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Abstract— A type of symmetrical RF bandpass filters (BPFs)
with quasi-absorptive functionality are presented. They are
composed of a bandpass section that is loaded at its input/output
ports with nearly complementary resistively terminated band-
stop sections. In this manner, the input-signal energy that is
not transmitted by the bandpass section is dissipated by the
loading resistors of the bandstop sections to attain the quasi-
reflectionless behavior. The theoretical analysis of the first-order
symmetrical quasi-absorptive BPF stage is detailed. In addition,
synthesis examples of higher attenuation and sharper rejec-
tion designs based on in-series-cascade arrangements, higher
order realizations, and cross-coupling techniques are illustrated.
A coupling-matrix-level loss analysis of the devised symmet-
rical quasi-reflectionless BPF configuration for uniform and
nonuniform quality-factor ( Q) distribution is also carried out.
Furthermore, for experimental validation, 2.5-GHz microstrip
BPF demonstrators consisting of an in-band linear-phase two-
stage in-series-cascade circuit and a second-order prototype are
manufactured and characterized.

Index Terms— Absorptive filter, bandpass filter (BPF), circula-
tor, coupling matrix, isolator, microstrip filter, microwave filter,
planar filter, quasi-elliptic filter, reflectionless filter, RF filter.

I. INTRODUCTION

W ITH the advent of new wireless communications sys-
tems (e.g., 5G) aimed at providing the users with mul-

tiple services simultaneously, highly advanced RF electronics
need to be developed [1], [2]. In the case of high-frequency
bandpass filters (BPFs), such necessity usually refers to the
realization of very efficient filtering actions for highly robust
signal-band selection processes. Nevertheless, other perfor-
mance requisites, such as: 1) transfer-function adaptivity—
in terms of center frequency, bandwidth, and commutation
to bandstop filtering modes for receiver protection; 2) multi-
band functionality; 3) tunable notch embedding in passband
regions for dynamic in-band RF-interference mitigation; and
4) differential-mode operation for noise and common-mode
suppression, are acquiring a paramount importance [3]–[6].
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Absorptive or reflectionless RF BPFs have been recently
explored for a more robust operation of the entire RF chain.
Contrary to most of RF BPF topologies available in the
technical literature, these filters dissipate inside themselves
the nontransmitted input-signal energy in the stopband regions
instead of reflecting it back to the source. As a result, undesired
power reflections that can perceptibly deteriorate the behavior
of adjacent RF active stages (e.g., damaging of coherent source
generators, instability issues in low-noise amplifiers, or cre-
ation of additional unwanted intermodulation products through
remixing with the local oscillator in frequency converters)
are avoided [7]. This alleviates the need for nonreciprocal
components (e.g., isolators and circulators) in the complete RF
system to circumvent this problem, which are usually bulky
and difficult to integrate [8].

Despite a plurality of absorptive bandstop filters with static-
and frequency-reconfigurable characteristics for a variety of
RF technologies have been reported (see [9], [10]), much
fewer reflectionless BPF architectures have been conceived.
Some exponents to be remarked upon are those in [11]–[14]
that exhibit some limitations. For example, the use of power
directional couplers in [11] makes the filter difficult to tune
and increases its physical size. In [12] and [13], remarkable
selectivity is obtained for the first-order symmetrical fully
reflectionless BPF section that is composed of six resonators
arranged in a transversal two-path structure. However, its syn-
thesized transfer function cannot be arbitrarily designed since
the transmission zeros and bandwidth cannot be controlled
independently. Besides, it requires unrealizable characteristic-
impedance values in its transmission-line-based version for
moderate-to-narrowband designs. On the other hand, the BPF
approach in [14] is restricted to low-selectivity designs. In
an authors’ previous work, a new family of fully absorptive
adaptive RF filters based on complementary duplexers was
proposed [15]. Nevertheless, they only feature the reflection-
less behavior at their input terminal (i.e., not at both ports)
and their experimental demonstration was limited to first-order
implementations and their in-series cascades. Furthermore,
the realization of linear-phase/flat-group-delay-type reflection-
less BPFs was not addressed.

