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)is work reports the concept and development of two mechanically frequency-tunable horn filtennas for microwave and
millimeter-waves. Our design approach relies on the integration of a horn antenna with a mechanically tunable filter based on
dual-post resonators. )e proposed filtennas have been manufactured and experimentally characterized, by means of reflection
coefficient, radiation pattern, and gain. Measurements demonstrate that both filtennas have a tuning ratio of approximately 1.37
with continuous adjustment.)e first prototype operates from 2.56 to 3.50GHz, whereas in the second one the bandwidth is from
17.4 to 24.0GHz. In addition, the higher-frequency filtenna has been implemented in a 5.0-meter-reach indoor environment,
using a 16-QAM signal at 24GHz. )e best configuration in terms of performance resulted in a root mean square error vector
magnitude (EVMRMS) and antenna radiation efficiency of 3.69% and 97.0%, respectively.

1. Introduction

)e usage spectrum has been increased significantly in the
last decades and trends to accelerate even more in the next
years due to the fifth-generation cellular networks (5G).)is
new generation aims at a 100-fold increase in traffic capacity
[1, 2]. )e motivation to increase the 5G network bandwidth
will probably be the most promising approach to increase
the overall capacity. In this direction, the wireless research
community needs to exploit efficient and more effective
spectrum management techniques [3–7]. Among various
approaches, the dynamic spectrum access techniques, in-
cluding cognitive radio (CR), have been distinguished. Al-
though the use of millimeter-waves (mm-waves) represents
a hot topic, low-frequency bands have indeed been con-
sidered for 5G systems [5].)erefore, the basic structure will
be a hybrid network, in which the low- and high-frequency
communications coexist [6, 7].

In this direction, the demand for new antennas with a
capability to work in the newly proposed architectures has
increased, and reconfigurable antennas represent a potential
candidate to fulfill the 5G requirements [8–11]. Further-
more, the CR applications require using two different an-
tennas: a broadband antenna for spectrum sensing and a
tunable narrowband antenna after selecting the operating
channel [12]. Apart from the need of continuously operating
through different channels, it becomes necessary to reject
those that are not in use. In this way, the filter requirements
of the front-end circuits can be greatly reduced.

As an attempt to reduce the hardware complexity, re-
searchers have proposed to move some of the filtering parts
to the antenna in order to discharge the filter bank con-
straints inside the front end. Examples of frequency-
reconfigurable antennas with integrated filtering capabilities
can be found in [13–16]. A single-port reconfigurable an-
tenna for CR applications was presented in [13]. )e
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proposed antenna was based on an ultra-wideband (UWB)
design and has a reconfigurable bandpass filter integrated
into its feed line. Electronic switches were incorporated on
the filter to activate/deactivate it and control its bandpass
frequency. In [14], a defected microstrip structure (DMS)
based on a reconfigurable bandpass filter was integrated with
a dual-sided tapered slot antenna. By manipulating the slots
in the DMS, the filter could be used for frequency tuning.
)e authors in [15] presented, for the first time, the filtenna
concept. Filtenna or “filtering antenna” is the antenna-filter
combination with filtering ability, while preserving the ra-
diation performance. )is was achieved by changing the
filter total capacitance via an integrated varactor within its
structure. We have recently proposed the concept and re-
ported the development of an optically controlled recon-
figurable filtenna [16], which was based on the integration of
a broadband printed antenna with a bandpass reconfigurable
filter and photoconductive switches.

Finally, from the waveguide point of view, there are some
publications on filter devices and horn antennas integration,
due to its high gain and high efficiency [17–23]. Luo et al.
proposed a filtenna structure, in which a horn antenna was
covered by a frequency-selective surface (FSS) based on
substrate integrated waveguide (SIW) cavities for suppres-
sion of out-band interference [17]. In [18], Bilotti et al.
reported a self-filtering and low-noise horn antenna for
satellite applications. )e filtering element was based on
metallic omega particles [19]. On the other hand, Barbuto
et al. designed a combined bandpass filter and polarization
transformer for horn antennas [20]. )e solution was based
on the design of a linear-to-circular polarization trans-
former, which consisted of a complementary electrically
small resonator etched on a metallic screen. Ma et al. [21]
presented a dual circularly polarized horn antenna, by
employing a chiral metamaterial composed of two-layered
periodic metallic arc structure. )e designed antenna pro-
vides left-handed circular polarization from 12.4 to
12.5GHz and right-handed circular polarization from 14.2
to 14.4GHz. Barbuto et al. have used electrically small
magnetic resonators to design filtering horn antennas with

band-stop characteristics [22]. By properly placing a split-
ring resonator (SRR) inside a standard horn antenna, the
radiating and matching properties of the overall structure
are affected by the SRR strong resonance only around its
resonant frequency, leading to a band notch filter. Recently,
Wang et al. reported a wideband pattern-reconfigurable
horn antenna [23]. )e antenna consisted of incorporating a
power divider, eight reconfigurable band-stop filters, and
eight TEM horn antenna elements.

