ASM synthesis algorithm. Obviously,
this is time consuming, but convergence is obtained after
few iterations, provided the initial response (the one inferred
from the first ASM—Fig. 9) already exhibits a CMR level
better than the target (25 dB), except at certain frequencies.
By applying this postoptimization iterative algorithm to the
structure resulting from the first ASM, we have been able (after
three iterations) to obtain a filter layout exhibiting a CMR
level better than —28 dB. The reactive elements of the final
filter circuit and the geometrical elements of the optimized
layout are indicated in Tables IIT and IV, respectively. Note
that Ly, Cy, Cpar, and the geometry of the series resonators is
kept unaltered in this postoptimization iterative process, since
the readjustment of the transmission zeros does not affect the
series branches. The final layout of the filter is the one depicted
in Fig. 1, and the photograph is shown in Fig. 10 (the filter
has been fabricated by means of photo mask etching).



TABLE III
REACTIVE ELEMENT VALUES OF THE OPTIMIZED FILTER

i L.(mH) | C.(pF) | L.(nH) | C (pF) | L, (nH) | C; (pF)
1 3.303 2.639 2.456 1.199 - ---
2,4 --- - 12.622 0.619
3 1.378 2.522 0.311 4.020 - ---
5 2.576 2.934 0.575 2.176 - ---
TABLE IV
GEOMETRIC PARAMETERS OF THE MIRRORED SIRs
FOR THE OPTIMIZED FILTER

i ch ICL‘ lLe lCe WLc WCc WLe WCe
1 5.754 | 11.401 9.9 2.587 0.8 11.401 0.8 | 2.587
3 5.754 | 11.401 | 1.462 | 7.209 | 4.415 | 11.668 4 7.209
5 5.754 | 11.401 | 2.462 | 5259 | 1.272 | 12.148 | 2.4 | 5.259

All dimensions in mm

Fig. 10. Photograph of the fabricated balanced filter.

Figs. 11 and 12 depict the lossless and lossy, respectively,
electromagnetic simulation of the final filter, including the
differential- and common-mode responses. The circuit sim-
ulation is also included in Fig. 11. The very good agreement
between the circuit and lossless electromagnetic simulation
for the differential mode indicates the validity of the proposed
filter model (discrepancies above 3 GHz are due to the fact
that the filter elements cannot be described by simple reactive
elements). Obviously, such agreement is not so good for the
common mode, due to the high sensitivity of this mode to
the position of the transmission zeros (which has forced us to
implement a postoptimization iterative algorithm). Neverthe-
less, an acceptable coincidence up to approximately 3 GHz,
except by the level of the common-mode transmission peaks,
can be observed as well. Note that, as we have mentioned
before, the postoptimization algorithm is based on forcing
the lossy electromagnetic response of the common mode
to be below a certain value (—25 dB). Thus, the fact that
in Fig. 11(b) such threshold level is not satisfied does not
mean that the final filter layout is not optimized. Indeed,
in view of Fig. 12(b), the common-mode response inferred
from lossy electromagnetic simulation exhibits a rejection
level better than —28 dB. Therefore, the target common-
mode response is clearly satisfied with the synthesized filter
layout.
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Fig. 11.  Lossless electromagnetic and circuit simulation of the designed
(optimized) balanced filter. (a) Differential mode. (b) Common mode.

The measured filter responses for the differential and com-
mon modes have been obtained by means of the Agilent
PNA N5221A vector network analyzer. Such responses are
included in Fig. 12 for a proper comparison with the lossy
electromagnetic simulation. The agreement is good, although
the measured in-band return loss for the differential mode
is somehow degraded, as compared to the electromagnetic
simulation. This is due to tolerances in the fabrication
process. Note that interdigital capacitors have very small gap
(g = 0.2 mm), and this is a critical parameter. The sensitivity
analysis of Fig. 13, showing the effects of slight variations in
g on the frequency response, confirms this point. Also, perfect
symmetry is also difficult to achieve in practice, and there are
two pairs of symmetric interdigital capacitors that make this
aspect more critical. Nevertheless, the measured in-band return
loss (differential mode) is better than 11.5 dB. To obtain this
measured value, we have forced an in-band ripple at design
level (controllable form the element vales of the low-pass
filter prototype) small enough (0.04 dB), having in mind the
unavoidable degradation of the corresponding return loss due
to losses, tolerances, and, in our case, due to the presence of
differential-mode transmission zeros close the band of interest.
Concerning the in-band insertion loss, it is better than 1 dB.
The differential-mode stopband exhibits a rejection level better
than 35 dB up to 5.6 GHz (i.e., slightly above 3 fj), but such