In this paper, a generalization of the filter concept in [15] to
design symmetrical quasi-absorptive BPFs is presented. This
means that the quasi-reflectionless behavior is attained in these
BPFs at their two ports and not only at their input access in
order to eliminate RF-power reflections at their two terminals.
The organization of the rest of this paper is as follows: the
theoretical foundations of the conceived symmetrical quasi-
reflectionless BPF and illustrative synthesis examples are
described in Section II. For practical verification purposes,
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Fig. 1. Normalized coupling-routing diagram and operating principle of
the proposed first-order symmetrical quasi-absorptive BPF [black circles:
resonating nodes; gray circles: zero-susceptance NRNs; white circles: unitary
source (S), load (L), and loading resistors—i.e., nodes 5 and 8 correspond to
the one-port grounded-unitary-resistor element represented inside the dotted-
line box; continuous lines: couplings; �: normalized frequency; and Y0 =
1/Z0: reference admittance for admittance normalization]. Note that M1,2 =
M2,9 , M1,3 = M6,9, M3,4 = M6,7, M3,5 = M6,8, and M4,4 = M7,7 are
satisfied in this two-port filtering network as a result of its symmetry property.

measured results of two manufactured microstrip prototypes
centered at 2.5 GHz are shown in Section III. Finally, the main
concluding remarks of this paper are set out in Section IV.

II. THEORETICAL FOUNDATIONS

The theoretical principles of the devised symmetrical quasi-
absorptive BPF are described in this section. First, the analysis
of the first-order stage of this filter principle is detailed. Subse-
quently, synthesis examples of higher attenuation and sharper
rejection designs based on multistage schemes, higher order
arrangements, and cross-coupling techniques are presented.
Finally, the influence of the loss of the resonating nodes in the
engineered symmetrical quasi-reflectionless BPF is analyzed
and its comparison with relevant prior art reflectionless BPF
configurations is also carried out.

A. First-Order Stage

The normalized coupling-routing diagram of the proposed
first-order symmetrical quasi-absorptive BPF is shown in
Fig. 1. It consists of a direct input-to-output bandpass section,
in which the input/output ports are loaded with bandstop
sections that are ended in a reference-impedance resistor. Thus,
it comprises a total of three resonating nodes. Under certain
design conditions, these resistors can absorb most of the input-
signal energy that is not transmitted by the overall filter. As a
result, a quasi-reflectionless behavior can be obtained.

The theoretical formulas for the normalized-to-Y0 even- and
odd-mode admittances of the symmetrical coupling-routing
diagram in Fig. 1, Ye(�) and Yo(�), respectively, are given by

Ye(�) =
2M2

1,2

YR(�)
+

M2
1,3YR(�)

M2
3,4 + M2

3,5YR(�)
(1)

Yo(�) =
M2

1,3YR(�)

M2
3,4 + M2

3,5YR(�)
(2)

where � ∈ [−∞,+∞] represents the normalized fre-
quency variable, Mi, j (i, j = 1, 2, . . . , 9) are coupling-matrix
coefficients (i.e., admittance-inversion constants) [16], and
YR(�) = j� corresponds to the normalized admittance

Fig. 2. Theoretical power transmission (|S21| = |S12|) and reflection
(|S11| = |S22|) parameters of ideally synthesized examples for the first-order
symmetrical quasi-absorptive BPF in Fig. 1.

associated with all resonating nodes that are synchronously
tuned at � = 0 (i.e., M2,2 = M4,4 = M7,7 = 0).

From (1) and (2), it can be verified that the condition
Ye(�)Yo(�) = 1 cannot be satisfied for the entire normalized
frequency range—see in the Appendix the corresponding
theoretical demonstration. Hence, a fully absorptive behavior
at any frequency is not feasible in the symmetrical BPF
architecture in Fig. 1, [11]–[13]. Nevertheless, it has been
observed that a quasi-reflectionless behavior is achieved if the
following design relationships are fulfilled:

M2
1,2 = K 2

A M2
1,3 = M2

3,5 = K 2
B M2

3,4 = K 2
C = K 2

A K 2
B (3)

which lead—with (1) and (2)—to the following analytical
expressions for the power transmission and reflection para-
meters of the filter scheme in Fig. 1, S21(�) and S11(�),
respectively,
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where p = j�/K 2
A. Note that (4) and (5) do not depend on

the K B coefficient so that they are fully determined by K A.
For illustration purposes, several examples of the theoretical

power transmission and reflection responses in (4) and (5)
associated with the first-order symmetrical BPF network in
Fig. 1 are depicted in Fig. 2. As shown, a bandpass-type trans-
fer function and a quasi-absorptive behavior are obtained in all
cases with a maximum power reflection level of −15.15 dB.
Furthermore, lower K A values result in narrower passband
widths while maintaining the same type of frequency variation
profile for the power transmission and reflection parameters.

B. Multistage, High-Order, and Sharp-Rejection Designs

High-stopband-attenuation and sharp-rejection bandpass
filtering transfer functions for the devised symmetrical
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Fig. 3. Normalized coupling-routing diagram of the multistage in-series-
cascade quasi-absorptive BPF [black circles: resonating nodes; gray circles:
zero-susceptance NRNs; white circles: unitary source (S), load (L), and
loading resistors; continuous lines: couplings; and Y0 = 1/Z0 : reference
admittance for admittance normalization].

quasi-absorptive BPF concept can be realized. To this aim,
different RF design strategies can be exploited as described
below.

