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ARTICLE INFO ABSTRACT
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Characteristic modes
Coupled monopoles

This paper presents a novel planar filtering antenna (filtenna) with simple layout based on tightly-coupled
different-length monopoles. Its design methodology is based on an even-mode/odd-mode decomposition of the
monopole currents, and the combination of both modes in a multimodal circuit model that facilitates the design

g‘(’jedn m‘:ide and tuning of the antenna and the accompanying feeding network, since most of the process is performed using
Filte:l:(; € fast circuit simulations. The circuit model casts light into the interaction between conducting and radiating
Filtering antenna modes in the bulk of the antenna, and on how this interaction can be used to propose feedback loops that
Modal analysis increase and define the radiation band. Using these modal tools, a filtenna was designed and fabricated to
Monopole fully cover the new 5G frequency bands (n77, n78 and n79) from 3 to 5 GHz that are currently being adopted
Planar antenna by many countries for high-capacity data transmission. It features a 62.9% FWB, dipole-like radiation patterns,
Slotline good out-of-band rejection up to 10 GHz, and a very good trade-off between design/structural-simplicity and

bandwidth.

1. Introduction techniques, implemented using microstrip resonators, and then in-

tegrated with the antenna [3-9]. Further integration and improved

The new 5G communication systems require antennas that, in addi-
tion to having a stable pattern, good efficiency and low return losses,
can perform filtering functions to avoid interference with other nearby
frequency systems. A number of 5G frequency bands have been recently
assigned to TDD high-capacity data-transmission networks (n77: 3300—
4200 MHz; n78: 3300-3800 MHz; and n79: 4400-5000 MHz) [1], and
are currently being adopted in Europe, China, Japan, South Korea and
USA. To ensure a world-wide coverage of these new services with
compact and low-cost systems, it is advisable to use receiving antennas
with a wide bandwidth from 3 GHz to 5 GHz. Receiving systems usually
perform the antenna and filtering functions separately—filter design
is usually performed using microwave circuits or resonant cavities—
, but a large number of filtering-antenna (or filtenna) designs with
multiple resonant elements can also be found in the literature. By
integrating the filtering functions with the antenna structure, the fre-
quency selectivity and fractional bandwidth (FBW) can be optimized
and the overall cost and size minimized. Many filtenna structures and
design approaches have been proposed in the literature, of which an
extensive review can be found in [2]. Bandpass filters in filtennas
are frequently designed separately using well-established filter design

* Corresponding author.

selectivity are achieved using high-Q surface-integrated waveguide
(SIW) filters or cavities, which require via-holes [10-14]. Multilayer
structures for filtennas have also been proposed to reduce footprint
size, using stacked dielectric resonators (DR) [15], top-hat loaded
monopoles [16], microstrip coupled resonators (MCR) [17-19], or
stacked SIW cavities [20,21] to synthesize the filtering function.

Concerning the FBW, while filtennas with filters connected in cas-
cade (not embedded in the antenna structure) may exhibit a large FBW
(112.2% reported in [4]), multilayer and SIW-based filtennas feature
small to moderate FBW, ranging from 2.4% to 61.4%, as reported
in [13,15], respectively. The filters can also be designed to support
more than one radiation bandwidth, such as the dual-band filtennas
reported in [9,13], with FBW values that depend also on the type of
filtenna design. Concerning the design approach and fabrication, mul-
tilayer and SIW-based filtennas frequently feature a complex structure
that requires complex design and simulation procedures to match the
behavior of the antenna with that of the embedded filter, as well as
involved mask-alignment and layer-attachment procedures.

