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Design of Capacitively Loaded Coupled-Line
Bandpass Filters With Compact Size
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Abstract— This paper is focused on the synthesis of capacitively
loaded coupled lines for the design of bandpass filters with
compact size and spurious suppression. The filters consist of
cascaded pairs of coupled lines periodically loaded with patch
capacitors. The loading capacitances provide a slow-wave effect
to the coupled lines useful for filter miniaturization, whereas
periodicity introduces bandgaps that can be controlled in order to
achieve spurious suppression. Filter design is achieved following
an automated process based on aggressive space mapping (ASM)
optimization. The two reported examples, a third-order filter with
central frequency fo = 1.0 GHz, 8% fractional bandwidth, and
0.1-dB ripple level and a fifth-order filter with central frequency
Jo = 1.8 GHz, 8% fractional bandwidth, and 0.1-dB ripple level,
demonstrate the potential of the proposed ASM-based design
approach, as well as the effectiveness of the loading capacitances
to reduce filter size and reject the spurious bands. Significant
size reduction in both filters is achieved, whereas the out-of-
band rejection is better than 30 and 45 dB in the third-order
and fifth-order filters, respectively, up to at least 4 f;.

Index Terms—Bandpass filters, circuit synthesis, coupled
lines, electromagnetic bandgap, microstrip technology, slow-wave
transmission lines, space mapping.

1. INTRODUCTION

IZE reduction and spurious suppression have been (and
S are still) two challenging issues in planar microwave filter
design. There are many approaches to achieve compact size
and/or spurious cancellation. Among them, periodic trans-
mission lines, including nonuniform and reactively loaded
lines, have been used as building blocks for the design of
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microwave filters, where the ordinary lines are replaced with
these artificial lines (see [1] and the references therein).

Periodicity gives rise to stopbands, due to the well-known
Bragg effect [2], [3]. Such periodicity can typically be
achieved by modulating the transverse dimensions of the
line [1], [4], [5] or by etching holes (or other patterns) in the
ground plane [6]-[10]. The result is a periodic variation of
the line impedance (and coupling coefficient [1], [11]-[13])
that causes the appearance of stopbands useful for spurious
suppression. To this end, it is necessary to tune the period
of the lines in order to set the Bragg frequency, where max-
imum attenuation occurs, within the spurious band [4]. Mul-
tiple tuned periodic transmission lines can also be designed
in order to achieve signal rejection at various (desired)
frequencies [10]. Using this strategy, efficient multispuri-
ous suppression in coupled line bandpass filters has been
demonstrated [14].

By modulating the transverse dimensions of the line, signif-
icant rejection (and hence efficient spurious suppression) can
be obtained. However, this strategy has no impact on filter
size. For size reduction and simultaneous spurious rejection,
transmission-line sections with periodically loaded capacitors
become a solution [15]-[18]. Periodicity is responsible for
spurious elimination, as discussed before, whereas the load-
ing capacitors enhance the effective capacitance of the line,
thus reducing the phase velocity. These periodic capacitively
loaded slow-wave transmission lines are therefore promising
candidates for the purpose of this paper, i.e., the design of
compact and spurious free bandpass filters based on coupled
lines. Nevertheless, the application of these slow-wave struc-
tures to the design and implementation of other compact and
spurious-suppressed filters has been demonstrated [19]-[22].
Capacitively loaded lines have also been applied to the
miniaturization of couplers [23], and other periodic slow-wave
structures based on inductive [24] or combined inductive/
capacitive [25]-[30] loading have been reported. The slow-
wave concept based on capacitive or dielectric loading has
also been used for size reduction in CMOS passive and active
devices operating at millimeter wavelengths [31]-[35].

In this paper, slow-wave coupled lines based on patch capac-
itors [36]-[39] are applied to the implementation of compact
bandpass filters with wide stopband (this paper is indeed an
extended version of [40]). Special emphasis is put on justifying
the conditions to achieve efficient cancellation of the spurious
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Fig. 1. (a) Typical topology (unit cell) of the CLCLs. (b) Equivalent circuit
schematic. Circuit model for (c) even and (d) odd modes.

bands (related to the number of patch capacitors per coupled
line section), and we present an accurate design methodol-
ogy for the capacitively loaded coupled lines (CLCLs). The
design approach is based on aggressive space mapping (ASM)
optimization [41]-[47], where the layouts of the coupled
lines are unattendedly generated from the design parameters
(even/odd mode impedances and electrical length) provided
by the specifications and from the required slow-wave factor
(which determines the level of miniaturization of the final filter
compared with the conventional counterpart).

This paper is organized as follows. In Section II, the
topology of the CLCLs, the circuit model of the unit cell,
and the main design equations are presented. From these
equations, we are able to obtain the schematic of the coupled
lines, which is the starting point for optimization using the
developed ASM algorithm (presented in Section III). Two filter
examples, where the synthesized coupled line sections are
merely cascaded, are reported in Section IV. Finally, the main
conclusions of this paper are highlighted in Section V.

II. ToPOLOGY OF THE CLCLS, MODELING, AND DESIGN

The topology and circuit schematic of the proposed
CLCLs (unit cell) are depicted in Fig. 1(a) and (b), respec-
tively. The square patches are described by the two capaci-
tances Cjs (note that the inductive effect of the wide and short
strip connecting the patches to the coupled lines is neglected).
The impedances Z,, and Z,, are the characteristic impedances
of the even and odd modes, respectively, of the unloaded
coupled lines, whereas k, and k, are the phase constants for
such modes. Hence, the electrical lengths of the unloaded
coupled lines are ¢, = k.l (even mode) and ¢, = kol
(odd mode), provided that / is the physical length of such
lines. The equivalent circuits for the even and odd modes,
inferred by removing one of the halves and considering the
bisection symmetry plane as a magnetic (even mode) and an
electric (odd mode) wall, are depicted in Fig. 1(c) and (d).
In this paper, it is assumed that the coupling between the
square patches is negligible.