As a first technique, multiple replicas of the first-order
stage in Fig. 1 can be directly cascaded in series. This is
illustrated in Fig. 3 for a K -stage arrangement. Note that
due to the quasi-reflectionless behavior of its building first-
order stage, such characteristic is preserved in the overall
BPF and its power transmission parameter satisfies Scasc

21 (�) ≈
[S21(�)]K —where S21(�) was provided in (4).1 Furthermore,
the pairs of in-parallel bandstop sections in the connecting
points between contiguous stages could be combined into a
single one. This equivalent bandstop section that is shared by
both stages has K ′

B = K B/
√

2 as new admittance inversion
coefficient between its two constituent nonresonating nodes
(NRNs). Examples of theoretical power transmission and
reflection responses with normalized 3-dB cutoff frequency
�3 dB

c = 1 for the multistage BPF scheme in Fig. 3 are depicted
in Fig. 4. As can be seen, higher out-of-band rejection and
lower power reflection levels are attained as the number of
stages increases.

As a second procedure, the suggested symmetrical quasi-
absorptive BPF principle can be applied to higher selectivity
designs by using higher order bandpass and bandstop sections.
This is exemplified in Fig. 5 for a K th-order implementation.
In this case, the derivation of formulas for the coupling
coefficients that allow to obtain the quasi-absorptive function-
ality gets more complex as the filter order increases. Hence,
optimization techniques must be used for their computation

1This can be demonstrated for K = 2—and subsequently generalized to an
arbitrary K value, for which

Scasc
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since |S11(�)|2 ≪ 1 and |S21(�)| ≤ 1 owing to the quasi-reflectionless and
passivity properties of the constituent symmetrical first-order stage.

Fig. 4. Theoretical power transmission (|S21| = |S12|) and reflection (|S11| =
|S22|) parameters of ideally synthesized examples for the multistage in-series-
cascade quasi-absorptive BPF in Fig. 3 (K = 1 : K A = 1.14; K = 2 :
K A = 1.33; and K = 3 : K A = 1.46).

by imposing the intended 3-dB bandwidth specification for
the filter and the minimization of its input power reflection
throughout the entire frequency range. The theoretical power
transmission and reflection parameters of illustrative second-
and third-order designs of the filter scheme in Fig. 5 (i.e.,
K = 2 and 3) are shown in Fig. 6. For comparison pur-
poses, the power transmission and reflection responses of their
second- and third-order bandpass sections and the associated
two- and three-stage in-series-cascade designs (i.e., with the
same normalized 3-dB cutoff frequency) are also plotted. From
Fig. 6, the following conclusions are derived.

1) The higher order design outperforms the multistage in-
series-cascade counterpart in terms of filtering selectiv-
ity for fewer or equal number of admittance inverters
(5K + 3 in Fig. 5 versus 8K in Fig. 3 that becomes
5K + 3 if the two in-parallel bandstop sections in the
connecting points between contiguous stages are reduced
to a single one).

2) The filtering selectivity of the high-order BPF arrange-
ment in Fig. 5 is higher than that of its bandpass
section. This reveals the double task of the bandstop
sections in terms of not only dissipating the nontrans-
mitted input-signal energy but also increasing the fil-
tering selectivity when compared to that inherent to
the bandpass section. In particular, for the synthesis
examples in Fig. 6, close-to-passband selectivities com-
parable to those of Butterworth-type BPFs with the
same normalized 3-dB cutoff frequency and respec-
tive fifth [example in Fig. 6(a)] and eighth [example in
Fig. 6(b)] orders are obtained. Further discussion on
this aspect from the digital-modeling perspective that
was reported in [17] is provided in Section III-B for
the second theoretically synthesized design example.

Finally, cross-coupling techniques can also be incorporated
into the high-order symmetrical quasi-absorptive BPF scheme
in Fig. 5 for further selectivity enhancement by means of
transmission zero generation. This methodology is shown
in Fig. 7 for the second-order case of the general scheme
in Fig. 5, in which a source–load coupling has also been
included. A comparison between the power transmission and
reflection parameters of example designs for the second-order
BPF network in Fig. 7 with/without nonzero cross coupling is
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Fig. 5. Normalized coupling-routing diagram of the proposed K th-order
symmetrical quasi-reflectionless BPF [black circles: resonating nodes; gray
circles: zero-susceptance NRNs; white circles: unitary source (S), load (L),
and loading resistors; continuous lines: couplings; and Y0 = 1/Z0: reference
admittance for admittance normalization].

provided in Fig. 8. As demonstrated, the filtering selectivity is
considerably increased through the nonzero source–load inter-
action without significant influence on the power reflection
profile of the filter.

