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 Avoiding 
RF Isolators
Roberto Gómez-García, Dimitra Psychogiou, 
José-María Muñoz-Ferreras, and Li Yang

R W W  F E A T U R E

R
F/microwave bandpass filters (BPFs) are 
fundamental components in high-fre-
quency RF transceivers. On the transmit-
ter side, they limit the transmitted RF sig-
nal bandwidth by suppressing out-of-band 

spurious signals and intermodulation products, which 
are primarily generated by the nonlinear active stages 
and can affect other RF systems. On the other hand, 
in the receiver, they reject out-of-band interfering/

jamming signals and noise. Whereas a large variety 
of microwave BPFs have been proposed in the techni-
cal literature for multiple technologies (e.g., [1] and [2]), 
most of these BPF devices achieve their filtering func-
tionality by means of the frequency-selective power re-
flection processing of the RF input signal. This means 
that those RF signals allocated within the operational 
bandwidth of the BPF are transmitted to the output 
terminal (with some tolerable added in-band loss and 
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amplitude/phase distortion), whereas the ones present 
in the BPF stopband regions are reflected back at the 
input terminal.

Nevertheless, such undesired out-of-band RF 
signal energy reflections can lead to adverse conse-
quences in the RF operation of neighboring active 
components, such as frequency conversion stages 
and amplifying blocks [3], [4]. For example, the stop-
band RF signal power reflections associated with the 
intermodulation products and local oscillator (LO) 
harmonics coming back from a reflective-type BPF 
placed just after a mixer can produce additional spu-
rious signals. This is due to their remixing with the 
desired signals in an iterative process that may fall 
within the operational bandwidth, as illustrated in 
Figure 1(a) (i.e., intermodulation expansion), which 
results in a reduction in the dynamic range of the 
overall RF system. Besides, as shown in Figure 1(b), 
they can create standing waves in the interconnec-
tion transmission lines between the mixer and the 

reflective-type filter, hence decreasing the mixer 
conversion gain.

Furthermore, these unwanted RF signal power 
echoes can induce RF amplifiers to become unstable and 
create aliased harmonics in analog-to-digital converters, 
thus hindering their operation. All these negative effects 
can lead to the complete malfunction of the entire RF 
front-end chain so that their efficient mitigation becomes 
mandatory. This issue becomes even more important 
when one considers the large number of active compo-
nents that can be found in today’s multipurpose/service 
RF transceiver modules, which are capable of support-
ing multiple standards at the same time [5].

Traditionally, the mitigation of RF power reflection in 
RF transceivers has been accomplished through differ-
ent strategies, all of which show some deficiencies. The 
most commonly adopted solution involves the use of 
an RF isolator inserted between the active element and 
the reflective-type BPF so that the out-of-band RF signal 
power reflections coming from the BPF do not reach the 
active stage. However, passive magnetic/ferrite-based 
isolators are bulky and difficult to integrate, whereas 
isolators using nonreciprocal active elements (e.g., tran-
sistors) consume extra dc power [6]. Attenuator stages 
can also be employed, but they introduce a significant 
loss in the direct/forward path, which degrades the sig-
nal-to-noise ratio and needs to be compensated for with 
additional amplifier blocks so that the extra dc power 
issue is reinstated. As a third option, interference can-
cellation schemes (e.g., circulator-, multistage duplexer-, 
and feedforward reflection-based approaches) may be 
employed [7]. However, depending on the type, they 
suffer from being bulky and sensitive in their opera-
tion and also exhibiting a narrowband behavior. Thus, 
none of these RF power reflection suppression methods 
seems to offer an effective solution to the problem.

A more efficient procedure to eliminate unwanted 
out-of-band RF signal power reflections may be the 
exploitation of reflectionless, or absorptive, microwave 
BPFs as replacements for their classical reflective-type 
counterparts. Reflectionless BPFs are lossy filtering 
circuits that, inside themselves, dissipate the nontrans-
mitted out-of-band RF input signal energy instead of 
reflecting it back to the source [8]. As a result, the prob-
lem of RF signal power echo generation in RF trans-
ceivers can be overcome without additional circuitry, 
as detailed in Figure 1(b).

The purpose of this overview article is to provide a 
complete summary of the main design techniques and 
state-of-the-art RF components in the field of reflection-
less BPF devices. It should be remarked that, whereas 
a rich number of solutions for absorptive bandstop 
filter (BSF) components and applications (e.g., multi-
harmonic absorption circuits to increase efficiency in 
power amplifiers and RF reflectionless negative group 
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delay processors) have been reported [9]–[22], fewer 
efforts have been carried out for the development of 
reflectionless BPFs. This is due to the greater difficulty 
inherent in the design of reflectionless BPFs, where the 
RF power absorption process must be accomplished 
in at least two noncontiguous frequency intervals (i.e., 
the lower and upper stopbands) without significantly 
affecting the in-band performance. 