In this paper a novel design approach for coupled-monopole planar
filtennas, based on a multimodal analysis of the antenna structure
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Fig. 1. Two tightly-coupled different-length planar monopoles over a ground plane.

and coupling to the feeding section, is proposed. It seeks to achieve
a well-defined, wide bandwidth by integrating very simple radiating
elements and the microstrip feed into a multimodal circuit. Coupled
monopoles are selected as radiating elements because of their potential
wideband behavior whenever they are anti-symmetrically fed with an
appropriate microstrip coupled-line structure. The use of coupled radi-
ating elements of different lengths increases the fractional bandwidth
and allows a precise control of the pass band. In contrast with previous
filtenna designs, a multimodal circuit model is proposed to analyze
in a unified manner the conduction behavior of the feeding network
(and part of the antenna) with the radiating behavior of the antenna,
thus providing a methodology for the filtenna design and optimization.
From a circuit (i.e. based on voltages and currents) point of view,
coupled-line (or multimodal) circuits can be analyzed using general
coupled-mode theory [22,23], wherein circuit-to-modal transformer
networks can be used to transform the physical voltages and currents
into their equivalent modal ones. Alternatively, they can be analyzed
by means of particular multimodal circuit models (for instance [24-
271) that, although more specific than those of [22], are simpler and,
therefore, provide better insight into the circuit modal behavior. These
analyses can be applied to a variety of circuit configurations based on
coupled-line sections such as filters, directional couplers, phase shifters
and baluns, and will be extended in this paper to radiating elements.
The novelty of the article lies not in the specific antenna design, but
rather in the comparison of different resonance-analysis methodologies.
The characteristic-mode methodology is compared with the classical
modal analysis used in microwave circuit theory. Both approaches yield
equivalent results. However, the circuit methodology is much more effi-
cient from the computational point of view, when dealing with coupled
lines and the classical decomposition into electrically and magnetically
symmetric structures. The developed methods can be applied to more
complex cases, involving a greater number of resonances. Furthermore,
the study demonstrates that the radiation patterns are typical of a
monopole antenna, but with an exceptionally broad bandwidth.

2. Modal
monopoles

analysis of two tightly-coupled different-length

The decomposition of antenna currents into even-mode/odd-mode
(or symmetric-mode/anti-symmetric-mode) configurations is a widely
employed technique for analyzing the behavior of traditional folded
dipoles. In this study, this approach is extended to a more complex sce-
nario, which entails tightly-coupled yet physically unconnected planar
monopoles of different lengths.
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Consider the two tightly-coupled different-length planar monopoles
of Fig. 1 on one side of a dielectric substrate, with the associated ground
plane on the other side (for z < 0). For z < d; the currents on the
monopole strips (/;(z) and I,(z)) and ground plane (J5 ;p(x, z)) can be
mathematically decomposed as a part or mode symmetric with respect to
z and a part or mode anti-symmetric with respect to z. The symmetric
(or even) mode will have currents in the strips flowing in the same
direction, Ix(z)/2 in either strip, and currents in the ground plane
flowing along the ground-plane edge (z = 0) in opposite directions,
Ix(|x])/2 on either side: it will be a radiating mode [Fig. 2(a)]. The
current I,(z) for z > d, will also contribute to the radiation, and so
it can be re-labeled as Ip(z). Since the radiation processes cannot be
easily described from a circuit point of view, this mode can only be
modeled as a black-box two-port, with scattering parameters Sy to be
found by electromagnetic simulation. Port one of the two-port (1)
is at the excitation plane at z = 0, and port 2 (2z) is at z = d,,
where a complex interaction with the anti-symmetric mode may occur.
The anti-symmetric (or odd) mode will have currents, I¢(z), flowing
in opposite directions, so their radiation will cancel out: it will be a
conducting, slotline, mode [Fig. 2(b)]. The slotline mode requires a
transverse voltage drop between conductors, and therefore it cannot be
extended beyond z = d,. This mode can easily be modeled by an ideal
transmission line. More currents may be present in the system due to
antenna (to-be-defined) feeding circuit, flowing on microstrip/coupled-
microstrip transmission lines patterned over the ground plane for z < 0.
These currents will contribute negligibly to the radiation, since any
current on a strip will be mirrored by an opposite-direction current in
the back ground plane, and so they can be ignored when analyzing the
basic antenna behavior. For 0 < z < d|,

IR(Z)