Particularly, we have very recently reported preliminary
results of a mechanically tunable horn filtenna [24]. )at
work is regarding the development of two high-performance
reconfigurable and tunable horn filtennas.)e first proposed
filtenna has been idealized for sub-3.0GHz bands, which had
been recommended by the U.S. Federal Communications
Commission for 5G transmission in urban environments
[25]. On the other hand, the second prototype is devoted to
mm-wave 5G systems, which are typically referred to as
enhanced mobile broadband applications.)e manuscript is
structured in five sections. Section 2 is regarding the
mechanically tunable horn filtenna design and development
methodology. )e numerical and experimental results of the
two proposed filtennas are presented in Section 3. Section 4
reports an implementation and an experimental perfor-
mance analysis of the mm-wave horn filtenna. Conclusions
and final comments are addressed in Section 5.

2. Horn Filtenna Design and
Development Methodology

)ehorn filtennas design and development methodology are
presented in Figure 1. Initially, the horn antenna and RF
bandpass filter, corresponding to each filtenna, have been
analytically calculated as individual structures, with the
purpose of satisfying the project requirements. After, they
were integrated into a single structure for creating the
frequency-reconfigurable filtenna, as illustrated in
Figure 1(b). As described in Figure 1(a), the development
methodology can be summarized into four phases: the horn
antenna and filter analytical design; numerical analysis;
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Figure 1: Horn filtennas design (a) and development methodology (b).
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Figure 4: Continued.

International Journal of Antennas and Propagation 3



product engineering; and manufacture. Numerical sweeps of
the filtenna design variables have been performed in ANSYS
HFSS®, using the finite element method (FEM), for making its
bandwidth reconfigurable without disturbing its radiation
pattern. Posteriorly, the antenna model has been modified in
product engineering using SolidWorks®, giving rise to a me-
chanical model suitable for prototyping using the milling
aluminum process. For electromagnetic validation purposes of
the mechanical model, it has exported from SolidWorks®,imported in HFSS®, and resimulated. Finally, the
manufacturing has been realized using the final CAD model,
exported from HFSS®.)e filtenna radiator is a pyramidal horn antenna with
the same half-power beamwidth (HPBW) in the electrical
(E) and magnetic (H) field planes. Figure 1(a) displays its

design variables: a and b are the waveguide cross-sectional
dimension; lg is the waveguide section length; ac and bc are
the horn aperture dimensions; and lc is the horn longitudinal
length.

)e bandpass filter has been placed into the waveguide
section between the horn and feeder, without increasing the
overall size. )e available waveguide section length lg is less
than one guided wavelength at the desired central frequency.
Filter topologies such as inductively coupled rectangular
waveguide filters, E-plane metal insert filters, and evanescent
mode waveguide filters have standard structures consisting
of several cavities with overall longitudinal length equal or
greater than a guided wavelength, which makes them in-
feasible to this application [26]. On the other side, multi-
mode and dual-post resonator (DPR) filters provide
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Figure 4: Dual-post resonator design curves example. Transmission zero and pole frequencies as a function of (a) the resonator distance for
r1 � 1mm, h1 � 1.4mm, and h2 � 2.4mm; (b) resonator height difference for r1 � 1mm and d� 4.67mm; and (c) resonator radii for
d� 4.67mm, h1 � 1.4mm, and h2 � 2.4mm.
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Figure 5: Microwave horn filtenna prototype.
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compact structures [27–29]. Multimode filters enable
multiple resonance frequencies. Its design modifies the
waveguide cross-sectional dimensions in order to allow
supporting the dominant mode in the vertical and horizontal
polarizations for decreasing its longitudinal length [28]. A
DPR filter does not change the waveguide main dimensions
and is highly selective, easily tunable, and works as inductive
obstacles, which are commonly used in conventional
waveguide filters. In addition, it is a singlet structure, i.e.,
with a reflection and a transmission zero at a real frequency
[29]. For all these reasons, the DPR approach has been
applied to the horn filtenna design.