C. Loss Influence

Since the symmetrical quasi-reflectionless BPF in Fig. 1 is
shaped by a bandpass section between the input and output
accesses to which the bandstop sections are connected, it is
interesting to analyze the influence on the overall BPF behav-
ior of the loss of its resonating nodes in both type of sections.
For this purpose, the second-order BPF synthesis example
in Fig. 6(a) has been considered for illustration purposes after
including the effect of the loss in its resonating nodes. Fig. 9
represents the power transmission and reflection parameters for
this design example in the cases of no loss—i.e., ideal, loss
only in the bandstop sections—i.e., nonuniform-loss distribu-
tion, and loss in both the bandpass and bandstop sections—
i.e., uniform-loss distribution. From Fig. 9, the following
conclusions are derived.

1) With the incorporation of loss in both the band-
pass and bandstop sections, the expected loss effect
in the overall filter is observed. It consists of the
appearance of nonzero in-band insertion loss, passband-
rounding effect, and reduced power reflection loss at the
input/output ports.

2) With the inclusion of loss only in the bandstop sec-
tions, the overall BPF transfer function remains almost
unaltered, whereas only a small degradation of the
input/output power reflection profiles is observed.

These results reveal that mixed-technology implementations
could be realized with this symmetrical quasi-reflectionless
BPF approach to achieve more compact realizations without
significantly sacrificing its effective quality factor (Q).

On the other hand, Fig. 10 provides a comparison
for uniform loss distribution in all the resonating nodes
between the theoretical power transmission responses of the
symmetrical quasi-reflectionless BPF—second-order example

Fig. 6. Theoretical power transmission (|S21| = |S12|) and reflection
(|S11| = |S22|) parameters of the ideally synthesized second- and third-order
examples of the K th-order symmetrical quasi-reflectionless BPF in Fig. 5,
their bandpass sections, and their associated two- and three-stage in-series-
cascade BPF designs as in Fig. 3. (a) Second-order BPF: M1,2 = M3,14 =
0.55, M1,4 = M9,14 = 1, M2,3 = 0.3, M4,5 = M9,10 = 0.8, M4,6 =
M9,11 = 1, M6,7 = M11,12 = 0.75, and M6,8 = M11,13 = 1. Two-
stage BPF: K A = 0.867. (b) Third-order BPF: M1,2 = M4,19 = 0.6,
M1,5 = M12,19 = 0.94, M2,3 = M3,4 = 0.3, M5,6 = M12,13 = 0.8,
M5,7 = M12,14 = 0.94, M7,8 = M14,15 = 0.95, M7,9 = M14,16 = 1,
M9,10 = M16,17 = 0.75, and M9,11 = M16,18 = 0.9. Three-stage BPF:
K A = 1.021.

Fig. 7. Second-order case of the K th-order symmetrical quasi-reflectionless
BPF in Fig. 5 with the inclusion of source–load coupling (dashed line).

in Fig. 6(a)—and a classic fifth-order Butterworth-type BPF
with reflective nature that exhibits the same normalized band-
width and comparable close-to-passband cutoff-slope sharp-
ness. As can be seen, the quasi-reflectionless behavior is
realized in the engineered BPF architecture at the expense of
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Fig. 8. Theoretical power transmission (|S21| = |S12|) and reflection
(|S11| = |S22|) parameters of ideally synthesized examples for the second-
order symmetrical quasi-reflectionless BPF in Fig. 7 with/without nonzero
source–load coupling (M1,2 = M3,14 = 0.55, M1,4 = M9,14 = 1, M2,3 =
0.3, M4,5 = M9,10 = 0.8, M4,6 = M9,11 = 1, M6,7 = M11,12 = 0.75, and
M6,8 = M11,13 = 1 for both designs).

Fig. 9. Effect of the loss of the resonating nodes in the theoretical power
transmission (|S21| = |S12|) and reflection (|S11| = |S22|) parameters of
ideally synthesized example in Fig. 6(a) (M2,2 = M3,3 and M5,5 = M7,7 =
M10,10 = M12,12 for all responses). Note that Mk,k = −0.05 j = 1/( j1Qk )
corresponds, e.g., to a quality factor Qk = 200 of the kth resonating node for
a relative bandwidth 1 = 0.1 in the ideal BPF [18], [19].

lower out-of-band rejection levels, reduced in-band amplitude
flatness, especially at the passband edges due to the influ-
ence of the quasi-absorptive bandstop sections, and slightly
increased minimum in-band power insertion loss (0.35 dB ver-
sus 0.28 dB for Mk,k = −0.01 j and 3.51 dB versus 2.81 dB
for Mk,k = −0.1 j , which respectively correspond, e.g., to a
quality factor Qk = 1/( j1Mk,k) of 1000 and 100 in all the
resonating nodes for a relative bandwidth 1 = 0.1).