0 =
f ——8§,, Measurement
o 10 i 5™ ——$8,, Measurement
© I . 21 - - -8, Lossy EM Sim.,
g <201 [0 - --s, Lossy EM Sim"
8 N D s 2 y '
U) I [y
~=-30H i v
m oo I| ] DD
A
g 40 T >
w V.
-50
-60 ! !
1 2 3 4 5
Frequency (GHz)
(a)
0
0k
—— Measurement
- - - Lossy EM Sim.
20 +
—~
m
©
N—
O
O «~
w
Frequency (GHz)
(b)
Fig. 12. Lossy electromagnetic simulation and measured response of the

designed (optimized) and fabricated balanced filter. (a) Differential mode.
(b) Common mode.

band extends up to at least 6.5 GHz with rejection level better
than 22 dB. The common mode is suppressed with a rejection
level better than 28 dB from dc up to at least 6.5 GHz. Finally,
filter size is as small as 51.5 mm x 48.2 mm, corresponding to
0.514¢ x0.484, in terms of the wavelength at the filter central
frequency fp. This combination of size and filter performance
is competitive, as will be discussed in the next section.

VI. COMPARISON TO OTHER WIDEBAND
BALANCED FILTERS

The reported filter is compared to other wideband bal-
anced bandpass filters in Table V. Such table includes the
differential-mode fractional bandwidth (DM-FBW), the cen-
tral frequency (fp), the CMR level, including the frequency
interval, the differential-mode upper stopband (DM-USB),
indicating the stopband rejection level and frequency span, and
the effective area, expressed in terms of the square wavelength
(with wavelength calculated at fjy). Concerning the CMR, if it
is below —28 dB (the value achieved in the proposed filter),
we have opted to indicate the frequency interval corresponding
to this value for proper comparison. The exception is the
filter in [29], where the reported common-mode insertion loss
is limited to a narrow band and we cannot determine the
frequency span corresponding to a CMR better than —28 dB.

In view of Table V, the filter of Fig. 10 exhibits very good
CMR bandwidth. None of the filters reported in the references
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Fig. 13. Frequency responses of the proposed filter obtained through lossy
electromagnetic simulation by varying the gap distance g of the interdigital
capacitors. (a) Differential mode. (b) Common mode. Variations are between
0.18 and 0.22 mm in steps of 0.01 mm.

appearing in Table V exhibits a bandwidth extending from dc
up to at least 3.6 fp with such CMR (|S21,cc] < —28 dB).
Indeed, in the filters with lower CMR, the CMR bandwidth
is also narrower, as compared to our filter. Nevertheless,
the filter of [32] is quite competitive in terms of common-
mode suppression performance, since the CMR is better than
—27 dB from dc up to 2.8 fp. In some of the filters,
e.g., those of [34], the maximum CMR at fy is very high
(i.e., [521,ccl = —65 dB and |S21,.c|] = —50 dB for filters
designated as [34]* and [34]° in Table V). However, in
those filters, such huge rejection level is limited to a narrow
bandwidth, as seen in Table V.