Reflectionless BPFs: Design Techniques  
and Planar Prototypes
As described in the previous section, reflectionless/
absorptive BPFs consume within their circuit volume 
the nontransmitted RF input signal energy in the 
stopband ranges of their transfer function instead of 
returning it to the source, meaning that no RF signal 
power echoes are created. As such, these types of BPFs 

must have lossy elements in their circuit networks (i.e., 
lumped resistors and/or resistive materials) so that RF 
signal energy consumption can be dissipated as heat 
[23]. Note that, in this article, other mechanisms of 
loss, such as RF signal radiation, are not contemplated. 
Hence, sharing this philosophy as a common back-
ground, different types of RF design techniques for 
reflectionless BPF devices have been reported in the 
technical literature. A summary of these design meth-
ods, including a description of their benefits and limi-
tations as well as a discussion of practical examples 
of proof-of-concept planar prototypes, is provided in 
the following.

•• Complementary diplexer-based BPFs [24]–[28]: These 
two-channel diplexing architectures are com-
posed of a “main” bandpass-type channel and an 
“auxiliary” bandstop-type channel whose transfer 
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functions are complementary or opposite in fre-
quency (i.e., interchannel input susceptance com-
pensation) [24], [25]. The main bandpass channel 
is connected between the input and output ter-
minals of the overall filter so that it determines 
the in-band characteristics of the entire filtering 
device by enabling RF signal transmission in its 
passband range.

The auxiliary bandstop channel is connected 
at the overall input terminal and ended in a load-
ing resistor at its other access. In this manner, 
the RF signal energy reflected at the input of the 
main channel in its stopband regions is dissipated 
in the loading resistor of the auxiliary chan-
nel instead of being reflected back to the source. 
This enables input reflectionless capabilities to be 
attained in the overall BPF network by virtually 
presenting an input impedance equal to the refer-
ence impedance at any frequency for an overall 
bandpass behavior. It should be noted that the 
complementary diplexer concept can be extended 
to two-port/symmetrical realizations by loading 
the auxiliary absorptive bandstop branch at the 
two filter terminals. However, this is done at the 
expense of passing from a theoretically perfect 
reflectionless behavior to a quasi-reflectionless 
one and at the cost of a higher influence of the 
absorptive component on the in-band behavior 
in terms of amplitude rounding at the passband 
edges [26], [27].

The advantages of this class of reflectionless 
BPF design techniques include the availability 
of analytical/semianalytical coupling-routing-
diagram-based and polynomial-synthesis tech-
niques for bandpass transfer functions with/
without transmission zeros (TZs) and the avoid-
ance of signal transmission cross paths between 
the reflective/reactive BPF and absorptive/lossy 
BSF sections that could make the total BPF design 
more sensitive. The approaches’ major drawback 
is a large circuit size for high-order implementa-
tions. Note also that the limited reflectionless 
bandwidth resulting from the frequency-depen-
dence profile of the impedance inverters when 
implemented as quarter-wavelength transmission 
line sections can be pointed out as an addi-
tional shortcoming.

However, some developments based on multi-
mode resonators and defected ground structures 
have been proposed to enhance this figure of 
merit [28]. For illustration purposes, Figure 2 pres-
ents the RF operational principle and the results 
of two proof-of-concept microstrip prototypes 
corresponding to one- and two-port reflection-
less planar BPFs with third- and second-order 

transfer functions centered at 1.95 and 2.5 GHz, 
respect ively [25],  [26].  They feature 10-dB 
referred reflectionless bandwidth ranges of 
1.09–2.83 GHz for the input reflectionless BPF 
(i.e., 7.3 t imes its 239-MHz, 3-dB passband 
width) and of 1.49–3.36 GHz for the two-port 
quasi-reflectionless BPF (4.3 times its 455-MHz, 
3-dB passband width).

•• Lossy-stub-based BPFs [29]–[32]: These devices 
make use of absorptive networks connected at 
the input or at both terminals of a reflective-type 
BPF that is placed at the direct input-to-output 
signal path to attain input or two-port reflection-
less behavior, respectively. These lossy networks 
are shaped by a resistor followed by a reactive cir-
cuit network (i.e., a stub in the transmission line 
case, as in [29], [31], and [32]), which becomes an 
inductor–capacitor network, as in [30], for lumped 
element implementations. In the passband region, 
the aforementioned reactive network ideally must 
exhibit an open circuit at its input so that the effect 
of its dissipative resistor in that frequency region 
becomes transparent. However, in the out-of-band 
region, the reactive network input impedance 
preferably should be a short circuit so that the 
resistor can absorb the RF signal energy reflected 
by the reflective-type BPF component in its stop-
band regions.

Compared to the complementary diplexer 
approach, the advantages of this technique are 
increased simplicity and a smaller size in high-
order BPF realizations. Nevertheless, its main 
drawback is the more perceptible influence of the 
lossy stubs in the passband region of the overall 
reflectionless BPF, with a significant passband 
amplitude rounding effect that means there is 
more amplitude distortion across in-band pro-
cessed signals [29]–[31]. This can be counteracted 
by using higher-order reactive networks to better 
compensate for the response of the reflective-type 
BPF component, although the size limitation issue 
is reinstated [9].