D. Comparison With Prior Art Reflectionless

Bandpass Filters

The proposed symmetrical quasi-reflectionless BPF archi-
tecture is compared here with some prior art reflectionless BPF
structures, such as the input-fully reflectionless BPF in [15]
and the symmetrical fully reflectionless BPF in [12] and [13].

Fig. 11 shows the power transmission and reflection
responses of the first-order symmetrical quasi-absorptive BPF
section in Fig. 1 and the input-reflectionless BPF section in
[15, Fig. 1] for synthesized examples with 3-dB normalized
cutoff frequency equal to one. As can be seen, whereas
the example corresponding to the approach in [15] features

Fig. 10. Comparison between the theoretical power transmission (|S21| =
|S12|) responses of the second-order example in Fig. 6(a) and a classic fifth-
order Butterworth-type BPF that exhibits the same fractional bandwidth and
close-to-passband cutoff-slope sharpness for Mk,k = 0, −0.01 j, and −0.1 j

in all the resonating nodes (broadband and passband detail representation).

Fig. 11. Power transmission (|S21|) and reflection (|S11| and |S22|) responses
of theoretical synthesized examples for the first-order symmetrical quasi-
absorptive BPF section in Fig. 1 of this paper (K A = 1.14) and the first-order
input fully reflectionless BPF section in Fig. 1 of [15] (K A = 1).

zero power reflection at all frequencies at the input port
but a reflective-type nature at the output port, the symmet-
rical quasi-absorptive example of this paper exhibits quasi-
reflectionless behavior at both ports. Furthermore, higher
out-of-band power attenuation levels are obtained for the
example of the current work owing to the action of the
additional resonating node—three resonating nodes in total—
with regard to the one in [15]—two resonating nodes in total—
for the first-order BPF section.

Subsequently, the engineered symmetrical quasi-absorptive
BPF concept is compared with the symmetrical fully reflec-
tionless BPF topology in [13]. Note that the first-order fully
reflectionless BPF section in [13], which can be obtained
after a lowpass-to-bandpass frequency transformation of the
lowpass circuit in Fig. 1(d) therein, differs from the current one
as follows: 1) it comprises six resonators—three series-type
and three parallel-type resonators—and 2) it exhibits a two-
path transversal configuration. Hence, for a fair comparison,
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Fig. 12. Power transmission (|S21|) and reflection (|S11| and |S22|) responses
of theoretical synthesized examples for the second-order symmetrical quasi-
absorptive BPF scheme in Fig. 7 of this paper (all the parameter values
are as in the example in Fig. 8 except for M1,14) and the first-order fully
reflectionless BPF section in Fig. 1(d) of [13] (normalized transmission zero
frequency �z = 0.628).

the second-order symmetrical quasi-reflectionless example
in Fig. 7 with nonzero source–load coupling for the generation
of the additional signal-propagation path is considered. Fig. 12
depicts the power transmission and reflection responses of
theoretical examples with the same 3-dB normalized cutoff
frequency for both cases. From this paper and the analysis of
the two approaches, the following conclusions can be obtained.

1) The variation of the magnitude of the source–load
coupling allows to flexibly allocate the symmetrical
transmission zeros while keeping a nearly similar band-
width, leading to designable higher attenuation levels in
some spectral regions depending on the specification.
This is not feasible in the first-order symmetrical fully
reflectionless BPF section in [13, Fig. 1(d)], where the
stopband transmission zero position directly determines
the synthesized bandwidth. This design weakness was
also proven in [20], which reveals that there is no control
over the edge of the stopband once the transmission zero
location is fixed.

2) The proposed symmetrical quasi-reflectionless BPF prin-
ciple is formulated through a coupling-matrix formalism
with parallel-type resonators and admittance inverters,
which allows its direct extrapolation to any technol-
ogy. Moreover, as shown in Section III-A, structures
with/without cross coupling can be considered to realize
different types of filtering profiles including linear-phase
ones. However, in the approach in [13], only some spe-
cific networks—e.g., transmission-line-based first-order
section or lumped-element-based second/third-order
cells and associated in-series cascades—are presented.