L) = 2= +15(2) @
Ir(z)
2

In general, modal interactions take place at any circuit transition or
asymmetry. Therefore, the radiating mode [Fig. 2(a)] and the slotline
mode [Fig. 2(b)] may interact at z = d,. Consider the currents of both
modes at z = d;, as shown in Fig. 1. They meet the obvious conditions
atz=d,,

Iz(Z) = - Is(Z) 2)

Id)=0=
Ix(d I
#+Is(d1):%2—152:0:> 3
Ipy =215,

and

L) = LdH >

Ig(d))

o~ Is(d) = In(d) =

I @
Ry, =T

5 Tls2=1g

Ip, =2Ig, .

The resulting relationship Iz, = 27, between modal currents can be
modeled by means of an ideal transformer connecting the radiating-
mode model to the slotline-mode model, as shown in Fig. 3, which
constitutes a complete multimodal circuit model, with modal ports (ports
1z and 1g in Fig. 2) instead of the uncoupled circuit ports (ports 1
and 2 of Fig. 1), for the coupled monopoles of Fig. 1. This model is
multimodal since it confines the excitation of either mode present in
the antenna into a different port. Thus, situations wherein the antenna
feeding scheme differently affects either mode can be easily taken into
account. It should be noted that the slotline mode is not open-circuited
at the end of the coupled-strip section, but excites (and is excited by)
the radiation mode.
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Fig. 2. Current and voltage distributions (above) and equivalent circuit models (below) for the radiating and slotline modes. (a) Radiating mode. (b) Slotline mode.
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Fig. 3. Multimodal circuit model (with modal ports) for the tightly-coupled
different-length monopoles of Fig. 1.

It should be emphasized that the radiating and slotline modes
in Fig. 2 were defined on purely mathematical grounds, and will
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accurately-enough describe the reality as far as (i) a black-box model
(two-port Sg) for the symmetric/even/radiating mode can be obtained
through an electromagnetic simulation (i.e. an electromagnetic simu-
lation of the antenna can be performed that keeps currents on both
dipoles for z < d; of equal, or similar, magnitude and direction),
and (ii) an ideal transmission line is an accurate model for the anti-
symmetric/odd/slotline mode (i.e. s is small in terms of wavelength).
To fulfill condition (i), in the electromagnetic simulation of the radi-
ating mode, the two monopole strips should be connected at z = 0
and z = d; by narrow horizontal strips to keep both conductors at
the same transverse potential and hinder the apparition of spurious
transmission-line-like currents.

3. Mathematical modes and characteristic modes

A fast and direct approach to obtain a modal decomposition of the
currents of an antenna by electromagnetic simulation is to compute the
characteristic modes of the structure [28-30]. However, the symmetric

X
(a)

(b)

(d)

(c)

Fig. 4. Normalized characteristic current of the first two modes of two tightly-coupled different-length monopoles at first (4.6 GHz) and second (7.6 GHz) resonances. (a) Mode

J, at 4.6 GHz. (b) Mode J, at 7.6 GHz. (c) Mode J, at 4.6 GHz. (d) Mode J, at 7.6 GHz.
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Fig. 5. Contribution of modal reflection coefficients to the total reflection coefficient of two tightly-coupled different-length monopoles when the shorted monopole is excited and
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Fig. 6. S parameters for the multimodal model of Fig. 3 for several dimension choices of the shorter monopole length (d,) and separation between monopoles (s), with fixed
strip width w =2 mm and fixed longer monopole length d, = 19.1 mm. With reference to Fig. 3, S|, is the S|, (reflection) parameter of the radiating mode (port 1), S\g,x is
the transmission parameter between the radiating mode (port 1;) and the slotline mode (port 1), and g, is the S}, (reflection) parameter of the slotline mode (port 1). The
S)rir parameter is compared with the input reflection coefficient of a wide monopole of length d, and strip width 4.4 mm (2w + s for s = 0.4 mm).