The dispersion relation for the even mode is given by [1]

CisZoe

cos(fel) = cos(kel) — 2

sin(kl) (1)

whereas the characteristic (Bloch) impedance is

Zoefsin(kel) — ZoewCig sin® (kel /2)}
Zpe = . (2)
sin(Bel)
where f, is the phase constant of the loaded coupled lines for
the even mode (providing an electrical length of ¢, = f,[ for
that mode) and w = 2z f is the angular frequency. Formally,
identical expressions are obtained for the dispersion and Bloch
impedance of the odd mode by simply changing the subindices
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Note that, contrary to ordinary coupled lines, these CLCLs
are intrinsically dispersive and exhibit passbands and stop-
bands for both modes [1], [20]. In this paper, the considered
CLCL-based bandpass filters will be designed to operate in
the first allowed band of their constitutive CLCLs, whereas the
first rejected band of the CLCLs will be tailored in order to
suppress the spurious bands, unavoidable in ordinary coupled
line bandpass filters. The presence of the patch capacitors
modifies the coupling level of the unloaded lines, but the
impedances of the even and odd modes of the loaded coupled
lines, as well as the electrical length at the frequency of
interest, can be adjusted to the values required by design.

An important parameter in capacitively loaded artificial lines
is the slow-wave ratio, defined as the ratio between the phase
velocities of the loaded and unloaded line, or equivalently,
as the ratio between the phase constants of the unloaded and
loaded lines. Since the phase velocities (or phase constants)
for each mode (even and odd) in coupled lines are not
(in general) identical (although very similar if the coupling
level is small), the slow-wave ratio should be defined for each
mode
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A. Design of the CLCLs: Determination
of the Circuit Schematic

Let us now use the previous equations for the determination
of the circuit schematic of the CLCLs able to satisfy certain
specifications. This means to provide the electrical parameters
of the circuit of Fig. 1(b), i.e., Cis, Zpe, Zoo, and either
kel or k,l (since k.l and k,I are mutually dependent through
Zoe and Z,,). With regard to the specifications, since the
purpose of this paper is the design of coupled line band-
pass filters, the even and odd mode impedances of the
CLCLs (Zp. and Zp,) are dictated by filter specifications
(order, fractional bandwidth, and ripple level) according to
well-known formulas [48]. Note, however, that, due to dis-
persion, the Bloch impedances are frequency dependent, and
therefore the required values of Zp, and Zp, are forced to be
satisfied at the filter central frequency, fo. Each CLCL section
(composed at least of one unit cell) should exhibit an electrical



length at fp of #/2 for each mode (as corresponds to con-
ventional parallel coupled line bandpass filters). Since this is
not possible in practice (at least in microstrip technology), an
alternative condition depending on these two electrical lengths
is necessary. For instance, we can force the average electrical
length of the CLCL section corresponding to the two modes
to satisfy this requirement, or

N((/’e|fo +(/’0|fo) _ z %)

2 2

where N is the number of unit cells of the loaded coupled line
(nevertheless, it has been found that there is a more appropriate
condition, to be discussed later). Finally, a fundamental para-
meter that determines the level of miniaturization of the final
filter is the slow-wave ratio. We will set the slow-wave ratio
corresponding to the even mode swr, to a predefined value.
Note, however, that swr, is not related to filter performance,
but only to filter size. The fact that the circuit schematic of
the CLCLs [Fig. 1(b)] includes an additional parameter (Cjy),
compared with ordinary coupled lines, is the key factor in
having certain control on filter size reduction.

Inspection of (1)—(7) reveals that there are eight unknowns
in the model, that is, Cis, Zoe, Zoo, kel, kol, swro, Bol, and
Pel (Zpe, Zpo, and swr, are fixed according to the previous
paragraph). However, as previously mentioned, k./ and k,l
are linked through Z,, and Z,,, which means that all model
parameters can be univocally determined. To this end, we have
proceeded as follows. We provide a guess value for g, = f.l.
From (1) and (5) evaluated at wp = 27 fo, we obtain

2{cos(swr, - fel) — cos(B.l)}

CisZpe = - 8
ls Soe W Sin(swre - fel) ®)

where all the parameters on the right-hand side are known.
By introducing (8) in (2), we can express Z,, as a function
of Zpe, swre, and f,l as

Zpe - sin(fel)

= 9
o sin(swr, - fel) — Cis Zoeo sin?(swre - Pel/2) ©)

provided that Cys Z,, in the denominator of (9) is given by (8).
Once Z,. is known, Cj; is calculated from (8). Also note
that k./ is known from (5). The determination of the four
remaining parameters (Z,o, kol, swr,, and f,l) is not simple
since the relation between k./ and k,/ (through Z,, and Z,,)
depends on substrate parameters. Thus, we have proceed by
providing a tentative value of swr,, starting with swr, = swr,,
and numerically solving (3), (4), and (6). With the resulting
element values (Z,,, kol, and f,l) and substrate parameters,
we check if k,/ and k,./ are compatible. If this is not the case,
we sweep swr, until the resulting values of k,/ and k.l are
compatible with Z,,, Z,., and the parameters of the substrate
(which provide the transverse geometry of the unloaded cou-
pled lines). We repeat this procedure until condition (7), or
another equivalent condition, to be specified later, is satisfied.

Let us consider as an example the design of a pair of CLCLs
with Zg, = 72.12 Q and Zg, = 38.91 Q, swr, = 0.5, and
(9o +90)/2 = /4 at 2.4 GHz. The application of the previous
procedure, considering the parameters of the Rogers RO3010
substrate with dielectric constant ¢, = 10.2 and thickness
h = 1.27 mm, gives C;; = 0.57 pE, Z,, = 152.76 Q,
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Fig. 2. (a) Layout. (b) Even- and odd-mode Bloch impedance. (c) Electrical
length corresponding to the designed CLCL unit cell reported in the example.
Circuit schematic is referred to Fig. 1(b). Dimensions are / = 3.962 mm,
lp = 1.885 mm, w = 0.252 mm, and s = 0.238 mm.