3) For moderate-to-narrow-bandwidth BPF designs,
the transmission-line-based first-order BPF section in
[13, Fig. 3(f)] may be unrealizable in practice due
to the large ratio needed between the Z1 and Z2

characteristic-impedance parameters of the stubs—
Z1/Z2 = 4ρ(ρ + 1)2/(ρ − 1)4 where ρ is the coupling
coefficient of the coupled-line section. For example,
for a 10% 3-dB fractional bandwidth, ρ = 1.96 that

Fig. 13. Manufactured two-stage in-series-cascade quasi-absorptive
microstrip BPF prototype (RO4350B substrate). (a) Ideal transmission-line cir-
cuit schematic of its constituent first-order stage (Z A = 125 �, Z B = 70 �,
ZC = 115 �, R = 80 �, Z0 = 50 �, and electrical lengths given at
2.5 GHz). (b) Layout (nonredundant dimensions in millimeter: w0 = 3.3,
w1 = 1.92, w2 = 0.42, w3 = 0.56, w4 = 4.5, l0 = 15, l1 = 17.6, l2 = 20.9,
l3 = 18.6, l4 = 32.8, l5 = 33.6, and taper length: 4 mm). (c) Photograph.

results in Z1 = 8.9931Z0 and Z2 = 0.1112Z0—i.e.,
Z1/Z2 = 80.87. Such limitation can also be observed
in [21, Fig. 4], which also addresses distributed-element
implementations of such first-order fully absorptive BPF.

III. EXPERIMENTAL RESULTS

For experimental-demonstration purposes of the described
quasi-absorptive RF BPF design principle, two different 50-�-
referred BPF prototypes have been manufactured in microstrip
technology and characterized. For the practical development
of the first circuit—Prototype 1, an RO4350B microstrip
substrate with the following characteristics was used: rel-
ative dielectric permittivity εr = 3.48, dielectric thickness
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Fig. 14. Ideal power transmission (|S21|), reflection (|S11|), and group-delay
responses of the theoretically synthesized two-stage in-series-cascade quasi-
absorptive BPF example.

H = 1.52 mm, metal thickness t = 17.8 µm, and dielec-
tric loss tangent tan δD = 0.0031; for the second circuit—
Prototype 2, an RO4003C microstrip substrate was employed
whose main parameters are εr = 3.38, H = 1.52 mm,
t = 17.8 µm, and tan δD = 0.0027. The ground connections
were implemented as 1-mm-diameter metallic via holes,
whereas resistors from Panasonic were employed.

The ideal design process for both BPF prototypes started
from the derivation of their normalized coupling-routing dia-
grams, followed by a normalized-lowpass-to-bandpass fre-
quency transformation as well as the admittance scaling of
their input-/output-port admittances, resonating nodes, and
NRNs. The resonators and admittance inverters were physi-
cally realized through conventional RF filter implementation
techniques [18], [19]. The two fabricated BPF prototypes were
optimized and simulated with the software package Keysight
ADS. Their measurements in terms of S-parameters were
made by means of an Agilent E8361A network analyzer and
include the effects of the input/output SMA connectors.

A. Prototype 1

The first microstrip prototype corresponds to a two-stage
in-series-cascade BPF with flat in-band group delay. It should
be remarked upon that, up to now, only a very few in-
band-linear-phase quasi-reflectionless BPF architectures have
been proposed as the one described in [22], which was
experimentally verified in the lower region of the microwave
band in a multilayer implementation. The designed filter was
ideally synthesized to be centered at 2.5 GHz and to exhibit
a 3-dB absolute bandwidth equal to 145 MHz (i.e., equal to
5.8% in relative terms). Its admittance inverters were realized
as quarter-wavelength at 2.5-GHz transmission-line segments
whose characteristic impedances are as follows: Z A = 125 �,
Z B = 70 �, and ZC = 115 � (Z0 = 50 �)—see Fig. 13(a).
They were computed as Z = Z0/M , where M is the cou-
pling coefficient associated with each admittance inverter.

Fig. 15. Simulated and measured power transmission (|S21|), reflection
(|S11|), and group-delay responses of the manufactured two-stage in-series-
cascade quasi-absorptive microstrip BPF prototype.

The resonating nodes were implemented as open-ended half-
wavelength at 2.5-GHz transmission-line segments with char-
acteristic impedance Zr = 40 � to meet the passband-width
specification. Note that, in this particular design, the admit-
tance inverters between the NRN, resonating node, and loading
resistor in each first-order bandstop section were optimized
to achieve the intended in-band linear-phase behavior. In par-
ticular, 80-� loading resistors were directly attached to the
NRNs of the first-order bandstop sections to save four admit-
tance inverters in the overall quasi-absorptive BPF circuit.
The power transmission, reflection, and in-band group-delay
profiles of this theoretically synthesized two-stage in-series-
cascade quasi-absorptive BPF example are depicted in Fig. 14.
Note that the obtaining of zero power reflection in all the
frequency range is not feasible due to several aspects, such as
the frequency dependence of the real admittance inverters—
not considered by the coupling-matrix formalism, deviations in
the values of the commercial components from the ideal ones,
and fabrication tolerances. In this case, input-power-matching
levels above 15.1 and 10 dB are, respectively, attained within
the 3-dB BPF bandwidth and the 1.54–3.46-GHz frequency
interval—i.e., 2.25:1 ratio.