Concerning the differential-mode response, specifically the
upper stopband (DM-USB), the most competitive filters are
those of [23], [33], and [34] and the filter of Fig. 10.
Specifically, the filter in [33] exhibits a very good combi-
nation of stopband bandwidth and rejection level (—53 dB),
but the CMR bandwidth is very limited in this filter. It is
worth mentioning that in the filter reported in this paper,
there is a transmission zero located very close to the upper
cutoff frequency (differential mode). The consequence is high
filter selectivity in the upper transition band, with a roll
off of roughly —80 dB/GHz. Such high selectivity provides



TABLE V
COMPARISON OF VARIOUS DIFFERENTIAL WIDEBAND BANDPASS FILTERS

Ref. DM-FBW fo CMR Sy o DM-USB Effective
(=3dB) (GHz) (dB) [S21,0a area (A;) /
(dB) order
21] 65% 4.0 <-20 025/3
[0.6f,1.4f0]
[22] 50% 4.1 <-16 <-18 0.25/3
[0.3/0,1.7%] | (>2.2f0)
[23] 45% 1.0 <-25 <_40 0.045/3
[0,1.2o] (2.70)
[25] 43% 24 <-28 <-36 0.60/5
[0.6/0,1.5/0] 2.1f0)
[26] 15% 1.0 <-25 <220 0.022/3
[0,1.15/o] (1.8f))
[27] 70% 3.0 <-20 0.52/--
[0.8/5,1.7/0]
[33] 42% 2.4 <-28 <-53 037/5
[0.80,1.4f0] (2.50)
[28] 66.6% 1.62 <-14.5 <-30 0.163/3
[0,3.0%] (2.5
[29] 40% 35 <-40 <-20 025/3
[0.80,1.2f0] (2.3f0)
[30] 53% 3.0 <13 <-10 0.175/ -
[0,3.0%:] (2.81))
[31] 59.5% 1.85 <-28 <-35 0.39/3
[0.4£,1.6/] (2.2f0)
[32] 56.7% 3.0 <-27 <-31 0.20/3
[0,>2.8f] | (>2.2f))
[24] 79% 3.0 <-13 <-25 0.192/5
[0,2.7/5] (2.6f)
[347° 43% 2.4 <-28 <-44 0.36/5
[0.8f0,1.3f] | (>2.5/0)
[34T° 65% 3.0 <-28 <-34 0.28/7
[0.7/0,1.56] | (>2.5/0)
[35] 56% 24 <-15 0.17/3
[0, 1.5/0]
[36] 43% 1.5 <-22 <-30 0.13/3
[0, 2.5f] >12f)
[37] 70% 6.85 (<-14.5) <-30 0.28/5
[0, > 2.8f;] (>2.63
Jo)
[38] 66 3.5 <_6 <_15 020/ --
[0.5f0,1.4%] | (>2.3f0)
This 55.4% 1.8 <-28 <-22 0.245/5
work [0,>3.6fi] | =3.6f)

a differential-mode rejection level better than —55 dB at
2.9 GHz (1.61 fp), and better than —38 dB up to 5.6 GHz
(3.11 fp), and is a relevant aspect in the reported filter. Note
that the filter of Fig. 10 exhibits the widest differential-mode
stopband of all the filters included in Table V.

Concerning filter size, the filters of [23] and [26] are very
competitive, but in both cases the CMR bandwidth is very
limited, as compared to the filter reported in this paper. Note
that these filters [23], [26] are order-3 filters, whereas the
filter of Fig. 10 is a fifth-order filter. The third-order filters
of [35] and [36] are also very small, but in terms of rejection
bandwidth for both the differential and common modes, our
filter is by far superior, as can be appreciated in the table.
Note that, as mentioned in the introduction, the proposed filter
(Fig. 10) is based on the topology of the order-3 filter of [36],
from which it follows that the order-5 filter reported here
should be electrically larger.

Finally, let us highlight the differences and advantages of the
filter proposed in this paper as compared to recently reported

similar differential filters proposed by Sans et al. [34], [35].
Indeed, the filter proposed in this paper combines the relevant
advantageous aspects of the filters of [34] and [35] in the
same structure, and at the same time overcomes the limiting
aspects, resulting in the proposed new topology of Fig. 10.
The result is a filter exhibiting a very good combination of
filter size and performance, as compared to [34] and [35]
(see Table V). The filters in [34] exhibit relatively good
differential-mode stopband, but the common-mode stopband
is limited since it does not start at dc. Moreover, these filters
use distributed components (quarter-wavelength inverters), and
this means that a first ASM to provide the optimum schematic
(in order to compensate for the narrowing effect of the—
nonideal—transmission-line inverters) is required, as reported
in [34]. In this paper, these limitations have been addressed
with the proposed topology, thanks to the replacement of
the transmission-line inverters with interdigital resonators.
By these means, the common mode is rejected over a wide
band starting at dc (due to the blocking effect of the series
connected interdigital capacitances), and the first ASM used
to obtain the optimum schematic is not necessary. Therefore,
the introduction of interdigital capacitances represents a sig-
nificant improvement as compared to the filters of [34], and
eases filter design. Moreover, the proposed filter is also more
compact, although the filter order is also different.