)e DPR filter is a single pole structure composed of two
partial-height antipodal metal posts with different lengths
and symmetrically located along the waveguide transverse
section, as depicted in Figure 2(a). )e antipodal position
provides a higher difference between the resonant and
nonresonant modes than the parallel position, as well as a
higher quality factor (Q) [30]. In addition, the different post
lengths excite the filter resonant mode without extra cou-
pling sections, reducing the filter overall dimension and
complexity [29]. )e nonresonant mode defines a resonant
frequency away from the filter passband, which might be
propagation or an evanescent mode that bypasses the res-
onant mode [28]. )is additional path between the filter
input and output ports is used to create a transmission zero
in the vicinity of the passband and increase its selectivity.
Figure 2(b) presents the filter singlet schematic, in which the
TE20 is the DPR filter resonant mode, whereas the non-
resonant mode is the TE10 fundamental mode. TE20 gen-
erates the filter pole and is coupled to the filter input and
output by the coupling coefficients kS1 and kL1, respectively.
)e DPR equivalent circuit is based on inductive obstacles
for waveguides [31, 32], as presented in Figure 2(c). )e
shunt and series elements reactance change from capacitive
to inductive, as a function of the DPR height and frequency.

Lastly, TE10 gives rise to a transmission zero located below
the resonant mode pole, representing a direct coupling
between input and output ports, by a coupling coefficient
kSL. )e DPR might also be treated as inverter admittance in
the filter passband [29]. )is approach is commonly used in
microwave filters design, with the purpose of allowing a
common resonator type for the entire structure [33].
Figure 2(d) shows the dual-post resonator and tuning screws
variables, in which h1 and h2 are the filter resonator lengths;
d is the separation between the post resonators; d1 and d2 are
the tuning screw lengths; and r1 and r2 are the resonator and
screw radii, respectively. )e metal screws have been
inserted into the filter cavity to mechanically tuning the horn
filtenna frequency response. )e screws have different
lengths in order to produce similar loading capacitance,
since dual-post resonators have different heights.

)e simulated DPR reactance for a WR-42 rectangular
waveguide is presented in Figure 3 for r1 � 1mm,
d� 4.67mm, h1 � 1.4mm, and h2 � 2.4mm. )e shunt and
series elements reactance had been defined as shown in
Figure 2(c) and calculated by S-parameters [34]. According
to Figure 3, when the shunt element reactance reaches zero,
the filter transmission zero frequency (fzero) is obtained.
Complementarily, when the series element reactance reaches
zero, the filter pole frequency (fpole) is determined. As a filter
design methodology [24, 29, 34], we have varied the DPR
filter design parameters r1, d, and Δh� h2 − h1 for illustrating
their impact on the transmission zero and pole frequencies.
)e DPR design curves are reported in Figure 4, including
the normalized transmission zero and pole frequencies.
First, the DPR transmission zero frequency is inversely
proportional to resonators separation distance d, as reported
in Figure 4(a).)e pole frequency is practically insensitive to
the resonator separation distance; only for small values of d,
the pole frequency slightly increases. Figure 4(b) presents the
DPR frequency response as a function of the resonator
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Figure 7: Microwave horn filtenna radiation pattern. (a) E-plane at 2.56GHz. (b)H-plane at 2.56GHz. (c) E-plane at 3.50GHz. (d)H-plane
at 3.50GHz.
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height difference. )is parameter is directly proportional to
the pole frequency and controls the DPR filter passband.)e
transmission zero frequency is stable for small values of Δh
and starts to decrease after the 1mm threshold. Finally, the
results for resonators radii variation are presented in
Figure 4(c).)e transmission zero and pole frequencies have
small dependence on the resonator radii, for this reason
cannot be used as a tuning parameter. In short, d is used to
control the transmission zero frequency, whereas the pole
frequency is controlled by Δh. )e resonator radii might be
defined according to the manufacturing process constraints.
As a conclusion, DPR filters can be efficiently designed by
applying the presented circuital model and design curves,
since no closed formulas have been obtained for its structure
yet.

3. Horn Filtennas Results

)is section reports the numerical and experimental results
of the two proposed filtennas, namely, microwave horn
filtenna and millimeter-wave horn filtenna.

3.1. Microwave Horn Filtenna. For the microwave horn
filtenna, a noncommercial waveguide (a� 66mm and
b� 30mm) has been designed in order to cover the fre-
quency range from 2.56 to 3.50GHz with single mode
operation (TE10). )e horn filtenna final dimensions were
ac � 127.65mm, bc � 98.3mm, and lc � 212.73mm. )e
waveguide section between the feeder and radiator with
length equal to lg � 80mm has been used to design the DPR
filter. )e resonators were positioned in the waveguide
center, separated by a distance d� 27mm and with a radius
equal to 7.0mm. By considering the desired range from 2.56
to 3.50GHz, the resonators lengths h1 � 5.1mm and
h2 � 9.1mm were obtained by numerical sweep in ANSYS

HFSS. A few interactions between HFSS and SolidWorks
have been done to obtain a suitable and feasible filtenna
mechanical model. Figure 5 reports the resultant prototype
made in aluminum.