Zoo = 58.65 Q, k. = 26.6° k.l = 24.9°, swr, = 0.68,
Pel = 53.2°, and S,/ = 36.9°. From these values, we have
obtained the four-port S-parameters of the schematic, and
from these values and well-known transformations [49], we
have inferred the S-parameters for the even and odd modes.
By transformation to ABCD parameters, we have then
obtained the Bloch impedance and electrical length for each
mode [1], [48]. The results, depicted in Fig. 2, demonstrate
that the target values are satisfied to a good approximation.
Once the electrical parameters of the CLCL are found,
the next step is to determine the layout (unit cell). To this
end, an ASM optimization algorithm is developed (it will be
discussed in the next section). The seeding layout, necessary to
initiate such ASM algorithm, is obtained from the value of Cyy,
which gives the dimensions of the patch capacitors according
to the parallel plate capacitor formula, from Z,, and Z,,
which provide the width and separation of the unloaded
coupled lines, and from k,/ and k./, which provide their
length. A commercial transmission-line calculator (such as the
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Fig. 3. (a) Lumped element circuit model (unit cell) of the CLCL. Circuit

model for (b) even- and (c) odd-mode excitation.

one included in Keysight Momentum) can be used to determine
the width, separation, and length of the unloaded coupled lines.
As can be seen in Fig. 2, the full-wave EM simulation of
the layout (unit cell) agrees very well with the results of the
designed circuit schematic.

B. Optimizing Spurious Suppression

In the preceding section, it has been assumed that the
number of cells per coupled line section, N, is not a design
parameter. However, N determines the onset and bandwidth of
the first stopband of the CLCL (as will be shown), and hence
it should not be arbitrarily chosen. N must be determined
according to a systematic procedure, in order to guarantee
that the first and a certain number of spurious bands of
the bandpass filter under design are efficiently suppressed.
Such procedure, based on the approximate lumped element
equivalent circuit model of the unit cell, is presented and
discussed in this section. Such model, depicted in Fig. 3,
assumes that the interaction between both lines is dominated
by electric coupling and that the electrical length of the unit
cell is small. These approximations are reasonable provided
that the intention is to estimate the effects of N on spurious
suppression, rather than to use this model for design purposes.
L and C are the inductance and capacitance of the lines, Cj; is
the capacitance of the square patches (as mentioned before),
and C. is the coupling capacitance between the lines. The
models for even and odd mode excitation are also included
in Fig. 3.

The dispersion and Bloch impedances of the models
of Fig. 1(c) and (d) and the corresponding models of
Fig. 3(b) and (c) converge at low frequencies (small electrical
length) and tend to diverge as the frequency approaches the
cutoff frequencies of the fundamental modes (even and odd
modes). Such frequencies determine the onset of the stopband
for each mode, caused by the periodicity. Nevertheless, if
Cis/C > 1, the discrepancy between both models is very
small up to the cutoff frequencies, as it has been demonstrated
in reference to single-ended capacitively loaded transmission
lines [1]. The previous condition (Ci;s/C > 1) is roughly
satisfied in this paper, since one of the objectives is to achieve
significant miniaturization, and this is intimately related to the
ratio C/C, as will be later shown.

Even though CLCLs are dispersive (as mentioned before),
under the long wavelength approximation (far enough from
the cutoff frequencies), it can be assumed that the even and
odd mode Bloch impedances are frequency independent and

given by
Z L (10a)
= a
Be C+ Cls
ZBo = L (10b)
Bo — C+Cls+2Cc

as derived from the equivalent circuits for the even and odd
modes, depicted in Fig. 3. Similarly, the electrical lengths
(unit cell) for the even and odd modes can be expressed as
linear functions of frequency

Qe cell = Pel = o/ L(C + Cis) (11a)
Do.cell = fol = w/L(C + Cis +2C,). (11b)

In the framework of the lumped (even and odd) models, the
slow-wave factors for each fundamental mode are given by

kel w+/LC 1
SWre = E = NI GEToN) = = (12a)
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Under low coupling level (satisfied if C > 2C.), the
phase constants and slow-wave factors for both modes can be
assumed to be roughly the same. Although it is not possible to
achieve tightly coupled lines in edge coupled configurations,
depending on the required filter bandwidth, the coupling
level between the lines may be moderate, and therefore the
above condition (C > 2C.) is not strictly valid necessarily.
Nevertheless, for the purpose of this section, we will assume
that the phase constants and slow-wave factors for both modes
are identical. The reason is that we do not need accurate
expressions to determine the number of cells, N, per coupled
line section.
According to the previous paragraph, (7) can be rewritten
as
13)

= T
§0f0—2N



where ¢ = ¢, = ¢,, in coherence with the considered
approximation. In order to determine N, the relative position
of the cutoff frequency, fc, of the CLCLs with regard to the
filter central frequency, fy, must be taken into account. Under
the considered approximation (C > 2C,), the cutoff frequency
for both modes is identical and given by [1], [18]

1

= 14
Je= Ty (1

By combining (14) and (11a), it follows that
ol = 22/ LC+ Cr) =20 as)

and, by introducing (13) in (15), the ratio between the cutoff
frequency and the filter central frequency can be expressed as

fc _ 4N

fo m

In coupled-line bandpass filters, the first spurious band
appears at 2 fy. For the suppression of that band, it is thus
necessary that fc < 2fp. Therefore, according to (16), it

follows that the number of stages (unit cells) of the coupled
lines, N, must satisfy:

(16)

N < T
2
giving a single stage (N = 1). If the number of unit
cells is N > 2, then the first spurious band cannot be
efficiently suppressed. However, it is not necessary that the
number of unit cells of each coupled line section is the same.
Expression (17) dictates that at least one of the coupled line
sections must be designed with a single unit cell in order
to reject the first spurious band of the filter. In practice, we
have designed the filters reported in this paper by combining
coupled line sections with one and two unit cells, as will be
later shown.
In order to estimate the capability of the CLCL sections
in rejecting multiple harmonic bands, the upper limit of the
stopband must be determined. It is given by [1], [18]

