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Abstract—An original and simple approach to the design of fully
reconfigurable multi-band microwave bandpass filters (BPFs)
with an arbitrary number of passbands is reported in this paper.
It exploits the use of an innovative quasi-BPF configuration made
up of different sets of controllable mono-frequency resonators
to separately shape each tunable passband. Thus, high-selec-
tivity multi-band bandpass filtering transfer functions exhibiting
independent control in terms of center frequency, bandwidth,
and transmission zeros can be synthesized. Furthermore, as
an unprecedented frequency-agility feature of the proposed re-
configurable multi-band BPF structure when compared to the
state-of-the-art, its passbands can be merged together to form
broader, and for certain realizations, higher order transmis-
sion bands. This allows even more degrees of reconfiguration
to be achieved in the devised circuit, which can also operate as
ultra-wideband BPF with flexible in-band notches or self-equal-
ized flat-group-delay quasi-elliptic-type BPF. The theoretical
foundations of the described reconfigurable multi-band BPF
scheme, along with guidelines for its design and a triple-passband
filter synthesis example based on the coupled-node formalism, are
expounded. In addition, as an experimental proof-of-concept, two
microstrip prototypes with high-Q tuning implemented through
mechanically variable capacitors are manufactured and tested.
They are a wideband dual-band BPF and a quadruple-band BPF
with narrow-bandwidth passbands.

Index Terms—Bandpass filters (BPFs), coupled-resonator filters,
microstrip filters, microwave filters, multi-band filters, planar fil-
ters, reconfigurable filters, transmission zero (TZ), tunable circuits
and devices, ultra-wideband (UWB) technology.

I. INTRODUCTION

MERGING applications in the telecommunications and

radar sectors require the availability of flexible and
multi-purpose microwave circuits as well as systems capable
of supporting them. This has relaunched the interest in the
field of reconfigurable high-frequency electronics, where a
large variety of advanced frequency-agile passive and active
devices are being developed (e.g., [1]-[5]). A special effort
has been directed towards research into frequency-controllable
filtering devices, as they are key components needed to carry
out the fully adjustable signal-band selection or interference
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suppression processes required by modern RF front-ends.
Specifically, reconfigurable multi-band bandpass filters (BPFs)
are highly desired in multi-mode transceiver architectures for
multi-standard wireless communications. High-speed tunable
wideband multi-notch and multi-stopband filters capable of
simultaneously mitigating multiple jamming signals in a dy-
namic fashion are also in very high demand in ultra-broadband
receivers, which sense large portions of the spectrum, such as
in software-defined radio (SDR) and electronic warfare support
measure (ESM) scenarios [6], [7].

Over the years, tunable BPF design techniques have be-
come well established for mono-band filters. A plurality of
solutions have been suggested to properly control the center
frequency in single-band BPFs for hybrid and 3-D technolo-
gies by inserting variable-reactance elements into a filter’s
resonators; for instance, p-i-n, Schottky, varactor diodes,
ferroelectric barium-—strontium—titanate (BST) capacitors, or
microelectromechanical systems (MEMS) when power-han-
dling capability and linearity are an issue [8]-[11]. Less-mature
approaches based on altering the substrate effective dielectric
permittivity in planar BPFs by means of piezoelectric and
liquid-crystal methods have also been devised [12], [13].
More recently, procedures to tune the bandwidth and even the
transmission zeros (TZs) in BPFs have been shown, leading
to higher levels of reconfiguration for these devices. They
rely on very different mechanisms, such as the modification
of the electromagnetic couplings between resonators in cou-
pled-resonator BPFs, the generation of controllable interactions
in signal-interference BPFs, and the aggregation of narrower
passbands in switchable contiguous-channel filters [14]-[20].
Other trends in the tunable BPF area focus on the realization
of filtering components with selectable functionality between
different states, such as the bandpass and bandstop type [21].

In contrast, as a more challenging design goal, few prac-
tical realizations of reconfigurable multi-band BPFs have
been proposed to date despite their increasing importance.
Furthermore, the reported topologies present some constraints
regarding the maximum number of controllable passbands
that can be synthesized in their transfer functions (gener-
ally no more than two) or their limited tuning capability
[22]-[30]. For example, in [22], a low-order recursive-type
dual-band active BPF with independently adjustable center
frequencies was shown. Drawbacks include a very narrow
tuning range, degraded selectivity, and poor insertion-loss
performance with the electronic-reconfiguration approach.
A varactor-tuned double-band coupled-resonator BPF with
separated center-frequency control for passbands was also
reported in [23]. This circuit, although demonstrating higher
selectivity than that of [22], shares its shortcoming concerning
the moderate center-frequency tuning ability for the dual bands
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when one of them remains fixed. This is also the case of the
more-compact double-band BPF transversal topology of [24],
which is shaped by multi-stub-loaded resonators with variable
interactions through varactors. In [25]-[28], four approaches
of two-band BPFs with reconfigurable passbands in terms of
both center frequency and bandwidth were detailed. These
configurations, although well-suited for dual-band designs
since they are made up of dual-mode resonators, can hardly be
extrapolated to multi-band BPFs with more than two bands.
Finally, a reconfigurable quasi-elliptic-type triple-band BPF
based on a defected-ground structure (DGS) was proposed in
[29]. Tt incorporates, as basic frequency-agility feature, the
on/off electronic switching of three passbands through diodes
to configure single-, dual-, and triple-band filtering states. Such
multi-channel commutation functionality, among others, can be
implemented for any number of transmission bands by using
intrinsically switchable filter banks, as verified in [30].

On the other hand, the development of flexible bandstop and
notch filters with frequency tuning throughout ultra-broad trans-
mission ranges is also of great interest [31], [32]. Moreover,
some approaches that integrate this dynamic bandstop/notch fil-
tering action in UWB BPFs have been conceived, aimed at re-
alizing broad spectrum bands free of in-band interference/jam-
ming signals [33]-[35]. These techniques have been validated
in experimental BPF circuits with no more than two adjustable
in-band notches and lacking of reconfiguration capability for the
overall passband.