Figure 3 depicts the circuit detail and results 
of a proof-of-concept, three-stage microstrip 
prototype of a 1.6-GHz wideband reflectionless 
BPF based on this approach, which uses trans-
versal signal interference filtering sections as 
constituent reflective-type filtering parts [32] 
(note that stub-loaded-based and coupled-line 
BPF topologies are used instead, in [29] and [31], 
respectively). As can be seen, it features a 10-dB-
referred input reflectionless bandwidth from 
0.754 to 2.565 GHz as the main performance 
metric (i.e., 7.3 times the 3-dB transmission band-
width of 248 MHz).
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•• Balanced-circuit-based BPFs [33], [34]: These exploit 
a two-channel balanced circuit made up of two 
similar wideband 3-dB quadrature couplers at the 
input and output sides and two identical reflec-
tive-type BPFs. Specifically, as shown in Fig-
ure 4, these BPFs are separately connected in each 
branch between the direct and coupler ports of the 
couplers and determine the overall transfer func-
tion of the reflectionless BPF. By means of the bal-
anced structure, the out-of-band RF signal power 
reflections coming from the reflective-type BPFs 
are absorbed in the reference impedance resis-
tors that load the isolated ports of the couplers so 
that symmetrical reflectionless characteristics are 
obtained [33].

In practice, the main shortcomings of this pro-
cedure are found in the operational bandwidth of 
the wideband 3-dB quadrature couplers, which 
limits the reflectionless bandwidth of the entire 
BPF structure and makes the arrangement’s appli-
cation to reconfigurable designs very challenging. 
Furthermore, a proper pairing of the reflective-
type BPFs embodied in each branch and low 
amplitude/phase imbalances for the wideband 
3-dB quadrature couplers are essential factors to 
ensure good reflectionless behavior in the total 
BPF device [34].

•• Symmetrical BPFs with even/odd-mode subcircuit 
compensation [35]–[37]: These correspond to sym-
metrical and lossy electrical networks in which 
the even- and odd-mode circuit subnetworks 
exhibit opposite input reflection coefficients (i.e., 

)even oddC C=-  as a design goal to attain per-
fect two-port absorptive behavior at their two 
accesses. Note that the achievement of such a 
condition generally requires circuit structures 
with several signal propagation paths between 
the input and output terminals. One example 
of such an approach for a transmission line 
realization was reported in [35] [Figure 5(a)], 
showing a sharp-rejection bandpass transfer 
function with close-to-passband TZs and fully 
reflectionless behavior.

However, the positions of the TZs in the re
flectionless BPF cell are not flexible since they 
are determined by the intended 3-dB passband 
width. Inspired by this design method, a more 
general approach facilitating the realization of 
more arbitrary filtering responses was proposed 
in [37] [Figure 5(b)] and verified with lumped ele-
ment demonstrators, although it could be applied 
to transmission line schemes. Note that this pro-
cedure has as its major advantage the realiza-
tion of quasi-elliptic-type BPFs with two-port, 
fully absorptive behavior despite the presence of 
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several signal propagation paths, which makes 
them sensitive to manufacturing tolerances.

Finally, it must be highlighted that, in some cases, 
the previous categories of RF design techniques for 
reflectionless BPFs can be viewed as interoverlapped 
procedures. For example, the auxiliary, resistively 
terminated bandstop channel in the complementary 
diplexer approach may also be considered a lossy stub, 
in which case the resistor is placed at the output ter-
minal instead of at the input node. Moreover, the bal-
anced circuit-based reflectionless BPF architecture 
also shows theoretically perfect mutual cancellation 
in terms of the input reflection coefficients between its 
even- and odd-mode subcircuit networks as a funda-
mental condition to attain the two-port absorp-
tive behavior.

Beyond Static, Reflectionless, Planar,  
Single-Band BPFs
The RF design techniques discussed in the preceding 
for microwave reflectionless BPF realization in planar 
technologies can be extended to more sophisticated RF 
passive devices, leading to completely new families of 
high-frequency absorptive BPF components. In addi-
tion, other nonplanar technologies can benefit from 
RF reflectionless principles in which the generation 
of undesired RF signal power reflections can become 
even more critical due either to the presence of more 
active elements in the RF front-end chain [as in mono-
lithic microwave integrated circuit (MMIC) transceiv-
ers] or to the handling of higher RF signal power levels 
(as in satellite communication RF modules). This sec-
tion provides a summary of more advanced reflec-
tionless microwave BPF devices, including multiband, 

spectrally adaptive, and multifunctional components. 
Furthermore, examples of practical designs in other 
technologies, including MMIC, acoustic wave, multi-
layer, substrate-integrated cavity, and waveguide real-
izations, are also presented.

Multiband BPFs
Compared to their single-band BPF counterparts, the 
development of reflectionless multiband BPF compo-
nents is a more challenging task, as corroborated by 
the very few examples of absorptive multiband BPF 
devices reported to date in the technical literature 
[32], [38]–[40]. This is because, in this case, the out-
of-band RF signal power absorption action must be 
carried out in a higher number of relatively wide non-
frequency-contiguous stopband intervals, separated 
by the different transmission bands of the multi-
band BPF (i.e., N + 1 stopband regions for an N-band 
BPF architecture). Furthermore, the influence of the 
resistive network for the out-of-band RF signal power 
absorption in the passband ranges must be as trans-
parent as possible to avoid deteriorating the in-band 
amplitude flatness and producing additional inser-
tion loss. Such design difficulties can be understood 
either from a theoretical or a practical perspective, 
depending on the specific technique and microwave 
technology adopted for the reflectionless multiband 
BPF realization.