1
2JLC

where, again, it has been assumed that fs is identical for
the even and odd modes. Note that this expression is not
inferred from the lumped element equivalent circuit model of
Fig. 3(b) or (c), since this model does not predict the presence
of a finite stopband above fc, but an unlimited stopband.
To obtain (18), the distributed model of Fig. 1(c) or (d),
under the considered low coupling level approximation, is
necessary. Analysis of (1) reveals that the upper limit of the
stopband occurs when S, = k.. = 7 (note that this is not
in contradiction with an swr smaller than one, since the swr
makes sense in the first passband of the slow-wave structure).
Since

A7)

fs = (18)

kel =27 f~/LC (19)

(18) is obtained.

By dividing (18) and (14), the ratio between fs and fc is

obtained as
Sz [ G 1
fc 2 C 2 swr

with swr = swr, = swr,. By introducing (16) in (20)

fs _ 2N
fo  swr’

That is, the number of spurious bands that can be rejected with
N =1 (a value necessary to reject the first harmonic band)
is determined by the slow-wave factor. Let us consider, for
instance, that swr = 1/2, corresponding to 50% size reduction.
With this value and (21), the stopband extends up to fs = 4 fo,
and hence the first (2 fy) and second (3 fy) spurious bands are
expected to be efficiently suppressed.

Let us now consider that N = 2. In this case,
(16) and (21) give fc = 2.55fp and fs = 8fo, respec-
tively. Hence, we expect that coupled line sections with two
capacitive stages are able to reject from the second (3 fp)
up to the sixth (7 fy) spurious band. Note that these results
indicate that by combining CLCL sections with single and
two capacitive unit cells in the considered filter, a very wide
stopband (provided the slow-wave ratio is set to swr, = 1/2)
should result. This is the considered situation in the examples
reported in Section IV.

(20)

21

III. ASM OPTIMIZATION TOOL

ASM is an optimization tool that has been applied
in many different scenarios, in particular to the synthe-
sis of planar microwave circuits that can be described by
lumped element equivalent circuits, or by a combination of
lumped and distributed (transmission-line sections or stubs)
elements [50]-[54]. In ASM optimization, two different sim-
ulation spaces are considered: 1) the optimization space, Xc,
where the variables are linked to a coarse model, which is
simple and computationally efficient, although not accurate
and 2) the validation space, Xf, where the variables are
linked to a fine model, typically more complex and CPU
intensive, but substantially more precise. In each space, a
vector containing the different model parameters is defined.
Such vectors are denoted by x¢ and x, for the fine and coarse
model spaces, respectively, and their corresponding responses
are designated as Re(xr) and Re(xc).

In the optimization of planar circuits, the variables of the
optimization space are typically a set of lumped elements
(inductors and/or capacitors) [52], a set of electrical para-
meters (e.g., electrical length or characteristic impedance of
a transmission line), or a combination of the previous ele-
ments/parameters [50], [53], [54]. In this space, the response is
inferred from the electrical simulation of the lumped element
circuit or circuit schematic. The variables of the validation
space are a set of geometrical parameters that define the circuit
layout, and the response in this space is obtained from the
electromagnetic simulation of that layout. If the number of
geometrical parameters necessary to completely define the
geometry is too high, some of them are fixed to certain (rea-
sonable) values [53], [54]. Moreover, substrate parameters are



usually fixed, and hence they are not optimization variables.
In ASM, it is very convenient to deal with the same number of
parameters in both spaces since this eases the implementation
of the ASM algorithm.

In ASM, the target solution is determined through an
iterative quasi-Newton type algorithm, and a parameter trans-
formation mapping the fine model parameter space to the
coarse model parameter space is needed. In planar circuits,
such parameter transformation is simply a parameter extractor,
providing the elements of the coarse model from the response
of the fine model (e.g., the element values of the circuit model,
inferred from the electromagnetic simulation of the circuit
layout by applying specific parameter extraction techniques).
Thus, the goal in ASM is to minimize the following error
function:

f(xr) = P(xf) — x¢ (22)

where xj is the coarse model solution that gives the tar-

get response, Re(x¥), and P(x¢) provides the coarse model
parameters from the fine model parameters by means of a
parameter extraction procedure, as mentioned above (examples
of parameter extraction in transmission lines loaded with
electrically small resonators can be found in [55] and [56]).
Let us assume that xﬁ’ ) is the Jjth approximation to the
solution in the validation space and £(/) is the error function
corresponding to f(xﬁj )). The next vector of the iterative

process xt(.j *1 s obtained by a quasi-Newton iteration accord-
ing to

xUHD = x0) 4y (23)
where h/) is given by

hV) = _(B(/'))—lf(j) (24)

and BU) is an approach to the Jacobian matrix, which is
updated according to the Broyden formula [42]

fUHDRUT

G+) _ pW)
B =B+ hDTRG)

(25)
In (25), fUTD is obtained by evaluating (22), and the super-
index T stands for transpose.

In complex circuits, such as filters, dealing with all the
variables of both spaces simultaneously may be too cum-
bersome. However, if the structure to be designed consists
of several uncoupled stages or sections, it is possible to
optimize each section separately, then cascade or group them,
and postoptimize if necessary. Moreover, within each circuit
section, if there is small correlation between certain elements
of both spaces, it is potentially possible to divide the algo-
rithm in different ASM subprocesses. This approach reduces
complexity and computational time, and has been successfully
applied, e.g., to the design of bandpass filters based on stepped
impedance resonators [53], [54].