A new class of fully reconfigurable multi-band microwave
BPFs is reported in this paper. It makes use of an original
quasi-BPF topology incorporating multiple sets of tunable
resonators to independently configure each passband. The
proposed frequency-agile multi-band BPF solution, which
exhibits the highest reconfiguration capability demonstrated to
date for controllable multi-band microwave BPFs to the best of
the authors’ knowledge, has the following advantages.

« [t is capable of realizing an arbitrary number of passbands
in its multi-band transfer function, while enabling an inde-
pendent tuning for all of them in terms of both center fre-
quency and bandwidth. “Independent tuning” refers here
to the possibility to control the electrical characteristics of
one passband whereas the others remain nearly static, de-
spite several capacitors (apart from those associated to the
tuned passband) could need to be readjusted for it in some
specific implementations of this filter approach.

e TZs can be produced at both sides of all its passbands.
As a result, high-selectivity multi-band bandpass-filtering
functions with sharp-rejection capability can be generated
for some reconfiguration states by closely allocating these
TZs to the transmission bands.

* In addition to the aforementioned inter-band TZ creation
for deep stopband rejection in multi-band responses, the
passbands can be merged together to shape broader and
for certain realizations higher order transmission bands.
Therefore, maximum-bandwidth limitations of classic cou-
pled-resonator BPF schemes made up of single-mode res-
onators can be overcome through this filter architecture due
to this multi-passband aggregation capability.
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Fig. 1. Low-pass prototype of the quasi-bandpass section.

* Reconfiguration states other than the multi-passband one
can be attained in the same circuit; e.g., among them,
tune-all wideband bandpass filtering with embedded
in-band adaptive notches or self-equalized quasi-el-
liptic-type bandpass filtering with flat group-delay charac-
teristics.

 [ts operation philosophy is suitable for multiple technolo-
gies and tunable-resonator geometries.

The remainder of this paper is organized as follows. The the-
oretical principles of the devised reconfigurable multi-band mi-
crowave BPF are presented in Section II. Section III describes
the experimental results of two mechanically tunable proof-of-
concept prototypes developed in microstrip substrate with dual-
and quadruple-band responses. Finally, a summary and the most
relevant conclusions of this work are given in Section IV.

II. THEORETICAL FOUNDATIONS

The proposed reconfigurable multi-band microwave BPF ap-
proach is based on an original class of multi-resonance building
block called a “quasi-bandpass” section. Here, the theoretical
foundations of the quasi-bandpass section are expounded. After
that, information about how this constitutive filtering network
can be employed for higher order quasi-BPF design is provided.
Furthermore, frequency tuning characteristics of these filters
when compared to those of traditional tunable filter topologies
are also described. To support the discussion, a synthesis ex-
ample of a triple-band BPF based on the quasi-bandpass section
is also detailed.

A. Analysis of the Quasi-Bandpass Section

The quasi-bandpass section is the basic building block for the
engineered reconfigurable multi-band BPF configuration.

Shown in Fig. 1 is the low-pass prototype of the quasi-band-
pass section. It is a one-port network comprised of /V resonators
(referred to here as “bandpass” resonators) coupled to a single
resonator (referred to here as a “bandstop” resonator), which in
turn is coupled to the input. The bandpass resonators are coupled
to the bandstop resonator with couplings K, and the frequency
offsets are represented by susceptances Sy (k = 1,2,...,N).
The bandstop resonator is coupled to the input with inverter K .
With reference to Fig. 1, the admittance Y7 looking into the net-
work of coupled bandpass resonators is given by (p = jw is the
complex frequency variable)

N

KQ
v, =5 Ko
' ;p-ﬂﬁk

(1
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Fig. 2. Narrowband approximation of the quasi-bandpass section and equiva-
lent transversally coupled resonator network (white circles: source (S) and load
(L); black circles: resonating nodes; grey circles: non-resonating nodes (NRNs);
black lines: couplings). (a) Approximation. (b) Equivalent transversal network.

The input admittance Y> of the quasi-bandpass section, as-
suming small values of p (i.e., close to the resonant frequency
of the bandstop resonator), is

r+¥Y1 Y

(@)

The simplified narrowband approximation of a quasi-bandpass
section is shown in Fig. 2(a), where the bandstop resonator of
Fig. 1 has been replaced with a non-resonating node (NRN)
with zero susceptance. Using even/odd-mode analysis it can be
readily shown that this circuit is equivalent to the transversally
coupled resonator network of Fig. 2(b) [36].

It is instructive to compare Fig. 2(b) to the transversally cou-
pled resonator network of a conventional filter function [37]
(e.g., Chebyshev), where transversal resonator networks adja-
cent in resonant frequency have a 180° phase difference be-
tween them in order to achieve constructive interference and
form a single passband. In contrast, because all couplings are of
the same sign, destructive rather than constructive interference
occurs between resonances. Therefore, this network is capable
of generating IV first-order bandpass responses with real-fre-
quency TZs appearing between these bands.

B. Higher Order Quasi-BPFs

Higher order bandpass responses can be realized by simply
cascading identically tuned quasi-bandpass sections, as shown
in Fig. 3(a). From a practical design perspective, the effects of
other passbands on a given passband can be ignored (i.e., other
transversal resonator sections of Fig. 3(a) appear as open cir-
cuits). Shown in Fig. 3(b) is the general multi-band quasi-band-
pass response. Note that the stopband bandwidth (that is the op-
erational bandwidth of the quasi-bandpass response) is deter-
mined by the bandwidth of the stopband created by the bandstop
resonators.