As the most obvious approach, it is well known that 
several classes of single-to-multiband frequency map-
pings have been proposed to transform a lossless sin-
gle-band BPF network to an associated multiband BPF 
scheme, which preserves the kind of filtering profile 
(e.g., the Butterworth, Chebyshev, and quasi-elliptic 
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types) for all transmission bands [41], [42]. Such fre-
quency transformations can be equally applied to lossy 
reflectionless BPF networks to implement absorptive 
multiband BPFs with an arbitrary number of trans-
mission bands. One example of such a procedure is 
described in [38] for the design of an input reflection-
less dual-band BPF based on a split-type, single-to-dual-
band frequency transformation and a complementary 
diplexer structure.

Specifically, by transforming the inline resonators 
in the main bandpass and auxiliary bandstop branches 
of the complementary diplexer network into tree-
shaped configurations with three resonating nodes, 
a dual-band transfer function with the simultaneous 
inhibition of out-of-band RF signal power transmission 

and reflection at the input terminal is obtained. This is 
illustrated in Figure 6(a) for a microstrip transmission 
line prototype with second-order dual passbands cen-
tered at 3.85 and 4.55 GHz, which also exhibits close-
to-passband TZs. However, a major limitation of this 
technique can be found in the reflectionless bandwidth 
reduction associated with the frequency dependence 
of the transmission line-based impedance inverters, 
which becomes more prominent as more inverters are 
needed in the dual-band BPF network. It should also 
be noted that, inspired by this complementary diplexer 
scheme, other dual-band BPF architectures have been 
proposed, such as the one in [39], which utilizes quasi-
complementary broadband, dual-passband, and dual-
stopband signal interference filters in the main and 
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auxiliary channels to achieve a low RF signal power 
input reflection.

An alternative philosophy for reflectionless mul-
tiband BPF realization exploits modified lossy two-
path transversal signal interference filtering sections 
that have multiband behavior by including absorptive 
stubs at their input and/or output terminals, shaped 
by a resistor followed by an open-ended transmission 
line segment. In this manner, by adequately designing 
such resistive stubs, a low RF signal power reflection 
can be attained within the filter stopband regions. The 
principle is demonstrated in [32] and exemplified in 
Figure 6(b) for a microstrip prototype corresponding 
to a 0.86-/1.24-/1.62-/2-/2.38-GHz sharp-rejection five-
band BPF by adding only the lossy stub at the input 
node to attain input reflectionless behavior. The main 
limitation of this technique is the associated in-band 
rounding effect produced by the lossy stub across the 
transmission bands, which slightly deteriorates their 
amplitude flatness. Nevertheless, as detailed in [8], 
this shortcoming can be overcome by using more com-
plex (i.e., higher-order) absorptive networks but at the 
expense of an increased circuit size.

Other procedures have been also applied to mul-
tiband reflectionless BPF development, such as the 
one in [40] that makes use of multimode resonators in 
a mixed-resistive/transmission line circuit network 
for a two-port, reflectionless, triple-band BPF design. 
Whereas such an approach is efficient to attain a wider 
quasi-reflectionless bandwidth along with triple-band 
behavior in a compact circuit, its main drawbacks are 
the lack of theoretical design guidelines and poor 
reflectionless levels around 5 dB in the passband-to-
stopband transitions. Besides, dual-band directional 
BPFs, as in [43], can be adapted to reflectionless, quasi-
elliptic-type dual-band BPFs by loading the output 
node of the dual-stopband channel with a reference 
resistor. However, its extension to more-than-two-band 
designs and closely spaced passbands is not addressed 
in [43].

Reconfigurable BPFs
The development of reconfigurable microwave filters 
and multiplexers has become a very popular research 
topic during the past few years, due to the components’ 
growing importance as the enabling RF hardware for 
highly versatile next-generation RF transceiver mod-
ules capable of ensuring flexible access to the radio 
resource. In particular, fully adaptive microwave BPFs 
are highly desired for the dynamic preselection of arbi-
trary RF signals with different spectral characteristics, 
whereas reconfigurable BSFs are needed to efficiently 
mitigate power-/frequency-agile interfering/jamming 
signals coming from other RF systems operating 
in the ever-crowded electromagnetic spectrum. As a 

result, the technical literature on tunable microwave 
filters is currently quite abundant. Some state-of-the-
art candidates for the implementation of controllable 
single- and multiband BPF components in planar, 3D 
cavity, and substrate-integrated waveguide technolo-
gies that exploit alternative tuning mechanisms can be 
found in [44]–[47]. Nevertheless, all these microwave 
filtering devices have a reflective-type nature, hence 
producing RF signal power reflections in their out-of-
band regions for the nontransmitted signals.