In this paper, the considered filters are implemented by
cascading CLCL sections, and we assume that intersection
coupling is negligible. Therefore, each coupled line section
is synthesized independently. In addition, the dimensions of
the capacitive patches are optimized independently, using a
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Fig. 4. Topology and relevant dimensions of the capacitive patch.
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Fig. 5. Topology and relevant dimensions of the patch-loaded coupled-line
section, where two unit cells have been considered.

one-variable (for each space) ASM subprocess developed
in [50]. This means that we first determine patch dimen-
sions, and such dimensions are not optimization variables
in the ASM algorithm specifically developed to obtain the
whole coupled line section layout. For convenience, let
us designate the first one-variable ASM subalgorithm as
patch-ASM, and the second one, involving the whole
CLCL section, as CLCL-ASM.

In brief (see further details in [50]), the variables of the fine
and coarse models in the patch-ASM are the side length (/)
of the capacitive patch and the capacitance Cjs, respectively.
The geometry is depicted in Fig. 4, where a square-shaped
patch connected to the host line through a wide and short
access strip (to avoid any inductive effect) is considered.
The distance between the host line and the patch (length
of the access strip, laec) is set to a fixed value (0.6 mm),
whereas its width (Wy) is set to a fraction of the patch
dimension [, (specifically, it has been found that 50% of
the patch dimension is a good choice). The first value of
I, is inferred from the target value of Cj; (derived from
the procedure explained in Section II), through the parallel
plate capacitor formula. Then the capacitance of this patch is
inferred from the electromagnetic simulation by considering
the ports indicated in Fig. 4, specifically by inferring the admit-
tance of the shunt load. Once the capacitance is obtained, it is
compared with the target value, and the iterative ASM process
is started—using the expression in (23)—unless the error is
smaller than a certain predefined value.

For the CLCL-ASM algorithm, the variables in the valida-
tion space are the width, W, separation, S, and length, d, of
the unloaded coupled lines (Fig. 5). Note that the length d
must satisfy d = N - [. In principle, the natural variables



in the optimization space should be the even and odd mode
Bloch impedances (Zp, and Zp,) of the CLCLs, and the
average electrical length of the two modes at fy, i.e., ¢4y =
N(pe + ¢0)/2 [see (7)]. The reason is that the target values of
these impedances (Z7%, and Z} ) for each coupled line section
are directly dictated by filter specifications, and the average
electrical length of the loaded coupled lines is usually forced
to be ¢, = m/2. Nevertheless, we have actually considered
different optimization variables, to be specified next.

We terminate in open circuits two crossed ports of the patch-
loaded coupled lines, so that a two-port circuit results. Assum-
ing that the electrical lengths of both modes are identical, i.e.,
¢ = Ngp, = Ng,, the image impedance of this circuit is
related to Zge, Zp,, and ¢ by [48]

1
Z; = Z\/(ZBe - ZBo)2 csc? ¢ — (ZBe + 230)2 cot? 4 (26)

and it takes the maximum value when ¢ = z/2 as
ZBe — ZBo
—
Moreover, the real part of the image impedance around

¢ = 7w/2 is delimited to a band with cutoffs, ¢; and ¢»,
given by

Zl,max - (27)

COSQ] = —COS @y = (28)
ZBe + ZB()
Note that, from the target values of Z%,6 and Zj .

we can define target values for the maximum image
impedance, Z;imax, and for the phase of the lower
cutoff frequency, ¢}. The image impedance can
be inferred from the simulated S-parameters of
the constructed two-port structure by conversion to

ABCD parameters
B
A2 —1
and from it, we can identify Z;m.x and ¢j. Using
(27) and (28), Zp. and Zp, can be isolated and thus extracted.
However, Z; max and ¢ (rather than Zg, and Zp,) are the
considered optimization variables in the coarse space.

The phase ¢ of the pair of patch-loaded coupled lines is
related to the phase of the two-port structure, y, by [43]

Zr = (29)

ZBe + ZBo
COSlYy = —————— COos Q. 30)
v ZBe - ZBO v
Moreover
A+ D
cosy = > =A A1)
since A = D in our case. Hence, from the S-parameters

and transformation to ABCD parameters, the phase of the
two port structure, y, can be inferred, and from it, we can
obtain ¢ using (30). Note that, according to (30), w = 7/2
gives ¢ = 7/2 and vice versa. Hence, we can directly use y
for optimization purposes, and consider the frequency where
w =m/2,1e., fz,2, as the third variable of the coarse space.
Obviously, the target is f* 12 = fo.

In the previous procedure, the involved formulation is
strictly valid if the phases of the two modes are identical,

which is not the case, as mentioned before. However, the
values of Zp, and Zp, that result by considering the CLCLs
as a two-port [i.e., by isolation from (27) and 28)] are in good
approximation to those inferred from the procedure explained
in Section II-A, and (30) represents a phase condition for
the electrical length of the two modes as reasonable as (7).
Note, however, that forcing w = /2 does not mean that the
average values of the electrical lengths are strictly z/2 (but
roughly that value). Nevertheless, it has been found that with
this procedure, the coupled line filter sections, once cascaded,
provide a filter response very close to the target.

Once the three variables of the optimization and valida-
tion spaces have been determined, the CLCL-ASM algo-
rithm is implemented. As mentioned before, the first layout
is generated from the values of Z,., Z,, and Nk.l, Nk,l
derived from the procedure indicated in Section II and a
transmission line calculator. Since the dimensions of the patch
capacitors are inferred from an independent ASM subprocess
(patch-ASM), such dimensions are those that are considered
in the first and successive layouts of the whole CLCL sec-
tion. From the seeding layout, the parameters of the coarse
model (Z; max, @1, and fz,2) are extracted and subsequently
compared with the target values in order to infer the first
error function. Next, the new layout of the iterative process
is inferred from (23), with h given by (24) and the initial
Broyden matrix calculated as

5ZI,max 5Z1,max 5ZI,max
gW 3S d
é?”n/z ) Ofz )2
ow oS od

The process is then iterated until convergence is obtained.
In this paper, the algorithm ends when the following norm:

. 2 2
/2 VA
oo = |( 2221 +(¢—l—1)+ 1) 33
7/2 @1 ZI,max

is smaller than 0.5 %.