In the topology of Fig. 3(a), adjacent passbands remain
separated by TZs, and cannot be merged together to form a
single higher order and broader bandpass response. In order
to allow multiple bands to combine to form a continuous
passband, multiple quasi-bandpass networks can be placed in
a transversal configuration, where at least one network is 180°
out-of-phase with the others. This is exemplified in Fig. 4 for
a two-path transversal implementation of the quad-band BPF
enabling passband merging among its four second-order trans-
mission bands. Note that, unlike in Fig. 3(a) and as another
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Fig. 3. Coupling structure and principle of the proposed reconfigurable multi-
band BPF concept based on the quasi-BPF approach. (a) Coupling structure
(white circles: source (S) and load (L); black circles: resonating nodes; grey
circles: non-resonating nodes (NRNs); black lines: couplings). (b) Principle of
operation.
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Fig.4. Coupling structure of an example of two-path transversal reconfigurable
quad-band BPF with passband merging based on the quasi-BPF approach (white
circles: source (S) and load (L); black circles: resonating nodes; grey circles:
non-resonating nodes (NRNs); black lines: couplings).

alternative for the realization of the multi-band BPF, not all the
resonators associated to different bands need to be coupled to
the same NRN. That is, not all the quasi-bandpass sections must
resonate for the N passbands to be shaped. Thus, a different
quasi-bandpass stage can be utilized as building block of each
transversal branch of the overall filter to synthesize a higher
number of transmission bands.

C. Frequency Tuning Characteristics of Quasi-BPFs

In addition to straightforwardly generating multiple pass-
bands, the quasi-bandpass topology also has a clear advantage
when it comes to the realization of tunable responses over
conventional filter topologies. In a conventional tunable filter,
resonators are either coupled to each other or to the input/output
ports, and so the tuned center-frequency dependence of the
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couplings is difficult to make uniform throughout the filter.
This results in degradation of the transfer function with tuning.
This can be especially problematic when the inter-resonator
couplings are a mix of electric and magnetic (used, for example,
to control the bandwidth versus tuned center frequency profile
as needed in constant absolute-bandwidth frequency-adjustable
BPFs).

In a quasi-BPF, all of the bandpass resonators are coupled
only once to identical NRNs, allowing all couplings to be easily
designed to have identical tuned-frequency dependence. The
resonator-to-NRN coupling can therefore be engineered to give
desired bandwidth versus tuned center frequency profile, and the
filter will naturally be matched across the entire tuning range,
provided of course the tuning range falls within the operational
range of the quasi-bandpass response.

D. Synthesis Example

As a supporting theoretical example, this section describes
the synthesis of a triple-band BPF using the narrowband-ap-
proximation quasi-bandpass section of Fig. 2 and following the
coupling-node formalism. This is done to corroborate the theo-
retical suitability of this quasi-bandpass network for multi-band
BPF design from which physical microwave planar realizations
can be properly derived from conventional filter implementation
techniques. A multi-band frequency transformation compatible
with the engineered quasi-bandpass topology of Fig. 2 is given
by

1

Q= )

% 1
R
where w is frequency in radians, wy, is the center frequency in
radians of the kth band, «y is the bandwidth scaling factor of
the kth band, and NN is the number of bands.

Fig. 5 illustrates the application of this multi-band transfor-
mation to a single low-pass prototype resonator. The input ad-
mittance of the low-pass prototype resonator [see Fig. 5(a)] is

Yin (jw) = jw. 4)
The input admittance of the transformed network is then
. 1
Kn (JL"')L,J—)Q = N (5)
1
DD

This admittance has the same general form as (2), and so it
can be readily realized using a quasi-bandpass section [see
Fig. 5(b)]. The resonators Ry, (k = 1,2,...,N) are parallel
lumped-element resonators with inductor (Lg) and capacitor
(Ck) element values given by

Ly =— (&) ©)
AW

Cy =5 (F) %)
Wi

Fig. 6 shows a normalized low-pass prototype giving a third-
order Chebyshev response with 20-dB return-loss ripple. This
network was synthesized using conventional techniques [37].
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Fig. 5. (a) Normalized low-pass prototype resonator. (b) Prototype resonator
after application of the multi-band frequency transformation (4).
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Fig. 7. Third-order triple-band bandpass prototype network.
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Fig. 8. Power transmission (| S21|) and reflection (|S11|) responses of the ideal
synthesized third-order triple-band bandpass network shown in Fig. 7.

The multi-band transformation (3) is then applied with values
(note that wy, = 27 f3).

* First passband: a; = 15 and f; = 0.9 GHz.

* Second passband: oy = 19 and f> = 1 GHz.

* Third passband: g = 17 and f3 = 1.2 GHz.

The resulting prototype multi-band network is shown in Fig. 7.
The elements values of the resonators Ry, B3, and R3 are cal-
culated using (6) and (7).

* First passband: L; = 11.79 pH and C; = 2.653 nF.

» Second passband: L, = 8.37 pH and C> = 3.023 nF.

* Third passband: Ls = 7.8 pH and (5 = 2.254 nF.

Fig. 8 depicts the power transmission and reflection responses
of the ideal synthesized third-order triple-band BPF network of
Fig. 7. As can be seen, the prefixed passband allocation and
in-band ripple-level specifications are fulfilled.
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For its physical realization and starting from this ideal synthe-
sized network, the next step in the design process is admittance
scaling—first to 50 € (or other) input/output impedance, fol-
lowed by appropriate nodal admittance scaling [36]. The final
step is to realize the couplings and resonators in a desired tech-
nology using the usual filter implementation techniques, de-
pending on the selected physical structure [38]. Reconfigura-
tion capability can be easily incorporated into the multi-band
BPF by adding variable-reactance elements to it. In Section III,
two different planar prototypes of fully reconfigurable wideband
dual-band and narrowband quad-band BPFs exploiting distinct
topologies are described.

III. EXPERIMENTAL RESULTS

To confirm the experimental viability of the engineered re-
configurable multi-band BPF concept, two multi-stage hybrid
prototypes have been designed in a microstrip substrate, fab-
ricated, and measured. They are a third-order broadband dual-
band BPF and a quadruple-band BPF with narrow-bandwidth
two-pole passbands and tune-all capability. Regarding the con-
struction and characterization processes of these filters, the fol-
lowing issues should be taken into account.