The ideal transmission-line circuit schematic for the con-
stituent first-order stage, layout, and a photograph of the
developed prototype are shown in Fig.13. Its simulated and
measured S-parameters and in-band group-delay curve are rep-
resented in Fig. 15. As observed, apart from a minor shifting
down of the measured response due to the substrate tolerance,
a reasonably close agreement between simulations and mea-
surements is obtained. The main measured performances of
this BPF circuit are as follows: center frequency of 2.45 GHz,
3-dB absolute bandwidth equal to 148.3 MHz (i.e., of 6% in
relative terms), minimum in-band power insertion-loss level
of 2.2 dB, minimum input-power-matching levels of 14.8 and
10 dB within the 3-dB bandwidth and 1.54–3.38-GHz spectral
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Fig. 16. Ideal power transmission (|S21|), reflection (|S11|), and group-delay
responses of the theoretically synthesized second-order quasi-absorptive BPF
example and transfer function of its constituent second-order bandpass section.

range—i.e., 2.2:1 ratio, respectively, and minimum group-
delay variation of 0.4 ns—in-band group-delay in the range
of 4 ± 0.2 ns—within the measured 3-dB filter bandwidth.

B. Prototype 2

The second microstrip prototype is a 2.5-GHz second-
order quasi-absorptive BPF with a 3-dB absolute band-
width equal to 475 MHz (i.e., of 19% in relative terms).
The ideal design parameter values of this BPF circuit,
which were mainly obtained through optimization as in
the high-order filter synthesis examples in Fig. 6 in
Section II-B, are as follows: Z1,2 = 80 �, Z2,3 = 135 �,

Z1,4 = 55 �, Z4,5 = Z4,6 = Z6,8 = 50 �, and Z6,7 = 60 �

(Z0 = 50 �)—see Fig. 18(a). Its admittance inverters and res-
onating nodes were physically realized as in the first prototype,
whereas the 50-� resistor that loads each second-order band-
stop section was directly connected to its nearest NRN since
its adjacent inverter (impedance Z6,8 = Z0) can be omitted.
The power transmission, reflection, and in-band group-delay
responses of this theoretically synthesized second-order quasi-
absorptive BPF example are plotted in Fig. 16. As can be seen,
input-power-matching levels higher than 17.6 and 10 dB are,
respectively, obtained within the 3-dB BPF bandwidth and the
1.48–3.52-GHz frequency interval—i.e., 2.38:1 ratio.

For comparison purposes, the theoretical transfer function
of the isolated bandpass section is also represented in Fig. 16.
The selectivity increase produced by the absorptive bandstop-
type branches in the overall BPF, as it was anticipated in
Section II-B, can be appreciated. From the application of the
behavioral-digital-modeling technique in [17], it is possible
to quantify this selectivity-enhancement effect by comparing
the number of poles in the transfer functions of linear-time-
invariant digital systems associated with the overall BPF and
the isolated bandpass section whose formulation is as follows:

H (z) =
∑M

k=0 bkz−k

∑N
k=0 akz−k

(8)

TABLE I

COEFFICIENTS ak AND bk OF THE DIGITAL SYSTEM ASSOCIATED WITH

THE SECOND-ORDER QUASI-ABSORPTIVE BPF EXAMPLE

TABLE II

COEFFICIENTS ak AND bk OF THE DIGITAL SYSTEM ASSOCIATED WITH

THE ISOLATED SECOND-ORDER BANDPASS SECTION OF THE

SECOND-ORDER QUASI-ABSORPTIVE BPF EXAMPLE

Fig. 17. Zero-pole diagrams in the z plane of the digital LTI systems
associated with the transfer functions in Fig. 16 (◦: zero; ×: pole; number:
zero/pole multiplicity). (a) Overall BPF. (b) Bandpass section.

where z = e j� is a complex variable, � = π f/ fd is the
normalized frequency, and M and N are the order of the
numerator and denominator polynomials in the variable z. The
coefficients ak and bk extracted for both transfer functions are
listed in Tables I and II, whereas their zero-pole diagrams
are represented in Fig. 17. As observed, 16 poles more are
obtained in the overall BPF—23 poles in total—with regard
to its isolated second-order bandpass section—7 poles in total.