Unlike the reflective-type BPF case, the application 
of RF reconfiguration principles to microwave reflec-
tionless BPF components is just beginning. Indeed, 
most examples of tunable reflectionless BPF configu-
rations currently available have been engineered dur-
ing the past five years [24], [48]–[51]. This is true for 
the ones detailed in [24] and [48], which, respectively, 
correspond to tunable reflectionless BPFs based on 
complementary diplexer and absorptive stub solutions. 
Specifically, in [24], frequency-tunable complementary 
diplexer networks are proposed for the design of input 
absorptive microwave BPFs with a tunable center fre-
quency in microstrip and lumped element technolo-
gies. In these RF devices, a synchronous tuning process 
for the resonators of the main bandpass and auxiliary 
bandstop channels is essential to preserve the input 
absorptive property for all tunable states.

This technique can also be extrapolated to the 
development of input reflectionless adaptive multi-
plexers, as demonstrated in [49], where a single resis-
tively terminated, multistopband filtering branch can 
be employed as the auxiliary channel to absorb all RF 
input signal power reflections produced by the band-
pass channels in their stopband regions. Figure 7(a) 
represents the results associated with the mechanically 
controllable microstrip prototype of the input reflec-
tionless first-order diplexer detailed in [49], which 
features frequency-tunable lower and upper BPF chan-
nels within the spectral range 0.85–1.15 GHz. As can 
be seen, although the reflectionless behavior is main-
tained with the reconfiguration process, the passband 
amplitude asymmetry becomes more significant at the 
tuning band edges, as the static impedance inverters 
were designed at the middle frequency of the spectral 
tuning range.

On the other hand, [48] reports a tunable BPF in 
terms of the center frequency and bandwidth that 
employs resonators that can be adjusted in both the 
resonant frequency and the slope parameter while 
using a tunable lossy stub at the BPF’s input terminal to 
conduct out-of-band RF signal power absorption. This 
principle is experimentally verified with a mechani-
cally tunable microstrip prototype of a third-order 
BPF, in which one major limitation is the passband 
rounding effect introduced by the controllable lossy 
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stub, which becomes more pronounced at the tun-
ing range extremes, as in [24]. Note also that none of 
these works reports tunable reflectionless BPF cir-
cuits with close-to-passband TZs, so their practical 
usefulness is restricted to low-to-moderate selectiv-
ity applications.

As a more advanced input reflectionless BPF com-
ponent in terms of the number of reconfigurable 
properties, a tune-all BPF consisting of a dual-behav-
ior resonator (DBR)-based complementary diplexer 
arrangement is presented in [50]. This architecture is 
obtained after applying a frequency transformation 
across the basic input reflectionless BPF scheme in [24] 
so that each tunable resonating node is converted into 
an adaptive DBR. Each DBR introduces two TZs below 
and above its passband when arranged in transmis-
sion mode so that a large variety of filtering function-
alities can be set through the dynamic reallocation of 
these TZs.

These capabilities include center frequency agil-
ity, bandwidth tuning, amplitude flatness control by 
positioning the passbands associated with each DBR 
transfer function at closely spaced center frequencies, 
and even intrinsic switching-off capabilities (i.e., with-
out the use of RF switches, which results in an in-band 
lower insertion loss for bandpass states) through the 
detuning of the resonators in all the DBRs. The input 
reflectionless behavior can also be ensured for all 
these selectable modes by synchronously adjusting 
the DBR resonators in the auxiliary bandstop channel 
with regard to their peers in the bandpass channel so 
that a fully adaptive input reflectionless BPF device 
is obtained. All these reconfiguration capabilities are 
illustrated in Figure 7(b) for the mechanically tunable 
proof-of-concept microstrip prototype of the second-
order BPF in [50], which can be controlled within the 
spectral interval of 1.3–2 GHz.

Finally, sharp-rejection wide-passband BPFs, with 
embedded frequency-agile absorptive notches for the 
dynamic, reflectionless mitigation of in-band interfer-
ers, have also been proposed. This is the case with the 
microstrip device reported in [51], which makes use of 
a three-path transversal signal interference filtering 
section as its building block. Whereas its first and sec-
ond transmission line paths determine the passband 
range, the first transmission line path and the third 
path (made up of impedance inverters and lossy tun-
able resonators) define the in-band absorptive notch. 
Thus, by in-series cascading several of these filtering 
stages, an increased-selectivity broadband filtering 
action with several embedded tunable notches can be 
realized. Figure 7(c) depicts the results associated with 
the microstrip demonstrator in [51] based on two cas-
caded filtering stages, where the in-band notches can 
be mechanically tuned and even merged in a single 

wider and deeper rejection-controllable stopband, 
within the main passband ranging from 1.6 to 2.4 GHz.