+ The prototypes were simulated and optimized with the
parametric circuit simulator AWR Microwave Office
and the 2.5-D electromagnetic-field simulator SONNET.
Thus, the values for the physical dimensions and capacitor
variation ranges leading to the required performances for
these filters depending on their geometries were extracted.
Specifically, their circuit models were initially derived by
means of AWR Microwave Office, to be subsequently laid
out and simulated through SONNET. Mixed simulations
using the scattering parameters of the microstrip structures
imported from SONNET into AWR Microwave Office,
along with the variable lumped capacitors for tuning, were
finally performed.

* For circuit development, a microstrip substrate Rogers
RO4003 was selected. Its main parameter values are: rela-
tive dielectric permittivity £, = 3.38, dielectric thickness
h = 1.52 mm, metal thickness £ = 17.8 um, and dielectric
loss tangent tan &p = 0.0027.

* Mechanically adjustable thin-trim trimmer capacitors from
Johanson Manufacturing were used as variable-reactance
elements to implement the high-@) tuning. They have the
following electrical characteristics: frequency operation up
to 2 GHz, measured @ at 100 MHz higher than 500 or
1000 depending on the capacitance variation range, max-
imum working voltage of 250 V (dc), insulation resistance
higher than 10 000 M£2, and operational temperature range
from —55 °C to +125 °C. As a result, high power-han-
dling capability limited by the breakdown voltage of the
trimmer capacitors is conferred to the built filter proto-
types, whereas the () of the overall tunable resonator is
mainly determined by the microstrip line.

* AnLPKF S62-model mechanical milling machine was em-
ployed to mill the circuit patterns, whereas an LPKF Pro-
Conduct silver epoxy paste was utilized to metallize the

via-holes associated to the ground connections. All the sur-
face-mount components were attached to the substrate with
EPO-TEK silver epoxy.

* Measurements were taken using an Agilent PNA-X
50-GHz network analyzer and include the effects of the
SMA-type input/output connectors.

The results obtained in the simulation and testing of these

reconfigurable multi-band BPF prototypes are reported below.

A. Prototype 1: Wideband Dual-Band BPF

The first prototype is a frequency-agile wideband dual-band
BPF with reconfigurable passbands within the one-octave-width
spectral range of 0.6—1.2 GHz. It is made up of three identical
stages inter-connected through cascading lines. These stages
present two different resonators, both formed by a transmission-
line segment terminated with a short-circuited variable lumped
capacitor. Thus, following the principle of Fig. 3, each stage
contributes to each passband with one pole. Note that higher
order multi-band BPF realizations can be accomplished by cas-
cading more quasi-bandpass stages, but at the expense of in-
creased design complexity, due to the higher difficulty of at-
taining reasonable in-band power matching levels for all the
passbands and reconfiguration states. In such a case, the ex-
ploitation of transversal arrangements, as done in the second
prototype of this work, could be a preferred choice.

The layout and a photograph of the built circuit are shown in
Fig. 9. Nonredundant physical dimensions are also indicated. As
can be seen, to realize the NRNs and the inter-node connecting
elements of the stages, transmission-line segments were used.
This was done to create strong signal interactions between nodes
so that wideband passbands can be generated. In fact, each stage
can be viewed as a detuned branch-line coupler (at 1.7 GHz in
this case) with tunable resonators attached to its coupled and
isolated nodes, respectively, whereas its input and direct ports
are taken as input and output accesses of the stage. Neverthe-
less, its operation philosophy differs from that inherent to other
branch-line hybrid-based dual-band BPFs previously reported,
where the coupler was tuned within the dual-passband range to
contribute to the filtering function under transversal signal-in-
terference techniques [39]. Note also that, in the current cir-
cuit, an additional variable capacitor has been inserted in one
of the low-impedance arms of the couplers. As attested to here,
this was done to further increase its reconfiguration capability
in terms of bandwidth control for the dual passbands so that
comparable bandwidths for both of them can be achieved. It
must be further noticed that, in this particular implementation
of the engineered reconfigurable multi-band BPF concept aimed
at attaining wideband characteristics, the transmission-line seg-
ments of the detuned branch-line couplers also affect the abso-
lute positioning of the dual transmission bands.

The simulated (assuming ideal variable capacitors) and
measured power transmission and reflection parameters of
the manufactured prototype have been compared for several
reconfiguration states [they are set by acting on the adjustable
capacitors of the resonators (C,; and C,) and the branch-line
couplers (C.)], as next described. Since C,; and (), are
attached to the longest and shortest resonators, respectively,
they mostly control the frequency tuning process of the lower
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Fig. 9. Layout and photograph of the manufactured reconfigurable wideband
dual-band BPF microstrip prototype. (a) Layout ({y = 25.4 mm, {; = 25 mm,
I» = 21.7mm,l3 = 26.3mm, 4, = 36.6 mm,l; = 10.2 mm, s = 38.5 mm,
I; =12.7mm, lg = 10.2 mm, we = 3.5 mm, w; = 5.9 mm, ws; = 1.9 mm,
and s; = 3.3 mm). (b) Photograph.

and upper passbands of the built prototype, respectively. In
particular, the center frequencies of the lower and upper pass-
bands are decreased (increased) when higher (lower) values
for Cp1 and C)., respectively, are set (since the resonance
frequency f..s of each isolated tunable resonator connected
to the detuned branch-line coupler follows the well-known
implicit law fres = 1/(27C, Z, tan 8,.(fres)) where Cy, Z,,
and 8, (f:es) are the capacitance, characteristic impedance, and
electrical length at f..s of the capacitor and transmission-line
segment of the tunable resonator, respectively). Nevertheless,
even in situations where only one passband is reconfigured,
the capacitor of the opposite resonators and that of the detuned
couplers can need to be readjusted to maintain in-band power
matching levels and bandwidths at the two passbands. This is
because both resonators interact through the lines of the same
detuned branch-line coupler so that the tuning process of one
of them slightly alters the effective couplings existing between
the resonators that shape the other transmission band.