(radiating) and anti-symmetric (slotline) modes used in the previous
Section 2 do not precisely correspond to these characteristic modes.
The latter, generally speaking, do not keep the symmetry with respect
to z for z < d;, and evolve from radiating modes to slotline modes
as the operation frequency moves away from the mode resonance.
Take, for instance, the simple example antenna of Fig. 4: two tightly-
coupled different-length monopoles of arbitrary lengths d; = 14.1 mm
and d, = 20.4 mm, over a perpendicular ground plane for simulation
simplicity. The characteristic modes of this structure were numerically
computed using the electromagnetic simulator FEKO. The contribution
of the first two radiating modes of the structure (modes J; and J,) to
the total S|, of the antenna is shown in Fig. 5.

The evolution of the normalized modal currents of these first two
characteristic modes depicted in Fig. 4 confirms that characteristic
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Fig. 7. (a) Microstrip to coupled-microstrip transition (back-side ground plane not
shown). (b) Multimodal model.
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Fig. 8. (a) Asymmetric series impedances in a coupled-microstrip transmission line (back-side ground plane not shown). (b) Multimodal model. (¢) Multimodal model for

Z,=0,Zy - oo.

modes do not exhibit the current symmetries forced in the mathe-
matical modes defined in Section 2, revealing the coupling effects
between the two radiating elements at different frequencies. Only for
the case d; = d, (which is not suited for our purpose) there is a
more direct relationship between these mathematical modes and the
first two characteristic modes, whose currents tend to have the desired
symmetric/anti-symmetric behavior in a wide frequency range.

However, a characteristic-mode analysis can be a guiding princi-
ple to assess the filtenna capabilities of generic antenna configura-
tions based on coupled elements: from the characteristic-mode anal-
ysis of antennas such that of Fig. 4 with different monopole open-
circuiting/short-circuiting schemes, it can be concluded that a con-
figuration with the long open-circuited element is the one exhibiting
a widest well-defined bandwidth. In fact, the antenna of Fig. 1 is a
generalization of the antenna-type of Fig. 4 in a planar context, which
allows more degrees of freedom in the design procedure (for instance,
as will be seen, the open circuit at the beginning of the longest element
will be transformed into a gap in a coupled microstrip line that can
recede into the antenna feeding network) and ease fabrication.

4. Modal behavior in tightly-coupled different-length monopoles

The behavior of the multimodal model of Fig. 3 will depend largely
on the behavior of the radiating mode, which must be computed by
means of electromagnetic simulation. Therefore the modal behavior
of the multimodal model of Fig. 3 must be analyzed by means of
a mixed circuit-electromagnetic parametric study. The substrate used
in this work was a Rogers RO4003 substrate with dielectric thick-
ness h 0.81 mm, relative dielectric permittivity ey 3.55, and
copper-metallization thickness t = 17.5 pm, and the circuit and electro-
magnetic simulations were performed using Keysight’s simulators ADS,
Momentum and EMPro.

The fixed dimensions were d, = 19.1 mm—Iength of the longer
antenna strip, chosen so that the long monopole have a first S,
resonance around 3 GHz, the intended lower band limit—and w
2 mm, and several values of d; (length of the shorter antenna strip)
and s (separation) were parametrically analyzed. The S parameters
for the multimodal model of Fig. 3 are shown in Fig. 6—port 1, with
reference impedance 50 Q, and port 1 with reference impedance Z,
the characteristic impedance of the associated slotline—and compared
with the input reflection coefficient of a wide monopole of length d,
and strip width 4.4 mm Q2w + s for s = 0.4 mm).