Multifunctional BPF Devices
Due to the necessity of lower-size/volume and opti-
mized RF front ends for emerging wireless systems, 
the development of RF multifunctional components is 
currently of great interest [52]–[54]. RF multifunctional 
components require RF devices capable of carrying 
out various RF analog signal processing actions in the 
same circuit volume. The benefits of a multifunctional 
approach (as opposed to classical RF front-end chains 
based on an in-series cascade connection of indepen-
dent monofunctional blocks) include 1) a smaller size, 
2) an insertion loss reduction from avoiding intercon-
necting RF interfaces between separate blocks, and 3) 
enhanced RF performance by means of the multifunc-
tion codesign. Current research efforts focus on inte-
grating the filtering functionality in other types of RF 
circuits, such as power dividers, amplifiers, and bal-
uns, which results in the conception of completely new 
families of multioperation filtering devices. Neverthe-
less, most of these RF components employ a reflec-
tive-type filtering, so the availability of reflectionless, 
multifunctional microwave filtering components is 
still quite limited.

It should be noted that a reflectionless BPF may 
be understood as a dual-functional device in and of 
itself, as it simultaneously provides bandpass filtering 
and isolatorless impedance matching operations with 
regard to the reference impedance at theoretically any 
frequency. Nevertheless, the purpose of this section 
is to review the very few examples of absorptive BPF 
devices that have additional cointegrated RF analog 
signal processing actions.

As the first category, reflectionless BPF/power 
distribution circuits have been developed, mainly 
consisting of Wilkinson power dividers and direc-
tional couplers with embedded absorptive BPF behav-
ior at some or all ports [55]–[59]. The first example of 
a reflectionless filtering power divider was reported 
in [55]; it is based on a complementary diplexer archi-
tecture. In this article, a single resistively terminated 
auxiliary bandstop filtering channel is employed at the 
input access to absorb the RF signal power reflections 
coming from the two BPF arms of the power divider. 
Figure 8(a) illustrates the results corresponding to the 
reported 2-GHz microstrip proof-of-concept proto-
type. It shows an input reflectionless second-order 
BPF capability along with the 3-dB power division 
action between output nodes, featuring a 2.39:1-ratio 
bandwidth with a minimum 10-dB power matching 
level and output isolation levels higher than 13.5 dB in 
this spectral range. Note that this technique can also 
be exploited to attain a quasi-reflectionless capability 
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at both the input and output terminals by loading the 
absorptive bandstop filtering branch at all ports, as is 
corroborated in [56].

In [57], using a newly engineered class of lossy iso-
lation networks between output ports that is shaped 

by two resonators, two resistors, and two impedance 
inverters, a filtering power divider with reflection-
less behavior at its output terminals and wideband 
interoutput isolation was conceived. However, the 
developed microstrip prototype shows low-order BPF 
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behavior, and the extension of this method to attain 
an all-port reflectionless property is unclear. As an 
application of the principle in [55] to directional power 
couplers, an out-of-phase, 3-dB input reflectionless fil-
tering power coupler was proposed in [58]. In this case, 
second-order BPF channels are embedded in the input-
to-direct-port and input-to-coupled-port signal paths, 
whereas a single complementary bandstop channel is 
placed at the input access to absorb the out-of-band RF 
signal energy reflected from both filtering paths.

Figure 8(b) provides the results of the developed 
microstrip prototype of a 1.9-GHz, second-order dem-
onstrator, in which the input reflectionless bandwidth 
is reduced with regard to its power divider counter-
part, due to the higher frequency dependence of the 
coupler’s 270°-long transmission line segment, which  
acts as an impedance inverter for the filtering action. 
A similar concept is used in [59] to implement a 2-GHz 
quadrature input reflectionless filtering coupler, where 
multimode resonators and defected ground structures 
are employed. This approach demonstrates its effi-
ciency in achieving higher circuit compactness and 
in further extending the input reflectionless stopband 
bandwidth from dc to 11.5 GHz.

Other examples of dual-function RF components 
are balanced/differential-mode BPFs, for which a large 
variety of circuit architectures and design strategies 
has been proposed during the past few years [60]. 
These microwave devices mostly exhibit a reflective-
type, bandpass-type filtering transfer function in 
differential-mode operation while inhibiting common-
mode RF signal transmission in the differential-mode 
passband. Such in-band rejection of the common-mode 
RF signal is generally accomplished through reflection 
at the balanced input terminal. Other common-mode 
absorptive BPFs have also been reported, for example, 
the ones in [61]–[63], where resistors are loaded in the 
balanced BPF symmetry plane to attain common-mode 
RF signal energy dissipation.

On the other hand, despite their unquestionable 
relevance, almost no work has appeared in the litera-
ture on the development of balanced BPFs with reflec-
tionless differential-mode characteristics. Indeed, to 
the best of our knowledge, only the approach in [64] 
to design two-port absorptive single- and dual-band 
differential-mode BPFs has been demonstrated. This 
method adopts the complementary diplexer philoso-
phy at all single-port accesses. Figure 8(c) represents 
the results corresponding to its 3-GHz microstrip 
prototype of a second-order balanced BPF, where the 
in-band, common-mode suppression and the symmet-
rical reflectionless property are verified.