Fig. 10 shows an example of a dual-band response with nearly
equal absolute bandwidths for the passbands (in-band detail and
wideband response). The measured characteristics for the lower
and upper transmission bands, respectively, are: center frequen-
cies of 0.72 and 1 GHz, 3-dB passband widths equal to 120 and

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES

0.4 0.6 0.8 1 1.2 14
Frequency (GHz)
(@

IS, 1S, (¢8)

Frequency (GHz)
()

Fig. 10. Simulated and measured power transmission (|S21|) and reflection
(|S11|) responses of the reconfigurable wideband dual-band bandpass mi-
crostrip filter prototype: example of equal absolute bandwidths for passbands
(Cr1 = 2.7pF, Cr2 = 0.6 pF, and C. = 5.2 pF). (a) In-band detail.
(b) Broadband response.

130 MHz (i.e., of 16.7% and 13% in relative terms), minimum
in-band power insertion losses of 0.55 and 0.6 dB, and in-band
power matching levels greater than 15.5 and 14.1 dB. Note
also from Fig. 10(b), as explained in Section II [see Fig. 3(b)],
that the dual-band bandpass filtering action is generated within
a wide-stopband range inherent to the quasi-BPF scheme. If
necessary in the addressed application, this bandstop spectral
interval can be further enlarged through different well-known
techniques. Some of these procedures, whose effectiveness has
been extensively verified in the past, are as follows: 1) the uti-
lization of interdigital-type coupled-line input/output feeding
stages in the whole filter (see, e.g., [40] and [41]) or 2) its simple
cascade with an external broadband BPF (e.g., multi-mode type,
optimum short-circuited stub approach, or composite high-/low-
pass section solution [42], [43]). In the latter, the passband of the
wideband BPF must cover the spectral bandwidth within which
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Fig. 11. Simulated and measured power transmission (|S21]) and reflection
(|S11|) responses of the reconfigurable wideband dual-band BPF microstrip pro-
totype: example of center-frequency tuning of the upper passband (black color:
Cr1 = 3.2pF, Crz = 1.5 pF, and C. = 2.4 pF; grey color: C\.; = 2.9 pF,
CTQ = 0.6 pF, and Cc =25 pF) (a) ‘821‘. (b) ‘511‘.

the multi-band BPF is reconfigured, but being obviously nar-
rower than that of the broad stopband inherent to its quasi-band-
pass topology.

The center-frequency tuning ability of the prototype is illus-
trated in Figs. 11 and 12. Specifically, Fig. 11 shows how the
upper passband is tuned from 0.9 to 1.05 GHz, while the lower
one approximately stays fixed at 0.77 GHz. Between these fre-
quencies, the 3-dB absolute bandwidth and minimum in-band
insertion loss of the upper passband vary in the ranges of 70-80
MHz and 0.85—1 dB, respectively. In both cases, the in-band
power matching levels are higher than 13 dB.

Analogous results are demonstrated in Fig. 12 regarding the
center-frequency agility of the lower passband. In particular,
this band is tuned from 0.72 to 0.8 GHz, while the upper
one is maintained fixed at 1 GHz. The 3-dB bandwidth and
minimum in-band transmission loss for the lower passband are
120 MHz and 0.55 dB in both filtering profiles, respectively,
and the in-band power matching levels are greater than 15.5 dB.

In relation with the center-frequency tuning capability of this
prototype (and apart from the obvious limitations imposed by
the wideband stopband inherent to the quasi-bandpass scheme,
which shows a relative bandwidth of about 115% in this case,
and the variation ranges of the adjustable capacitors), it should

Meas.
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Fig. 12. Simulated and measured power transmission (|S21|) and reflection
(|S11|) responses of the reconfigurable wideband dual-band BPF microstrip pro-
totype: example of center-frequency tuning of the lower passband (black color:
C,1 = 2.7pF, C,2 = 0.6 pF, and C. = 5.2 pF; grey color: C,.; = 1.7 pF,
C,> = 0.6 pF, and C. = 4.5 pF). (a) |:S21]. (b) |S11].

be noticed that the maximum spectral separation feasible be-
tween passbands comes constrained by the deterioration of the
in-band power matching levels as the inter-passband spacing is
increased. For this particular circuit and depending on band-
width states, a relative upper to lower center-frequency sepa-
ration from 1.7 to 1.8 can be achieved for minimum in-band
power matching levels of 10 dB.

Fig. 13 exemplifies the bandwidth-control feature for the
dual passbands. Here, two different tuned dual-band band-
pass transfer functions are depicted, as follows: the first one
with a wideband lower passband (160-MHz 3-dB bandwidth
around 0.78 GHz, i.e., of 20.5%) and a moderate-bandwidth
upper passband (3-dB bandwidth of 70 MHz centered at
0.97 GHz, i.e., of 7.2%), whereas the second one shows a
moderate-bandwidth lower passband (70-MHz 3-dB band-
width around 0.69 GHz, i.e., of 10.1%) and a broadband upper
passband (3-dB bandwidth of 150 MHz centered at 0.85 GHz,
i.e., of 17.6%). For these filtering actions, comparable perfor-
mances in terms of in-band power insertion loss and matching
levels to those of the previous responses are obtained. Further
bandwidth flexibility is feasible either by using different C.
capacitors in the detuned branch-line coupler of each stage or
through alternative realizations of the devised reconfigurable
multi-band BPF concept as attested by the second prototype.
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Fig. 13. Simulated and measured power transmission (|S21|) and reflection
(|811|) responses of the reconfigurable wideband dual-band BPF microstrip pro-
totype: example of bandwidth tuning (black color: C'1 = 3 pF, Cro = 1.8 pF,
and (', = 5.4 pF; grey color: C\.y = 3.2 pF, Cr.o = 1 pF, and C. = 2.5 pF).
(@) [S21]. (b) [S11l.

Finally, additional operation states feasible through the built
reconfigurable wideband dual-band BPF circuit are shown.
Specifically, Fig. 14 verifies how this prototype can also work
as broadband BPF with an in-band frequency-tunable notch
when the two passbands are almost merged together. Moreover,
as can be seen, the spectral control of the notch is carried out
by mainly acting on the capacitors of the branch-line hybrids,
while nearly maintaining the performance of the entire transfer
function. Indeed, an overall passband with an absolute 3-dB
bandwidth of about 270 MHz around 0.8 GHz (i.e., equal to
34% in relative terms) and minimum in-band transmission
loss of 0.3 dB is measured for the three responses. This re-
veals another feature of this reconfigurable multi-band BPF
scheme that is further verified in the second prototype: the
synthesis of wider band BPFs through multi-passband aggre-
gation, therefore overcoming maximum-bandwidth limits of
classic coupled-line BPFs with single-mode resonators due
to technological restrictions imposed by minimum realizable
coupled-line physical separations.