For frequencies wherein the upper part of the long monopole, of
length d, — d,, is short in terms of wavelength, it is difficult to inject
currents at port 2 of the radiating mode due to the proximity of the

back-side ground plane

microstrip
port

Fig. 9. Antenna and feeding network structure for a planar filtering antenna.

zero current condition at z = d, and its sinusoidal variation along
the strip. Therefore, it is reasonable that S|z show little variation
with d; in this frequency range since the power transfer to port 2 is
low. Taking this into account, the behavior of S | and S, ;¢ is also
coherent: the larger is d,, the more difficult it is to inject current at port
2, and therefore the lower is the power transfer to port 1;—therefore
|S1s.1r| decreases, thus decreasing the coupling between ports 1 and
1¢—and the higher is the input impedance at the port 1¢—therefore
|Sis.1s| increases. As d, increases to match d, the conducting and
radiating modes get increasingly uncoupled. Concerning the monopole
separation s, the results might seem counter-intuitive: the closer the
monopoles, the lesser the coupling between modes. This is due to the
fact that the .S parameters of the radiating mode are rather independent
of the separation s, which is small as compared to the wavelength, due
to the equal orientation of currents in either monopole for the radiating
mode for z < d;. The observed variation is due to the fact that Zg, to
which port 1 is referenced, increases with s. Therefore, by increasing
s the reference port impedance is made closer to the inner impedance
of port 2z, which facilitates the power injection into port 2z, and its
transfer to port 1. Finally, a comparison with the behavior of a single
monopole of length d, and width 2w+ s (for s = 0.4 mm) shows than, as
seen from port 1, the structure behaves basically as a single monopole,
quite independently of the behavior of port 1. To increase the effect of
port 15 on the radiation it is necessary to integrate the slotline mode
into a feedback loop, as that proposed in Section 5 for the designed
antenna.

The above results indicate that one possible use of the tightly-
coupled different-length monopoles could be as an antenna which ex-
cites mainly port 1, of the radiating element around the first monopole
resonance (controlled by the length d,), where there is a good-enough
matching, using port 1g to control the overall antenna behavior by
means of a slotline feedback loop. This feedback loop should be
closed by the feeding circuit of the antenna. This feedback network
should be implemented using coupled microstrip lines, since their
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Fig. 10. Multimodal model for the antenna of Fig. 9.

Fig. 11. Top-view picture of the fabricated antenna.

symmetric/even/common mode is compatible with the microstip mode
(and hence, with the radiating mode at port 1;) and their anti-
symmetric/odd/differential mode is compatible with the slotline mode.
Different feeding circuits will result in different modal couplings at
z = 0 and, therefore, in different feedback loops and antenna behaviors.
In the following section the building blocks for a feeding network
resulting in a global filtenna behavior are described.

5. Multimodal model for tightly-coupled planar monopoles fed by
coupled-microstrip networks for filtennas

A suitable feeding network for the tightly-coupled monopoles of
this work can be obtained by combining a symmetric transition from
a microstrip to a coupled-microstrip transmission line [Fig. 7(a)]—
it transforms the microstrip mode into the even mode (they have
similar voltage and current orientations) and short-circuits the odd
mode [Fig. 7(b)]—and the transition formed by two series asymmet-
ric impedances Z, and Zg in a coupled-microstrip transmission-line
section [Fig. 8(a)]—they cause a modal balance that can be modeled
by the multimodal circuit of Fig. 8(b) [27], or Fig. 8(c) when Z, =0,
Zp — co.

With the aforementioned multimodal models, among others, a
variety of feeding networks for the tightly-coupled different-length
monopoles of Fig. 1(a) can be proposed. They are generally too in-
volved to allow an analytical circuit analysis, but permit fast and
versatile circuit optimizations and parametric studies—as opposed to
their slower electromagnetic counterparts. Indeed, as far as the S
parameters of the radiating mode, S, which must be computed by an
electromagnetic simulation, do not change—as commented above, they
depend mainly of d, for a fixed value of d, which controls the frequency
of the first antenna resonance—, changes in the monopole separation
s, which controls the characteristic impedance of the slotline mode,
addition of shunt impedances between the monopoles (these affect the
slotline mode but not the radiating mode), and changes in the structure
of the excitation network can be parametrically analyzed in fast circuit
simulations and optimizations.