IV. DESIGN EXAMPLES
A. Third-Order Filter

Using the previously reported ASM algorithm, we have
generated the layout of a third-order filter consisting of
four cascaded CLCL sections, as a first illustrative example.
A Chebyshev response was considered with central frequency
fo = 1.0 GHz, fractional bandwidth FBW = 8%, and
ripple level of L4, = 0.1 dB. With these specifications,
the impedances of the coupled line sections were found to
be Zp, = 73.54 Q and Zp, = 38.64 Q for coupled line
sections 1 and 4, and Zp, = 56.44 Q and Zp, = 44.89 Q for
coupled line sections 2 and 3. The layout of the conventional
filter, inferred from a simplified version of the proposed ASM
(provided that the patch capacitors are not present), is depicted
in Fig. 6(a). The considered substrate is the Rogers RO3010,
with thickness # = 1.27 mm and dielectric constant & = 10.2,
and electromagnetic simulations were carried out by means of



Fig. 6. Layouts of the designed coupled-line bandpass filters. (a) Conven-
tional. (b) Capacitively loaded. Both layouts are drawn to the same scale.
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Fig. 7. Lossless electromagnetic response of the conventional and
CLCL bandpass filters of Fig. 6. (a) Wideband response. (b) Zoomed-in view
of the passband.

the Keysight Momentum commercial simulator. The frequency
response is depicted in Fig. 7, where the presence of spurious
bands, at 2fp and at higher harmonic frequencies, can be
appreciated. Such filter has been designed for comparison
purposes. Moreover, a very good agreement in terms of central
frequency, bandwidth, and the ripple level can be observed.
For the design of the CLCL bandpass filter, a single unit
cell for filter sections 2 and 3 has been considered, whereas for
sections 1 and 4, the coupled lines are loaded with two pairs
of patches. By this procedure, we ensure a wide stopband,
as discussed in Section II. The slow-wave ratio has been

TABLE I

ELEMENTS OF THE SCHEMATIC OF FIG. 1 USED TO DETERMINE
THE SEEDING LAYOUT OF THE ASM

Stage Z(Q) | Z,,(Q) | Cis(pF) k.l kol
1,4 154.84 57.65 1.293 25.23° 23.68°
2,3 145.48 79.59 2.349 50.66° 47.36°

TABLE II

ELEMENTS OF THE FINE MODEL FOR THE INITIAL LAYOUT

Stage W(mm) | S(mm) | d(mm) 1,
1,4 0.1220 0.1950 | 16.648 | 4.264
2,3 0.0980 0.4840 | 16.619 | 5.747

TABLE III

ELEMENTS OF THE FINE MODEL AFTER CONVERGENCE

Stage W(mm) | S(mm) | d(mm) 1,
1,4 0.1703 0.1950 | 18.193 | 3.432
2,3 0.3729 0.7866 | 20.312 | 4.754

TABLE 1V

ELEMENTS OF THE COARSE MODEL AFTER CONVERGENCE

Stage Zimax(€2) (741 Jw2 (GHz) Cis(pF)
1,4 17.466 72.06° 1.002 1.293
2,3 5.755 83.52° 0.998 2.359

considered to be swr, = 0.5. Using (1)—(9), the value of the
patch capacitances and the electrical parameters of the coupled
line sections can be found (see Table I).

Moreover, the resulting slow-wave ratio for the odd mode
and electrical lengths of the CLCL sections are swr, = 0.682,
Bel = 5047° and B,I = 34.72°, respectively, for
sections 1 and 4, and for sections 2 and 3, they are
swr, = 0.625, f.l = 101.32° and g,/ = 75.78°. With
these values, the parameters of the fine model inferred from
a transmission line calculator (except [,, which has been
obtained by means of the parallel plate capacitor formula) have
been found to be the ones indicated in Table II. Note that the
average value of f.l and f,l is not #/4 (sections 1 and 4) or
/2 (sections 2 and 3). The reason is that, rather than (7), we
have actually forced w = x/2, since this provides a seeding
layout closer to the final one for each filter stage. By forcing
w = n/2, the average values of the electrical lengths of the
coupled lines are not necessarily 7 /2, as mentioned before.

Once the seeding layout has been inferred, application of the
patch-ASM has provided a side length of [, = 3.432 mm for
the capacitors of sections 1 and 4, and [, = 4.754 mm for the
capacitors of sections 2 and 3. Application of the CLCL-ASM
has provided the final filter layout after 12 and 5 iterations for
the synthesis of the coupled line sections with a single and
two unit cells, respectively. The variables in each space after
convergence are indicated in Tables III and IV.

Fig. 8 shows the image impedance and the phase y at
several iterations for the coupled line sections with one and
two unit cells, where it can be appreciated that the curves
progressively evolve so that the variables of the coarse model
tend to the target values, also indicated. The final layout of



EM Sim. (Initial) ~ EM Sim. (intfial)
- - -EM Sim. (lte. 6) | may =< EM Sim. (Final)
| max__ == EM Sim. (Final) 151 ) ’ N
‘C-:: 41 10}
N
5]
0 - - - 0 R L
06 08 10 12 1406 08 10 12 14
Frequency (GHz) Frequency (GHz)
~N 1.2 EM Sim. (Initial)
T -~ -EM Sim. (lte. 6) 1.2}
(D 1 1 | —— EM Sim. (Final)
> ' )
8 1.0+ AR,
g L w2
o
9] 0.8¢ - EM Sim. (initial)
L g ‘ ‘ ‘ ‘ —— EMSim. (Final)
0 45 90 135 180 O 45 90 135 180
¥ (degree) ¥ (degree)
(a) (b)
Fig. 8. Image impedance and phase y of the coupled-line sections at various

iterations. (a) Single unit cell sections. (b) Two unit cell sections.

the filter generated by simply cascading the different coupled
line sections is depicted in Fig. 6(b). Substantial size reduction
compared with the conventional filter is achieved by virtue of
the considered slow-wave factor. The electromagnetic simula-
tion of this filter is depicted in Fig. 7. It can be seen that the
response in the region of interest is very similar to the one of
the ordinary filter. However, the spurious bands are efficiently
suppressed up to very high frequencies. It is also important
to mention that no further optimization has been required to
achieve such response.