B. Prototype 2: Narrowband Quadruple-Band BPF

The second circuit is a quad-band BPF with fully adap-
tive narrowband passbands within the frequency interval of
0.8—1.4 GHz. For its design, a pair of two-stage versions of the
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Fig. 14. Simulated and measured power transmission (|S21|) and reflection
(|S11]) responses of the reconfigurable wideband dual-band BPF microstrip pro-
totype: example of broadband single-band BPF response with in-band tunable
notch (black color: Cpq = 2.8 pF, C2 = 2.9 pF, and C. = 1.5 pF; grey
color: C'.y = 2.7 pF, Cro = 3.4 pF, and C. = 2.1 pF; black color with circle:
07-1 =238 pF, C’TQ =29 pF, and Cc =37 pF) (a) |Sz1‘. (b) ‘811‘.

general quasi-BPF scheme shown in Fig. 2(a), each one having
a couple of mono-frequency resonators interacting with the
NRNs, were arranged in a parallel-type two-path transversal
network. Thus, its coupling-node topology exactly corresponds
to the one provided in Fig. 4 (the 180° phase delay between
the two paths was realized in this prototype with an additional
transmission-line segment in one of them). Such flexible struc-
ture permits optimum performance to be obtained for all the
filtering states, which encompasses the generation of inter-band
TZs for high selectivity in multi-band filtering states or the
dynamic merging of several passbands to conform broader and
even higher order transmission bands.

The layout and a photograph of the manufactured prototype
are shown in Fig. 15. Nonredundant physical dimensions are
also provided. As in the previous example, the resonators have
been implemented as a transmission-line segment ended in a
short-circuited variable lumped capacitor at its edge. Never-
theless, in contrast to the dual-band circuit of Fig. 9, all the
resonating lines have the same physical length in this case.
Therefore, as indicated in Fig. 15(a) and accordingly to the
operating principle of this reconfigurable multi-band BPF ap-
proach, four different values for the capacitors of the resonators
(Cr1, Cra, Crg, and C,4) should be considered in the tuning
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Fig. 15. Layout and photograph of the manufactured reconfigurable narrow-
band quad-band BPF microstrip prototype. (a) Layout (l, = 16.6 mm, I; =
33.8mm, Il = 3.3 mm,Ils = 27.2 mm, I, = 33 mm, {5 = 45.8 mm,
Is =3.3mm,l; = 9.1 mm, g = 25.6 mm, g = 8.8 mm, [0 = 46.5 mm,
l11 = 22mm, 115 = 21.7mm, wg = 3.3mm, w; = 3.3mm,ws = 11.2 mm,
wg = 1.5 mm, s; = 3.4 mm, and £; = 0.9 mm). (b) Photograph.

process of quadruple-band filtering transfer functions with
two-pole passbands. Note also that the interactions between the
NRNs of each quasi-bandpass section have been realized here
by means of low-impedance/capacitive-type transmission-line
sections, which connect the transversal paths and the resonators
through variable capacitors (C.y, Ce2, Ces, and C.y). This
was done to generate the required effectively adjustable weak
signal couplings between the filter resonators towards the
achievement of ultra-high levels of reconfiguration.

A demonstration of a configured quad-band bandpass fil-
tering response (simulated and measured power transmission
and reflection parameters) with nearly equal absolute band-
widths for the passbands isolated by inter-band TZs is illustrated
in Fig. 16. As can be seen, four second-order passbands are
attained, where the homologous resonators of the transversal
branches contribute as poles for the same transmission band.
In this particular response, the resonators with Cyq, Chg, Crs,
and C,o capacitors, respectively, shape the first, second, third,
and fourth transmission bands (since Cry > Cry > Crg > Cpa
in this case). Thus, the center frequencies of these passbands
can be varied by acting on the aforementioned capacitors, as

IS, 1S,,| (dB)

- — —Sim.

-60 L L n N AT
0.9 1 1.1 1.2 1.3

Frequency (GHz)

Fig. 16. Simulated and measured power transmission (|.S21|) and reflection
(|S11|) responses of the reconfigurable narrowband quad-band BPF microstrip
prototype: example of quadruple-passband filtering state (C',u = 3.2 pF,
C,e = 1pF,Cr3 = 1.4pF,Cry = 2pF,C.y = 1.7 pF, C.2 = 0.9 pF,
C.3 = 1.3 pF, and C.4 = 1.6 pF).
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Fig. 17. Measured power transmission (|.S21 |) and reflection (| S11|) responses
of the reconfigurable narrowband quad-band BPF microstrip prototype: exam-
ples of dual-passband filtering states. (a) |.S21|. (b) 1511].

explained in Section III-A for the first prototype. Furthermore,
a nearly independent bandwidth reconfiguration for each pass-
band is feasible in this prototype almost without affecting the
other three transmission bands by only adjusting the C,. and
C. capacitors associated to the passband to be tuned (that
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Fig. 18. Measured power transmission (|.S21|) and reflection (|S11|) responses
of the reconfigurable narrowband quad-band BPF microstrip prototype: ex-
ample of simultaneous dual-passband frequency tuning throughout a broad
spectral range. () |S21]. (b) |S11].

theoretically for very low values of C. (i.e., as the bandwidth
is decreased) would result in the limit in that passband to be
intrinsically switched off). The measured performances for its
transmission bands, listed from the lower to the upper one, are:
center frequencies equal to 0.96, 1.05, 1.14, and 1.21 GHz,
3-dB absolute passband widths of 33, 31, 31, and 26 MHz
(i.e., of 3.4%, 3%, 2.7%, and 2.2% in relative terms), and
minimum in-band power insertion losses of 2.1, 2.2, 2.1, and
3 dB. In-band power matching levels greater than 11.6 dB are
obtained for all the passbands.