A waveguide to coaxial transition has also been de-
veloped to facilitate its connection to RF components and
pieces of equipment. )e filtenna characterization starts
from reflections (S11) measurements, using the Keysight
PNA Network Analyzer N5224A for different screw depths.
)e filtenna operating frequency could be continuously
tuned from 2.56 to 3.50GHz by appropriately tightening the
tuning screws. Figure 6 presents the reflection coefficient
response for the initial, central, and final frequencies for
both simulations and measurements. )e filtenna operating
modes have been defined as Conf. I (d1 � 17.70mm and
d2 �19.96mm); Conf. II (d1 � 19.0mm and d2 �12.3mm);
and Conf. III (d1 � 13.0mm and d2 �13.5mm). )e filtenna
bandwidth can be managed by manipulating d1 and d2, since
the loading capacitance is proportional to the screws’ depths.
An excellent agreement is observed between the measured
and simulated results for the three operating modes. )e
measured filtenna central frequency and fractional band-
width (FBW) were 2.56GHz and 2.7% for Conf. I; 3.10GHz
and 2.8% for Conf. II; and 3.50GHz and 2% for Conf. III.
)emicrowave horn filtenna tuning ratio was approximately
1.36, which is higher than most of the tunable filtenna re-
ported in the literature [13–15] that are typically based on
microstrip antennas. Additionally, the main advantage of
our approach is the remarkable possibilities of continuously
tuning the bandwidth due to use of dual-post resonator
structure.

)e filtenna radiation pattern and gain measure-
ments were performed using a standard log-periodic
antenna as a reference antenna, positioned 7 m away.
Both antennas were mounted on masts at 1.8 m. Radi-
ation pattern measurements has been carried out at 2.56

Conf. I simulated
Conf. I measured
Conf. II simulated

Conf. II measured

Conf. III measured
Conf. III simulated

–40

–35

–30

–25

–20

–15

–10

–5

0

Re
fle

ct
io

n 
co

ef
fic

ie
nt

 (d
B)

19 21 23 2517
Frequency (GHz)

Figure 9: Millimeter-wave horn filtenna reflection coefficient. Conf. I (d1 � 2.55mm and d2 � 0mm) centered at 17.4GHz; Conf. II
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and 3.50 GHz for E-plane and H-plane, as summarized in
Figure 7. A discrepancy at 2.56 GHz in the front-back
region for E-plane is observed in Figure 7(a). Regarding
the main lobe, the measured and simulated results have
consistently been shown for all frequencies and planes.
)e measured peak gain was 8 dBi at 2.56 GHz and 10 dBi
at 3.50 GHz.

3.2. Millimeter-WaveHorn Filtenna. A standard waveguide
WR-42 (10.67mm × 4.3mm) has been used for the mm-
wave horn filtenna and its final dimensions were
ac � 19.88mm, bc � 15.46mm, and lc � 33.13mm. Follow-
ing the same design procedure adopted for the microwave
horn filtenna, the waveguide section between the feeder
and radiator (lg � 12mm) has been used for allocating the
DPR filter. )e 2mm diameter resonators were positioned

in the waveguide center with a separation distance of
4.67mm. )e resonator heights are h1 � 1.4mm and
h2 � 2.4mm from 17.4 to 24.0 GHz. Figure 8 presents the
mm-wave filtenna prototype, manufactured by milling
process in aluminum.

)e filtenna reflection coefficient has been measured
using a Keysight PNA Network Analyzer N5224A and a
commercial waveguide to coaxial transition. )e mea-
sured results are presented in Figure 9 for the initial,
central, and final frequency, from 17.4 to 24.0 GHz. Once
again, the filtenna bandwidth could be continuously
tuned over a wide frequency range. )e measured and
simulated results presented in Figure 9 corroborate with
the proposed horn filtenna design procedure. )e filtenna
measured operating modes according to screws positions
are Conf. I (d1 � 2.55 mm and d2 � 0mm) centered at
17.4 GHz with 2.8% FBW; Conf. II (d1 � 0.85 mm and
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Figure 10: Millimeter-wave horn antenna radiation pattern. (a) E-plane at 17.5GHz. (b) H-plane at 17.5GHz. (c) E-plane at 24GHz.
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d2 �1.8 mm) centered at 21 GHz with 7.9% FBW; and
Conf. III (d1 � 0.5 mm and d2 �1mm) centered at 24 GHz
with 4.11% FBW. )e millimeter-wave horn filtenna
tuning ratio is approximately 1.37 with FBW from 2.8 to
7.9%.