The designed device has been fabricated by means of an
LPKF H-100 drilling machine. The fabricated device and
the measured frequency response, inferred by means of the
Agilent PNA N5221A vector network analyzer, are depicted
in Fig. 9, where the electromagnetic simulation with losses
is also included for comparison. A reasonable agreement
between both responses can be observed, and spurious band
rejection is better than 30 dB up to at least 5 fy.

In order to further justify the potential of the proposed
approach to reject spurious bands, and particularly the effects
of the CLCL sections with N = 2 (two capacitive stages),
we have considered the CLCL sections 1 and 4 of the filter
in Fig. 6(b). Specifically, we have carried out the simulation
of the schematic (i.e., with ideal capacitors and coupled lines)
corresponding to the even mode, by means of Keysight ADS.
Fig. 10 shows the dependence of the characteristic even mode
impedance, Zp,., of the CLCL section with frequency. It can
be appreciated that the value at 1 GHz (filter central frequency)
is close to the design value indicated before (Zp, = 73.54 Q),
but the important aspect in terms of spurious rejection is
that a stopband between 2.54 and 7.14 GHz appears. These
values are in reasonable agreement with the predictions of
Section II-B (see the last paragraph). We have also simulated
the S»>; response of this CLCL section seen as two-port, and
the results, shown in Fig. 10(b), confirm the capability of
spurious attenuation.
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Fig. 9.  (a) Fabricated third-order CLCL bandpass filter. (b) Frequency
response. (c) Zoomed-in view of the passband.

B. Fifth-Order Filter

To demonstrate the potential of the proposed approach
based on ASM optimization, a second illustrative example
was considered. Specifically, a fifth-order Chebyshev bandpass
filter consisting of six cascaded CLCL sections has been
designed with the following specifications: fy = 1.8 GHz,
FBW = 8%, and ripple level of L4, = 0.1 dB. Accordingly,
the impedances of the coupled line sections were found to
be Zp, = 72.03 Q and Zp, = 38.93 Q for coupled line
sections 1 and 6, Zg, = 55.51 Q and Zpg, = 45.49 Q for
coupled line sections 2 and 5, and Zp, = 54.11 Q and Zp, =
46.47 Q for coupled line sections 3 and 4. Once the final layout
is generated (by considering a Rogers RO3010 substrate, with
thickness # = 1.27 mm and dielectric constant ¢, = 10.2), the
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Fig. 10. (a) Even-mode characteristic impedance of the CLCL

sections 1 and 4 of the filter in Fig. 6(b). (b) Response of Sy of the same
structure seen as two-port.

comparison between the lossless electromagnetic frequency
response of the obtained CLCL filter and the conventional
filter is shown in Fig. 11. It can be observed that there is a
very good agreement between the responses in terms of central
frequency, bandwidth, and the ripple level, but the capability
to suppress spurious band in the CLCL-based filter is apparent.

For the design of the fifth-order CLCL bandpass filter, a
single unit cell for filter sections 2-5 has been considered,
whereas for sections 1 and 6, the coupled lines are loaded
with two pairs of patches in order to suppress efficiently the
spurious bands, as discussed in Section II. In this example,
the slow-wave ratio for the even mode of each coupled line
section is also set to swr, = 0.5. With this value, the patch
capacitances and the electrical parameters of the unloaded
coupled line sections are indicated in Table V.

Furthermore, the resulting slow-wave ratio for the odd
mode, swr,, and electrical lengths of the CLCL sections
(Bl and p,l) are as follows. For sections 1 and 6: swr, =
0.674 p.l = 42.37°, and B,l = 35.02°, for sections 2 and 5:
swr, = 0.610, f.l = 100.47°, and S,/ = 79.93°, and
for sections 3 and 4: swr, = 0.587, f.I = 99.24°, and
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Fig. 11.  Frequency responses of the conventional and CLCL fifth-order
bandpass filters. (a) Wideband response. (b) Zoomed-in view of the passband.

TABLE V

ELEMENTS OF THE SCHEMATIC OF FIG. 2 USED TO DETERMINE
THE SEEDING LAYOUT OF THE ASM

Stage | Z,.(Q) | Z,,(Q) | Cs®F) | kd 2
1,6 151.63 | 58.79 | 0.732 | 25.18° | 23.61°
2,5 14230 | 8324 | 1328 | 50.24° | 46.92°
34 137.64 | 8948 | 1364 | 49.62° | 46.323°

Pol = 78.92°. With these values, the parameters of the fine
model have been found to be the ones indicated in Table VI.

The variables in each space after convergence are indicated
in Tables VII and VIII. A prototype has been fabricated [see
Fig. 12(a)] and measured using the aforementioned procedure.
A reasonable agreement between the electromagnetic simu-
lation (with losses) and measured frequency response of the
proposed fifth-order CLCL filter can be observed in Fig. 12(b).
Spurious band rejection is better than 45 dB up to at least 4 fj.
As an added value, the final device size has been reduced by
a factor of 70% compared with the conventional counterpart.