In the following, some representative examples confirming
the reconfiguration capability of the built prototype are shown.
Note also that for the sake of clarity, although the same fairly
close agreement between experimental and predicted results
as in the previous tuned responses can be verified for all the
configured states, only measured results are reported hereafter.
Moreover, due to the very-high reconfiguration capability of
this multi-band BPF device, it is not always possible to derive
simple reconfiguration laws for setting one specific filtering
function starting from another one (e.g., from a quad-band
response to a single-band filtering action with linear phase
profile, due to the very different coupling matrices associated
to both filtering functions). This is also the case of some
other previous approaches reported in the technical literature,
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Fig. 19. Measured power transmission (|.S21|) and reflection (|S11|) responses

of the reconfigurable narrowband quad-band BPF microstrip prototype: exam-
ples of single-, dual-, and triple-passband filtering states. (a) |S21|. (b) |S11].

which involve coupling manipulation for tuning, despite being
mainly restricted to reconfigurable single-band BPFs (e.g., the
field-programmable filter array (FPFA) of [16]). Especially for
an electronically reconfigurable version of this filter, this could
be circumvented in practice by means of an auxiliary digital
subsystem enabling its automatic tuning from the previously
extracted and stored filter states of interest.

Fig. 17 depicts the measured power transmission and re-
flection responses of the circuit for three different dual-band
bandpass filtering states, where a quasi-elliptic-type higher
order upper passband has been synthesized by congregating
multiple poles in the same transmission range. As can be seen,
an independent control for each passband is feasible. Specif-
ically, it is shown how a nearly constant-absolute-bandwidth
frequency tuning for a 20-MHz 3-dB-bandwidth lower pass-
band is accomplished between 0.92-0.99 GHz, whereas the
upper one remains centered at 1.1 GHz. Besides, it is confirmed
that the upper passband can be finely adjusted in terms of 3-dB
bandwidth (between 55-62 MHz in this example) without
exhibiting undesired frequency-deviation effects inherent to
other reconfigurable topologies (e.g., see [14]), while nearly
keeping fixed the lower passband.

Furthermore, this multi-passband filtering function can be
arbitrarily generated throughout the full-tuning bandwidth (it
comes mainly determined by the variation ranges of the vari-
able capacitors employed as tuning elements) with very flexible
specifications for the passbands and the inter-band frequency
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Fig.20. Measured power transmission (| S=1 ), reflection (|.S11]) and smoothed
group-delay responses of the reconfigurable narrowband quad-band BPF mi-
crostrip prototype: examples of single-passband filtering states (including quasi-
elliptic-type and self-equalized flat-group-delay transfer functions). (a) |S21].
(b) |:S11]. (¢) Smoothed group delay (passband detail).

spacing. Regarding the latter, two additional sharp-rejec-
tion dual-passband responses with several TZs are drawn in
Fig. 18 for the wideband range of 0.6—1.3 GHz. The first fil-
tering profile, reconfigured in the lower part of the entire tuning
range, has its lower and upper passbands located at 0.78 and
1 GHz with 3-dB absolute bandwidths of 60 and 80 MHz (i.e.,
relative bandwidths of 7.7% and 8%). The second response,
tuned in the upper region of the represented spectral interval,
shows lower and upper transmission bands with center frequen-
cies of 1 and 1.15 GHz and 3-dB absolute bandwidths of 55 and
69 MHz (equivalently, of 5.5% and 6% in relative terms). For
both passbands of these dual-band bandpass filtering transfer

80 MHz around 1.06 GHz (i.e., of 7.5% in relative terms),
minimum in-band power transmission losses of 1.6 dB, and
multiple stopband TZs was set. By reconfiguring the natural
frequencies of the filter resonators, it is then proven how their
associated poles can be split to create a dual-band bandpass fil-
tering action with narrow-bandwidth passbands (note that, due
to the high-() characteristics of the mechanically adjustable ca-
pacitors, passband widths as small as those attainable in related
coupled-resonator BPF schemes for such frequency ranges and
microstrip substrate can be set). In this case, the passbands are
located at 1 and 1.18 GHz, showing 3-dB absolute bandwidths
of 32 and 34 MHz (i.e., of about 3% in relative terms for
both transmission bands), and in-band power transmission
losses higher than 2.8 and 3.2 dB, respectively. Subsequently,
such dynamic-pole allocation capability is applied to set a
triple-passband filtering function. Now, its lower to upper
passbands are centered at 0.96, 1.06, and 1.22 GHz with 3-dB
absolute bandwidths equal to 33, 62, and 22 MHz (i.e., relative
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TABLE I
COMPARISON OF THE PROPOSED RECONFIGURABLE MULTI-BAND BPF APPROACH WITH THE STATE-OF-THE-ART [22]-[30]
[22] [23] [24] [25], [26] [27] [28] [29] [30] This work
Technology Microstrip + Microstrip + Microstrip + | Microstrip + [ Microstrip + | Coaxial cavity | Microstrip + | Microstrip + Microstrip +
varactors varactors varactors varactors varactors + actuators p-i-n diodes varactors trimmer caps.
Approach Recursive | A/4 resonators + | Stub-loaded | Dual-mode | A/4/step-line | Intersected Controllable | Switchable | Quasi-bandpass
PP active BPF | bandstop stubs resonators resonators resonators resonators DGS filter bank network
Type of tuning Continuous Continuous Continuous | Continuous | Continuous Continuous Discrete Mixed Continuous
Number of 3 1-4
passbands 2 2 2 2 2 2 3 (valid for N) (valid for N)
Frequency
tuning v v v v v v — v v
Bandwidth — —_—
tuning v v v v
TZ
generation v v v v v v v v
Reconfigurable v
order
Band number
control v v v
Additional v
functionalities

Note: “Additional functionalities” refer to operation modes as single-band BPF with reconfiguration capability in terms of center frequency, bandwidth, group-
delay, TZ, filtering function (e.g., equirriple, maximally flat, and quasi-elliptic linear-phase type) and even with in-band adjustable notches.

bandwidths of 3.5%, 5.9%, and 1.8%). The in-band minimum
power transmission loss levels are 2.1, 1.3, and 3.2 dB.