Finally, it should be noted that simpler multifunc-
tional reflectionless BPF devices have also been pro-
posed, such as the one in [65]. It basically describes 

an input reflectionless 1.9/2.1-GHz dual-band imped-
ance transformer/BPF circuit, in which the bandpass 
filtering action can also be viewed as that associated 
with a dual-band BPF with an arbitrary real-valued 
load impedance. Furthermore, it must be remarked 
that the reflectionless philosophy is also capturing the 
attention of researchers from the antenna community. 
Examples are absorptive filtering patch antennas with 
a low RF signal reflection outside the radiation band 
and reflectionless passive metasurfaces [66], [67].

Other Technologies
The previous sections of this overview article concen-
trated on reflectionless BPF devices developed in pla-
nar realizations. However, although to a much lesser 
extent, the described RF design principles for absorp-
tive microwave BPFs have also been demonstrated in 
other technologies. A comprehensive description of 
the most relevant contributions in the research area of 
nonplanar, reflectionless BPF components is provided 
in the following.

•• MMIC and low-frequency technologies [68]–[70]: 
Since ferrite-/magnetic-based RF isolators can-
not be integrated and active isolator solutions 
require extra dc power, reflectionless BPFs in 
MMIC technologies are demanded for modern, 
energy-efficient, compact RF front-end chains. In 
[68], using a theoretically perfectly matched sym-
metrical BPF network with even- and odd-mode 
subcircuit compensation, an integrated, passive, 
two-port absorptive BPF is developed. This pro-
totype exhibits a quasi-elliptic-type bandpass fil-
tering response centered at 2.5 GHz with return 
loss levels above 15 dB from dc to 10 GHz for a 
chip area of 1 mm2. It should be noted that com-
mercial counterparts of this solution are already 
available (X-Series reflectionless filters from 
Mini-Circuits), showing promise for deployment 
in future RF transceiver modules. On the other 
hand, although, thus far, they are used only in 
low-pass filtering components (which can be eas-
ily extended to BPF ones after appropriate low-
pass-to-bandpass frequency transformations), 
the novel classes of reflectionless filters for very-
low-frequency applications reported in [69] and 
[70] can feature generalized filtering transfer 
function profiles. They are experimentally veri-
fied in lumped element technology and avoid 
the use of negative reactive elements after proper 
element conversions, which may result from the 
theoretical synthesis process.
•• Acoustic wave technology [71]: BPFs in acoustic 
wave realizations are leading frequency-selective 
devices in mobile communications systems, due to 
their high quality factor (Q) and compact footprint 
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[72]. However, most show some major limita-
tions in terms of their very narrow operational 
bandwidth and frequency-static filtering trans-
fer function being mostly of the reflective type 
and because of their spurious mode creation. By 
efficiently combining the acoustic-wave lumped, 
element resonator (AWLR) concept presented in 
[73] for enhanced-bandwidth, quasi-elliptic-type 
BPF realization with the complementary diplexer 
approach reported in [24], input reflectionless 
AWLR-based BPFs with reconfigurable out-of-
band TZs are engineered in [71].

Such BPFs have the merits of 1) a bandwidth 
controllable through the dynamic reallocation 
of the TZs for values beyond the limit usually 
imposed by the electromechanical coupling coef-
ficient ( )kt

2  of the acoustic wave element, 2) pres-
ervation of the high-Q properties inherent in the 
acoustic wave technology despite the inclusion of 
the lumped elements, and 3) an input absorptive 
response. For illustration purposes, Figure 9(a) 
gives the results of the 418-MHz, second-order 
proof-of-concept demonstrator built in [71] for 
one example state, which exhibits an enhanced 
fractional bandwidth of . ,k1 2 t

2  effective Q higher 
than 6,500, and input reflectionless response with 
input power matching levels above 15 dB in the 
represented frequency interval.
•• Multilayer technology [74]: The exploitation of 
microstrip-to-microstrip vertical transitions with 
slot line resonators in multilayer schemes has 
proven its potential in the development of ultra-
wideband BPFs aimed at broadband RF receivers 
[75]. Using this concept and the lossy-stub-load-
ing philosophy for reflectionless BPF design, new 
ultrawideband BPFs that simultaneously exhibit a 
very broad, symmetrical, reflectionless behavior 
can be developed. This is demonstrated in [74], 
where the employment of multistage input/output 
lossy stubs to absorb the RF signal power reflec-
tions coming from the reflective-type microstrip-
to-microstrip vertical-transition component at  
both accesses enables enhanced-amplitude-flat-
ness, two-port absorptive BPF implementations. 
Figure 9(b) depicts an example of a multipole 
proof-of-concept prototype with a fractional 
bandwidth of roughly 80% near 2 GHz and input/
output power matching levels higher than 13.8 dB 
in the represented spectral band. In addition, 
this design approach can be applied to the real-
ization of absorptive broadband multifunctional 
BPF devices, such as input reflectionless filtering 
baluns [76].

•• Substrate-integrated technology [77]: With the pur-
pose of achieving reasonably compact physical 

size/volume, relatively high RF power handling 
capability, and low in-band insertion loss, sub-
strate-integrated waveguide technology has lately 
emerged as a tradeoff solution between classic 
planar and 3D waveguide technologies [78], [79]. 
Its usefulness in microwave BPF development has 
been applied not only to the planar integration 
of conventional waveguide-based BPF schemes 
but also to evanescent-mode cavity-resonator BPF 
structures, which enables frequency-adaptive 
designs using different tuning elements inserted 
in the cavities, such as microelectromechanical 
systems, varactors, and piezoelectric actuators [80].