V. COMPARISON WITH OTHER APPROACHES

As mentioned in Section I, coupled-line bandpass filters
with spurious suppression based on periodic or quasi-periodic
structures with transverse width modulation were reported
in [4] and [14], respectively. These filters provide very efficient
spurious cancellation, specially the filter reported in [14],



TABLE VI
ELEMENTS OF THE FINE MODEL FOR THE INITIAL LAYOUT

Stage W(mm) | S(mm) | d(mm) 1,
1,6 0.1270 0.2190 | 9.2180 | 3.208
2,5 0.0965 0.5723 | 9.1430 | 4.321
34 0.0930 0.7480 | 9.0140 | 4.380

TABLE VII

ELEMENTS OF THE FINE MODEL AFTER CONVERGENCE

Stage W(mm) | S(mm) | d(mm) I,
1,6 0.2053 0.2319 | 10.213 | 2.360
2,5 0.4010 1.0296 | 11.349 | 3.276
34 0.4270 1.3431 11.292 | 3.326

TABLE VIII

ELEMENTS OF THE COARSE MODEL AFTER CONVERGENCE

Stage Zimax(2) [} Ju2 (GHz) Cis (pF)
1,6 16.5187 72.97° 1.8045 0.7321
2,5 4.9959 84.44° 1.7955 1.3283
34 3.8043 85.52° 1.800 1.3644

TABLE IX

COMPARISON OF VARIOUS BANDPASS FILTERS
WITH SPURIOUS SUPPRESSION

Ref. Filter Length Lumped Spurious Rejection
order | reduction® | elements | suppression level (dB)
[14] 7 No No -5 30
571 3 No No 1 40
[58] 3 25% No 1t —om 50
[59] 3 Yes 1%t -2 50
[61] 3 35% Yes -6 40
[621® 3 90% Yes 15— n 40
This 3 33% No 13— 4t 30
This 5 30% No -3 45

@ Filter A of that reference.
® Refers to the percentage of the length of the conventional counterpart
which is reduced.

with 30-dB suppression up to the sixth spurious band, but
dimensions are not reduced in such filters. In [57], a method to
suppress only the first spurious band in coupled line bandpass
filters was proposed. Such technique consists of etching a
floating ground-plane conductor, which effectively equalizes
the even- and odd-mode phase velocities of the microstrip
coupled lines. However, this approach does not represent any
advantage in terms of size reduction (although it efficiently
suppresses the first harmonic band with a measured rejection
level of roughly 35 dB).

Other strategies to reduce size and achieve spurious cancel-
lation in coupled line bandpass filters are based on reactive
loading [58]-[62]. However, in these techniques, essentially
the coupled lines (either open-ended or with grounded cross
ports) are either inductively or capacitively loaded in the
terminations. Conversely, the strategy proposed in this paper
is based on the theory of periodic structures, and coupled
line sections with one or two capacitive stages are com-
bined to achieve efficient spurious rejection, as has been
justified previously. In the filter reported in [58], 25% size
reduction and a rejection level of better than 47 dB until the
second spurious band (3 fy) are achieved. In [61], a coupled-
line bandpass filter with 40-dB suppression until 6.6fp is
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Fig. 12.  (a) Fabricated fifth-order CLCL bandpass filter. (b) Frequency
response. (¢) Zoomed-in view of the passband.

reported. Such filter is short at the expense of meandering
the coupled lines. In [62], a filter with extremely small size
(roughly 90% size reduction compared with the conventional
one) is reported, but a rejection level better than 40 dB is
achieved only up to the second spurious band. Other filters
reported in [62] exhibit a good balance between size and
spurious suppression, but these filters incorporate lumped
elements in their designs. A comparison of several coupled-
line bandpass filters in terms of size reduction and spurious
suppression capability is given in Table IX.

In the filters reported in this paper, a good balance between
size reduction and spurious suppression is achieved, and filter
design is simple since it is based on an automated approach.
In particular, the fifth-order filter of Section IV-B exhibits a
rejection level better than 45 dB up to at least 4 fj. In addition,



lumped elements are not incorporated in the proposed design
approach, which eases fabrication and reduces costs. Note,
however, that if lumped elements are allowed in the design,
larger capacitance values can be achieved, providing smaller
phase velocities and further size reduction.

VI. CONCLUSION

In conclusion, CLCL bandpass filters and a systematic
design approach for such filters, based on ASM optimization,
have been proposed for the first time in this paper. Compared
with the conventional counterparts, the proposed filters are
smaller and spurious free up to higher frequencies, due to
the slow-wave effect and stopband functionality introduced by
the loading capacitances (in practice, implemented by means
of square patches). A model of the CLCL sections, useful
for design purposes, i.e., for the determination of the seeding
layout necessary to iterate the ASM process, has been pro-
posed. Specifically, from filter specifications and the required
slow-wave ratio (directly related to the miniaturization factor),
the model provides the even and odd mode characteristic
impedances of the host coupled lines, their electrical length,
and the value of the loading capacitances, for each coupled-
line section. From these values, the first (seeding) layout
of each CLCL can be inferred using analytical formulas
or a transmission-line calculator. Importantly, it has been
demonstrated that the number of capacitive unit cells (or pair
of patches) of the coupled-line sections cannot be arbitrary.
Indeed, to efficiently suppress the first spurious band, it is
necessary that at least one coupled-line section is implemented
by a single unit cell, and spurious suppression up to very
high frequencies can be achieved by combining coupled-line
sections with different numbers of unit cells (single and two
unit cells in the reported example).

In order to simplify the optimization process of the cou-
pled line sections, the ASM has been divided in two ASM
subprocesses. One of them devoted to determine the dimen-
sions (side length) of the patch capacitances; the second one
(using these patch dimensions), focused on the automated
determination of the layout of each patch-loaded coupled line
section. The two illustrative synthesis examples, a third-order
and a fifth-order bandpass filter, reported in this paper, have
demonstrated the effectiveness of the proposed ASM algorithm
to unattendedly determine the layouts of the different coupled
lines. By cascading such designed coupled line sections, it has
been found that the filter response satisfies the specifications
to a good approximation. Moreover, filter size has been
reduced to 67% and 70% of the size of the ordinary coupled
line bandpass filter, for the third-order and fifth-order filters,
respectively, and the first spurious bands (at least up to the
fourth one and to the third one for the third-order and fifth-
order filters, respectively) are efficiently rejected.
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