The ideal transmission-line circuit schematic, layout, and
a photograph of the constructed prototype are given in
Fig. 18. Its simulated and measured S-parameters and in-band
group-delay profile are depicted in Fig. 19. As can be seen,
apart from some discrepancies observed in the input power-
matching levels for the upper stopband due to manufacturing
tolerances, the agreement obtained between simulations and
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Fig. 18. Manufactured second-order quasi-absorptive microstrip
BPF prototype (RO4003C substrate). (a) Ideal transmission-line circuit
schematic (Z1,2 = 80 �, Z2,3 = 135 �, Z1,4 = 55 �, Z4,5 = Z4,6 =
Z6,8 = 50 �—Z6,8 is absorbed into the resistor, Z6,7 = 60 �, R = 50 �,
Z0 = 50 �, and electrical lengths given at 2.5 GHz). (b) Layout
(nonredundant dimensions in millimeter: w0 = 3.3, w1 = 4.9, w2 = 3,
w3 = 3.48, w4 = 2.6, w5 = 3.48, w6 = 0.34, w7 = 1.46 l0 = 15, l1 = 12,
l2 = 19.2, l3 = 1, l4 = 29.8, l5 = 7, l6 = 23.7, l7 = 20.5, l8 = 16.8,
l9 = 17.2, l10 = 19, and l11 = 18). (c) Photograph.

measurements is reasonably close. Thus, the proposed concept
is again verified.

The main measured performances of this prototype are as
follows: center frequency equal to 2.49 GHz, 3-dB absolute
bandwidth of 455 MHz (i.e., of 18.2% in relative terms),
minimum in-band power insertion-loss level of 0.9 dB, min-
imum input-power-matching levels of 11.5 and 10 dB within

Fig. 19. Simulated and measured power transmission (|S21|), reflection
(|S11|), and group-delay responses of the manufactured second-order quasi-
absorptive microstrip BPF prototype.

the 3-dB bandwidth and 1.49–3.36-GHz spectral range—i.e.,
2.26:1 ratio, respectively, and in-band group-delay variation
within the measured 3-dB bandwidth of the filter below 1.5 ns.

IV. CONCLUSION

A class of symmetrical quasi-absorptive RF BPFs has
been reported. They can eliminate the need for nonreciprocal
devices, such as interstage isolation circuits to protect RF
active circuits from undesired reflected signals, in complete
RF transceivers. The engineered filter approach is shaped
by the main bandpass section and nearly complementary
bandstop sections at its input/output ports that are loaded with
resistors. In this manner, most of the nontransmitted input-
signal energy is nearly dissipated by the loading resistors of the
bandstop sections to achieve the quasi-absorptive functionality.
Moreover, the input/output bandstop sections allow to increase
the overall filtering selectivity with regard to the one provided
by the bandpass section itself. The theoretical foundations of
the first-order symmetrical quasi-absorptive BPF stage have
been described. In addition, ideal synthesis examples of higher
rejection designs based on the in-series cascade of several
first-order stages, as well as higher selectivity schemes with
higher order filtering sections and cross coupling, have been
presented. For experimental-validation purposes, two 2.5-GHz
symmetrical quasi-absorptive microstrip BPF prototypes have
been developed and characterized. They consist of the direct
in-series cascade of two identical first-order stages with overall
in-band flat-group-delay behavior and a second-order design.

APPENDIX

This appendix demonstrates that the symmetrical BPF archi-
tecture in Fig. 1 cannot exhibit a fully reflectionless behavior
in the entire normalized frequency range � ∈ [−∞,+∞].

From (5), it comes to light that the attaining of a perfectly
reflectionless (i.e., S11(�) = S22(�) = 0, ∀�) bandpass-
filtering operation for the symmetrical BPF network in Fig. 1
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implies the following constraint for the normalized-to-Y0 even-
and odd-mode admittances Ye(�) and Yo(�) to be satisfied:

Ye (�) Yo (�) = 1 ∀�. (A.1)

From (1) and (2), it can be easily deduced that the fulfill-
ment of (A.1) results into the three following conditions to be
met

M4
1,3 = M4

3,5 (A.2)

M2
1,2 M2

1,3 M2
3,5 = M2

3,4 M2
3,5 (A.3)

2M2
1,2 M2

1,3 M2
3,4 = M4

3,4. (A.4)

By noting that M3,5 �= 0 (i.e., the dissipative resistors
must be connected to the BPF), it is derived from (A.2)
that M1,3 �= 0. On the other hand, from (A.3) and (A.4) and
taking into account that M1,3 �= 0, it turns out that M3,4 = 0
ineludibly leads to M1,2 = 0. However, the fact that M1,2 = 0
so that the conditions (A.2)–(A.4) are satisfied results in the
absurdity that there is no signal-transmission path between the
source and the load in the BPF structure in Fig. 1. Hence, for
reductio ad absurdum, the symmetrical BPF scheme in Fig. 1
cannot be fully absorptive at all normalized frequencies �. �
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