Using this approach of circuit parametric studies running over a
few electromagnetic simulations of the radiating mode, the circuit
depicted in Fig. 9 was found to have an excellent capacity for building
planar filtennas with a very well-defined radiation band. It consists of
the tightly-coupled different-length dipoles of Fig. 1 (with multimodal
model given in Fig. 3), fed by a coupled-microstrip section with a
gap in one of its strips (Fig. 8(a), with Z, = 0, Zz — o), which
is in turn fed by a microstrip line [Fig. 7(a)]. By combining their
multimodal circuit models, and removing superfluous 1:1 transformers,
a complete multimodal circuit model for the antenna of Fig. 9 can be
easily derived, as shown in Fig. 10. Here, the feedback loop through the
slotline mode that can modify the radiation behavior of the antenna is
apparent, as is the fact that it can be easily controlled by the lengths
d, +dg and d, in the model. Other parameters, such as strip widths
and gaps can also control its behavior, though in a more indirect way
through their effect on the characteristic impedances of the transmis-
sion lines.

6. Filtering antenna design

In order to experimentally validate the filtenna structure and design
procedure described above, a filtenna was designed to cover the 3-
GHz-5-GHz 5G bands. It was patterned on the Rogers RO4003 substrate
considered in Section 4. The antenna was designed by means of circuit
parametric simulations using the multimodal circuit of Fig. 10 running
over a few electromagnetic simulations of the radiating element (which
provided Sy, for several d, values). The antenna dimensions (see Fig. 9),
are w =2 mm, s = 04 mm, w; = 0.6 mm, s; = 0.6 mm, dy = 5.6 mm,
dg = 0.5 mm, d; = 11.3 mm, d, = 19.1 mm, ground plane length d;p =
25 mm, ground plane width wgp = 65.1 mm. The ground-plane edge at
the connector side was slotted to increase its impedance to a residual
common mode. Fig. 11 shows a top-view picture of the fabricated
antenna. The main novelty of the antenna is the addition of dipole-type
radiating elements, which allows adding additional resonances to that
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Fig. 12. Simulated (both multimodal-circuit and electromagnetic) and measured .S parameters for the radiating element of the antenna.

of the simple monopole which, in combination with a feeding network
defining a feedback loop, significantly increases the bandwidth. This
concept could be generalized to a larger number of radiating modes.

The measured, Momentum (Keysight™) electromagnetic-simulation
and ADS (Keysight™) circuit-simulation—using the multimodal circuit
model of Fig. 10 on ADS—reflection coefficient of the antenna is shown
in Fig. 12. The antenna exhibits a relative bandwidth of 52% measured
at —12 dB (62.9% at —10 dB). The good agreement between mea-
surement and multimodal circuit simulation validates the multimodal
circuit model for the antenna of Fig. 10 and proves that multimodal
circuit models can be a very useful tool to both understand an antenna
behavior and design it. Figs. 13 to 15 compare the simulated and
measured radiation diagram and directivity for the antenna at 3.0 GHz,
3.8 GHz (band center) and 5.0 GHz. Finally, the antenna efficiency,
measured using the wheeler-cap method, is n = 0.98 at 3 GHz, n = 0.97
at 3.8 GHz and # = 0.93 at 5 GHz.

In Table 1 the performances of the filtenna proposed in this paper
(—10-dB FBW, antenna gain and size in terms of the wavelength in
vacuum 4,) are compared to other filtennas of similar central fre-
quencies reported in the literature. It can be observed that the FBW
achieved with the proposed multimodal feed (as shown in Fig. 12)
is higher than that reported for all other filtennas (except [4]), with
the additional advantages of having low complexity and a multimodal
feeding structure that integrates both, matching and filtering functions.
The gain of the proposed antenna is higher than or comparable to other
filtennas with similar dimensions and complexity.

7. Conclusion

In this work, a novel structure for a simple planar filtenna based
on two tightly-coupled different-length monopoles is presented and
tested. The key to the design and the main novelty of the antenna is
the coupling of a monopole to a longer open-circuit radiating element.
This coupling, combined with an appropriate feeding network allows a
significant increase in bandwidth. It would be possible to increase the
number of coupled elements to increase the order of filtering.