Subsequently, as further reconfiguration flexibility, the capa-
bility of the fabricated reconfigurable multi-band BPF prototype
to also operate as a linear-phase BPF is demonstrated. Note that
flat group-delay BPFs are very desirable for a variety of appli-
cations such as digital communications, where phase-distortion
requirements can become more stringent than amplitude-distor-
tion characteristics [44].

In relation to the latter, the measured power transmission,
reflection, and smoothed group-delay curves for three single-
passband filtering states of the constructed circuit are plotted
in Fig. 20. Two of them, which correspond to quasi-elliptic-
type transfer functions, validate how the bandwidth and the TZs
can be simultaneously tuned to maintain the selectivity perfor-
mance. In particular, for these curves, the 3-dB bandwidth is
varied from 50 to 80 MHz (i.e., from 4.5% to 7.5% in rela-
tive terms) while preserving the out-of-band rejection levels and
sharpness of the cutoff slopes. On the contrary, the effective cou-
pling values giving rise to the creation of the adjacent-to-pass-
band real TZs in the aforementioned transfer functions have
been reconfigured in the third response for self-equalization pur-
pose at the expense of selectivity reduction. This is confirmed in
Fig. 20(c), which attests to a reduction in the maximum in-band
group-delay variation from 17 ns (quasi-elliptic-type narrower-
band response) to 2.2 ns (self-equalized response) for a nearly
similar transmission range.

To conclude, the center-frequency tuning ability of the
constructed reconfigurable multi-band BPF prototype when
acting as single-band BPF is confirmed in Fig. 21. In this figure,
the measured power transmission and reflection responses of
three contiguous-frequency quasi-elliptic-type BPF states with

equal absolute bandwidths are represented. As explained in
Section II [see Fig. 3(b)] and also shown in Fig. 10(b) for
the first prototype, it is observed that the bandpass filtering
function is generated within a broad stopband range inherent
to the quasi-bandpass stages embodied in the overall BPF
transversal branches. The main performances for the measured
passbands, enumerated from the lower to the upper spectrally
tuned transfer function, are as follows: center frequencies of
0.96, 1.03, and 1.1 GHz, 3-dB absolute bandwidths equal to
85, 85, and 84 MHz (i.e., of 8.9%, 8.3%, and 7.6% in relative
terms), minimum in-band power transmission loss of 1.7,
1.3, and 1.4 dB, and in-band power matching levels higher
than 10 dB in all the responses. Note that, in contrast to other
available techniques to design constant absolute-bandwidth
tunable-center frequency BPFs, such a feature is achieved here
through the dynamic-pole allocation instead of by compli-
cated methods to attain the required variation patterns versus
tuned center frequency for the inter-resonator couplings (e.g.,
dual-mode resonators and stepped-impedance/corrugated lines
properly arranged) within the entire tuning range [45]-[49].
Moreover, adjacent TZs are created at both passband sides in
all the tuned states, as a benefit in relation to most of related
past solutions.

C. Comparison With State-of-the-Art

A qualitative comparative study of the main features of the
proposed reconfigurable multi-band BPF approach in relation
to those of the state-of-the-art [22]-[30] is given in Table I. In
relation to this table, the following two clarifications should be
made.

* Control of the number of passbands (which gives rise to

an equivalent “passband-switching” effect) and order re-
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configuration refer, respectively, to the possibility of dy-
namically modify the amount of generated transmission
bands and their building poles in the same circuit. As was
previously shown, this can be accomplished in the current
multi-band BPF by two different ways: 1) through the pass-
band-merging feature when all the tunable resonators are
utilized to configure transmission bands or 2) by detuning
a subset of reconfigurable resonators that remain unused
for passband shaping.

* Additional functionalities mean the potential of setting re-
configuration states other than the multi-passband one. In
this case, they are tune-all broadband bandpass filtering
with in-band adjustable notches or self-equalized quasi-
elliptic-type bandpass filtering with linear-phase perfor-
mance.

IV. CONCLUSION

A new family of frequency-agile multi-band microwave
BFPs with fully reconfigurable transmission bands has been
proposed. It is based on a quasi-BPF configuration with
multi-band operation, which comprises distinct sets of con-
trollable mono-frequency resonators to separately generate
each tunable passband. It enables unprecedented levels of
reconfiguration to be attained in the same circuit, which acts as
multi-mode/multi-purpose filtering device. Examples encom-
pass high-selectivity multi-band states with center-frequency-
and bandwidth-adaptive passbands or wider band/higher order
single-band bandpass responses through passband merging,
which exhibit tune-all capability in terms of center frequency,
bandwidth, TZs, group delay, and in-band notches. Further-
more, the reported multi-band BPF approach is generalizable
to synthesize any number of passbands and is well suited for
different tunable resonator and filter technologies. The theoret-
ical principles of the devised reconfigurable multi-band BFP
structure, with an emphasis on the analysis of the quasi-band-
pass section as a basic building block, have been described
through the coupling-node formalism along with a triple-band
BPF synthesis example. In addition, to experimentally vali-
date the concept, two different fully adaptive multi-band BPF
prototypes incorporating mechanically variable capacitors for
high-@Q tuning have been successfully developed in microstrip
substrate and measured.

They were a three-pole broadband dual-band BPF and a
narrowband quadruple-passband filter with a merging feature
for its transmission bands by using a two-path transversal
configuration. To the authors’ knowledge, the engineered fre-
quency-adaptive multi-band BFP approach has demonstrated
the highest reconfiguration capability reported to date for this
class of devices. Future research work to be addressed is the
realization of an electronically controllable version of these
reconfigurable multi-band BPFs by using varactor diodes as
variable reactance elements, along with its complete charac-
terization in terms of power-handling/linearity behavior. The
development of an auxiliary digital subsystem for its automatic
electronic reconfiguration remains also as further work to be
carried out.
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