Recently, in [77], the only example of this 
type to date, a two-port quasi-reflectionless BPF 
with substrate-integrated, capacitively loaded 
coaxial resonators inspired by the symmetrical 
complementary diplexer approach in [26], was 
published. It exploits frequency-dependent 
mixed electromagnetic coupling between the 
two resonators in the main bandpass channel 
to attain a two-pole/one-TZ transfer function. 
Figure 9(c) gives the details and results of the  
3.8-GHz proof-of-concept prototype developed in 
[77], which features 10-dB referred reflectionless 
bandwidth from 2.9 to 4.9 GHz (i.e., 3.4 times the 
3-dB passband width) as the main figure of merit. 
Obtaining higher values for this quasi-absorptive 
bandwidth, which is mostly constrained by the 
particular frequency-dependence profile of the 
interresonator couplings, remains as a major chal-
lenge in this research subject.
•• 3D waveguide technology [81], [82]: BPFs in 3D 
waveguide implementations are particularly 
needed in high-RF power-handling and low-
loss applications, such as in satellite communi-
cation payloads [83]. As such, the availability of 
reflectionless BPF components developed in this 
technology is even more necessary, as higher RF 
signal power reflection levels can be produced, 
especially on the transmitter side. Despite this, 
almost no effort has been devoted to the devel-
opment of reflectionless 3D BPF components. 
Among the few examples is a millimeter-wave 
waveguide BPF with an ultrabroad upper stop-
band through the inhibition of the RF signal 
transmission at the second and third harmonics 
[81]. Such harmonic suppression is achieved by 
means of the RF signal energy absorption prop-
erties of a dissipative leaky-wall filtering section, 
which is combined with a reflective evanescent-
mode BPF.

In this manner, a minimum return loss level of 
8 dB is attained from 75 to 140 GHz for a V-band, 
seven-pole BPF realization. The application of the 
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complementary diplexer technique to input reflec-
tionless waveguide-cavity BPFs has also been 
demonstrated in [82]. In this work, an 18-GHz, 
input reflectionless, quasi-elliptic-type BPF 
prototype with extracted-pole complementary 
bandpass and bandstop channels is developed. 
It shows measured input power matching levels 

above 20 dB from 17.3 to 18.3 GHz (i.e., 12.5 times 
the 3-dB bandwidth, equal to 80 MHz), hence 
verifying the principle.

Finally, note that mixed-technology realizations can 
also be carried out, where a higher Q technology for the 
main bandpass channel and a lower Q technology for 
the auxiliary bandstop channel can be employed while 
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keeping a reasonable level of the higher Q properties 
in the overall reflectionless BPF. This is the case with 
the mixed-technology, lumped-element/microstrip, 
two-port, quasi-reflectionless BPF devices engineered 
in [84], which are based on symmetrical complemen-
tary diplexer arrangements and illustrate this hybrid 
implementation procedure.

Conclusions
This overview article addressed the emerging topic of 
reflectionless BPF designs as filtering components that 
achieve their functionality by means of a frequency-
selective RF signal power absorption process inside 
their lossy circuit structures. As such, the components 
avoid the creation of out-of-band RF signal power 
reflections at their access points, which could seriously 
deteriorate the operation of the earlier active stages in 
the RF front-end chain (e.g., frequency converters and 
amplifiers), leading to a complete malfunction. In this 
manner, they can effectively replace commonly used 
cascades made up of a conventional reflective-type 
BPF preceded by an isolator, in the case of active real-
izations, to absorb the out-of-band RF signal power 
echoes, which are bulky and difficult to integrate in 
passive solutions (e.g., magnetic isolators) and which 
require extra dc power consumption.

Different RF design techniques for microwave 
reflectionless BPFs were presented, with descriptions 
of their advantages and drawbacks such as the use of 
complementary diplexer architectures, input/output 
lossy stubs, balanced architectures, and networks with 
intrinsic compensation for their even- and odd-mode 
subnetworks; these, in some cases, can be viewed as 
very related approaches. Furthermore, the generaliza-
tion of these RF design methodologies for reflection-
less BPFs to more advanced filtering components, 
such as absorptive multiband, reconfigurable, and 
multifunctional BPF devices, was described. Finally, 
examples of reflectionless BPFs in nonplanar tech-
nologies, including MMIC, acoustic wave, multilayer, 
substrate-integrated cavity, and waveguide realiza-
tions, were also discussed. Although some important 
issues must still be overcome to make these reflection-
less BPF devices commercially competitive, such as 
the influence of the filter absorptive component in the 
passband region and the robustness to the high tem-
perature levels produced in their lossy elements when 
dissipating the out-of-band RF signal energy (espe-
cially in high-power RF systems), it is clear that these 
components will play a major role in future isolator-
less RF transceivers.
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