First, a multimodal circuit model for the different-length monopoles
and their feeding network is derived. It separates the contributions
of the radiating and conducting current modes into different ports. In
particular, it casts light into the complex interaction between radiation
and conduction that takes place at the end of the short monopole, which
is used to define a feedback loop capable of improving the antenna
bandwidth.

Then, this circuit model is used to design the filtenna using fast
parametric circuit simulations running over a few electromagnetic
simulations of the more-invariant radiating mode.

The designed planar filtenna features a well-defined 2.8-GHz-5.2-
GHz radiation band (-10-dB FWB of 62.9%), with §|; better than —12
dB in the 3-GHz-5-GHz band, a gain between 3 dB and 3.5 dB, omni-
directional dipole-like radiation, and good out-of-band rejection up to
10 GHz.

The designed filtenna offers a very good trade-off between structural
and design simplicity, and bandwidth, and can be easily integrated on
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Normalized Electric Field at f=3.0 GHz (Dp2x = 3.25 dBi (meas))
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Fig. 13. Radiation parameters at 3.0 GHz: Orthogonal normalized E, and E; cuts, E-plane and H-plane total electric field (E;), and measured directivity.

Table 1
Comparison with previous filtennas.
Ref Central Type of filtenna —10-dB FBW (%) Gain (dBi) Dimensions (42) Filtering
frequency Peak gain (*) Estimated (*) structure
(GHz) complexity

[4] 6.9 MCR 112.2 2.05-9.8 1.38 x 1.16 Low

[5] 2.45 MCR 9.4 3.3 0.61 x 0.57 (*) Low

[6] 1.25 MCR 6.32 5.04-6.04 0.5 (*) Low

[71 4.8 MCR 35.77 2.25 (%) 0.53 x 0.44 Low

[8] 3.9 MCR 6.4 1.24 (%) 0.65 x 0.65 Low

[9] 3.3/5.76 MCR 42.4/22.6 5.95/4.93 (*) 1.19 x 1.19 (¥) Low

[10] 13.6 SIW 4.1 12.9 (%) 0.88 x 0.88 High

[11] 2.77 SIW 5.1 6.3 0.333 High

[12] 4.42 SIW 6.1 6.7 (%) 0.72 x 0.75 (*) High

[13] 4.3/5.02 SIW 6 5.94/6.45 (*) 2.27 (%) High

[15] 6 Multilayer with DR 61.4 8.7 1.2 x 1.2 (% High

[16] 2 Two-layer coupled res. 12.8 6.09 0.95 (*) Very high
[17] 1.7 Multilayer coupled res. 16.9 5.5 0.77 x 0.73 (*) High

[18] 3.4 Multilayer coupled slots 23.5 6.8 1.13 x 0.37 (%) High
This work 3.8 Multimodal coupled feed 62.9 3.0-3.5 0.82 x 0.82 Low
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Normalized Electric Field at f=3.8 GHz (Dpax = 3.11 dBi (meas))
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Fig. 14. Radiation parameters at 3.8 GHz: Orthogonal normalized E, and E; cuts, E-plane and H-plane total electric field (E;), and measured directivity.

the edges of a printed circuit board containing the signal-processing
circuitry. The main application of the filtenna is the full coverage of
the emerging 5G frequency bands between 3 GHz and 5 GHz (bands
n77, n78 and n79).

This work demonstrates how a decomposition of antenna currents
into radiating and conducting modes—akin to that used for classic
folded dipoles—can be employed to propose new kinds of antennas
and to extend the circuit modeling into the antenna bulk. This may
be a promising approach to analyze and design other antennas based
on two or more coupled monopoles or dipoles.
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Normalized Electric Field at f=5.0 GHz (D,2x = 3.77 dBi (meas))
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Fig. 15. Radiation parameters at 5.0 GHz: Orthogonal normalized E, and E, cuts, E-plane and H-plane total electric field (E;), and measured directivity.
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