The main difference as compared to the filter reported
in [35] concerns the mirrored SIRs. In the filters reported
here, the mirrored SIRs extend out of the DM transmission
lines (through the inductive strips with inductance L. ;, not
present in the filter of [35]). This provides transmission zeros
for the differential mode (and also for the common mode),
not present in [35], and by this means we achieve a good
differential-mode upper stopband. The result is a differential
filter with much superior performance.

An additional important and novel aspect proposed (and
discussed) in this paper, with direct impact on filter design,
is the pre- and postoptimization iterative algorithms consid-
ered for the optimization of the transmission-zero positions.
Through these algorithms, not applied in [34] and [35], it has
been possible to achieve a wide common-mode stopband
with significant CMR (a crucial aspect in common-mode
suppressed differential filters).

To summarize this section, the proposed filter exhibits a very
good combination of size and differential- and common-mode
stopband bandwidths. Moreover, filter synthesis has been
carried out following an automated scheme. The approach
combines an ASM algorithm (that provides filter layout from
the elements of the circuit model) with pre- and postopti-
mization algorithms, necessary to optimize the position of
the transmission zeros. (A fundamental aspect to achieve the
reported differential- and common-mode stop bands.)

VII. CONCLUSION

In conclusion, a wideband balanced bandpass filter with
wide stopband for the differential mode, and common-mode
suppression from dc up to frequencies well beyond the
differential-mode passband, has been designed and fabricated.
The filter has been implemented by cascading multisection



mirrored SIRs and interdigital capacitors. The mirrored SIRs
provide transmission zeros for the differential and common
modes, useful to achieve very broad stopbands for both modes,
keeping roughly unaltered the differential-mode passband. The
interdigital capacitors are key elements to block the common-
mode signals at low frequencies. Moreover, such capacitors,
combined with narrow inductive strips, constitute the series
resonators of the filter, resulting in a balanced filter fully
implemented by means of semilumped (electrically small)
elements.

Filter design has been carried out following an ASM opti-
mization algorithm, where the geometry of the different mir-
rored (shunt connected) SIRs and series resonators has been
inferred from the lumped elements of the equivalent circuit
model. These elements, in turn, have been obtained from filter
specifications and from the transmission-zero frequencies for
both modes. Such transmission-zero positions have been deter-
mined by means of an iterative pre-optimization algorithm
(at circuit level) that guarantees a minimum (specified) level of
CMR within the differential-mode passband and beyond. Nev-
ertheless, due to the high sensitivity of common-mode suppres-
sion to the transmission-zero frequencies, a postoptimization
algorithm (at electromagnetic simulation level) to fine-tune the
transmission-zero frequencies has been also developed.

As an illustrative example, the design and synthesis of a
fifth-order balanced bandpass filter has been reported. The
filter is small on account of the semilumped elements con-
sidered in its implementation, and filter performance for the
differential mode is good, with insertion loss better than 1 dB
in the passband and return loss higher than 11.5 dB in that
band. The differential-mode stopband extends up to at least
6.5 GHz (3.6 fp), with more than 22-dB rejection (and the
rejection level is better than 38 dB up to 5.6 GHz, or 3.11 fy).
Finally, the common mode is rejected with more than 28 dB
from dc up to at least 6.5 GHz (3.6 fp). This combination
of filter size and performance is very competitive. Although
filter synthesis uses three specifically developed algorithms (an
ASM-based algorithm preceded and followed by transmission-
zero optimization algorithms), few iterations suffice to achieve
convergence in all cases. This avoids excessive computing
times, despite the fact that the latter transmission-zero opti-
mization scheme uses the ASM algorithm at each iteration.
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