Radiation pattern measurements have been carried
out at 17.5 and 24 GHz for the E-plane and H-plane, as
summarized in Figure 10. A good qualitative agreement is
observed for all cases, mainly for the half-power beam-
width. )e main difference is related to the back lobe for
the H-plane at 17.5 GHz. Its measured peak gain was
8.5 dBi and 12.3 dBi at 17.5 and 24.0 GHz, respectively.

4. Implementation of the Millimeter-Wave
Tunable Horn Filtenna

Our main objective was demonstrating its applicability in
radio cognitive, in which operating bandwidth can be dy-
namically allocated as a function of the opportunistic sce-
nario of primary/secondary users. Figure 11 displays
photographs of the indoor environments used for the
implementation. At the transmission side, a vector signal
generator (VSG) provides a 16-QAM of 800Mb/s signal at
24.7 GHz. )e RF power transmission was 1 dBm, and an
electrical amplifier (EA) with 23 dB gain was applied in order
to increase the effectively radiated power by the filtenna. )e
transmission antenna was a 20 dBi gain horn antenna. )e
free-space loss, calculated by the Friis equation, was ap-
proximately 55.8 dB at 24.7 GHz for 5meters. )e received
side was composed by the mm-wave filtenna followed by a
low-noise amplifier and a vector signal analyzer (VSA).

Figure 12 reports the experimental results of the root
mean square error vector magnitude (EVMRMS) as a
function of the received power. In accordance with 3GPP
(http://www.3GPP.org), EVMRMS for 16-QAM modulation
should not exceed 12.5% [35]. For comparison purposes, the
red curve depicts a back-to-back (B2B) condition by directly
connecting VSG to VSA. In other words, there was no
wireless transmission for the B2B scenario. )e black curve
with squares represents the wireless transmission for four
different scenarios (Sc.) based on the screw depth position.
Sc. 1 was the worst case, for which the filtenna does not
provide a suitable impedance matching at the chosen fre-
quency with these screw depths configuration; thus, the
constellation has been shown poor, giving rise to EVMRMS of
18.47%. As soon as the screw depths were modified, the
system performance has been significantly improved,

(a) (b)

Figure 11: Implementation of the mm-wave tunable horn filtenna at 24.7GHz. (a) Transmission side and (b) reception side.
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resulting EVMRMS and power received of 3.69% and
− 18.46 dBm, respectively. Additionally, Figure 13(a) and
Figure 13(b) depict the experimental performance results at
800Mbit/s RF signal in terms of the constellation and eye
diagram for Sc. 1 and Sc. 4, respectively.

As explained and demonstrated in the previous section,
the filtenna bandwidth can be efficiently managed by op-
timizing the screws depths of the DPR filter. Its reflection
coefficient at 24.7GHz varies from − 1 to − 20 dB, deepening
on the screw depths. Accordingly, the filtenna radiation
efficiency alters from 18 to 97%. Table 1 summarizes the
experimental results scenarios. )ese experimental results
demonstrate the applicability of the proposed tunable horn
filtenna for radio cognitive in the mm-wave.

5. Conclusions

)is paper reported the development of two high-perfor-
mance continuously frequency-tunable horn filtennas for
microwave and mm-waves. Both filtennas are based on the
integration of a broadband horn antenna with a dual-post
resonator filter for enabling mechanical reconfiguration of
their bandwidth. Numerical simulations and experimental
results have been shown in excellent agreement, and a tuning
ratio of 1.36 and 1.37 for the lower-frequency (from 2.56 to
3.5GHz) and higher-frequency (from 17.4 to 24GHz) fil-
tennas has been reported, respectively. Additionally, the
mm-wave horn filtenna has been implemented in a high-
throughput indoor wireless system at 800Mbps with line of

sight. )e experimental analysis as a function of diverse
performance metrics (constellation, eye diagram, EVM, and
SNR) has successfully demonstrated the applicability of the
proposed filtenna in cognitive radio applications, for in-
stance, mm-wave 5G systems. It has been obtained a
measured EVMRMS as low as 3.69%, which is far below the
3GPP requirement of 12.5% for 16-QAM. Future works
regard the implementation of either microwave and mm-
wave filtenna in a real 5G network based on the use of the
Brazilian 5G transceiver, which has been previously de-
veloped by our research group [36].
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Sc. 4 d1 � 0.5 d2 �1 − 20 97.8 − 18.46 3.69 11.54
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