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Abstract— This article proposes a full-metal omnidirectional
series-fed filtenna array. The antenna is primarily composed of
an outer metal shell, a built-in metal post and three pairs of open-
circuit branches. To achieve horizontal omnidirectional radiation,
a circular groove is dug on the outer metal shell. Additionally, the
built-in metal post is connected to the coaxial feed and shorted
at the end with the outer shell. The antenna’s filtering principle
can be interpreted as a second-order bandpass filter without
any transmission zeros. To enhance out-of-band suppression,
three pairs of open stubs have been introduced. And then, three
radiation nulls are incorporated to improve frequency selectivity
and out-of-band suppression without increasing additional circuit
size. Finally, a 3-D-printed series-fed filtenna has been fabricated
and measured. The —10-dB |S;; | impedance fractional bandwidth
is 3% (ranged from 2.79 to 2.875 GHz), the antenna peak gain is
6.6 dBi, and the three radiation nulls are located at 2.55, 2.69, and
3.09 GHz, respectively. The measured out-of-band suppression is
28 dB.

Index Terms— Filtenna, full-metal, high-selectivity, omnidirec-
tional, series-fed antenna.

I. INTRODUCTION

N A wireless communication system, the antenna plays a

crucial role as it receives all external radio frequency (RF)
signals before they undergo further signal processing. With the
increasing demand for large-area signal coverage in modern
communication, antennas are now faced with more challenging
requirements as they receive not only signals but also more
interference. Thus, good out-of-band suppression is partic-
ularly important due to the extremely dense of spectrum
resources in commercial wireless communication. To solve
this problem, a filtering function should be added to this
kind of antenna to become a filtenna. Filters play an essential
role in eliminating unwanted near-band signals or interference
noise. However, the traditional method of cascading filters
with antennas will inevitably increase the circuit size. As high
integration is a key trend in the development of RF circuits,
there is a growing need to reduce the space occupied by

Manuscript received 27 September 2023; revised 24 March 2024; accepted 2
April 2024. Date of publication 12 April 2024; date of current version 7 May
2024. This work was supported by the National Natural Science Foundation
of China under Grant 62171289. (Corresponding author: Sai-Wai Wong.)

The authors are with the State Key Laboratory of Radio Frequency
Heterogeneous Integration, College of Electronics and Information Engineer-
ing, Shenzhen University, Shenzhen 518060, China (e-mail: wongsaiwai@
ieee.org).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TAP.2024.3385914.

Digital Object Identifier 10.1109/TAP.2024.3385914

RF devices. To address this, antennas with integrated filtering
functions have emerged, combining the functionalities of both
the filter and the antenna [1], [2]. This integration allows for
more compact RF designs while maintaining the necessary
filtering capabilities.

After decades of development, various types of filtennas
have been reported in the literature, employing different
technologies. These include patch filtennas [1], [2], [3],
[4], [5], filtering dielectric resonator antennas (FDRAs) [6],
[71, [8], [9], [10], [11], [12], [13], substrate integrated waveg-
uide/cavity filtennas [14], [15], [16], [17], [18], [19], dipole
filtennas [20], [21], and others. According to the design
method of filtennas, they can be broadly classified into two cat-
egories: filter-based design method and antenna-based design
method. In the filter-based design method, the antenna is
considered as the last resonator and output port of the filter.
In [23], a microstrip antenna is connected to the end of
the bandpass filter. This filtenna not only acts as a radiator
but also serves as the second order filter, which achieves
13 dB out-of-band suppression. Su et al. [21] proposed that
a series-fed antenna is designed based on the principle of
a second-order bandpass filter to achieve better harmonic
suppression performance. Lin et al. [24] proposed that a
technique is described where two sets of different slots are
regularly etched on the cavity according to the magnetic field
distribution of the high-order mode. This approach enables the
realization of a dual-frequency dual-polarization filtenna.

From the perspective of antenna design, there are three
main methods that can be employed. The first method involves
incorporating a band-stop parasitic structure into the antenna.
In [25], the parasitic structure is loaded on both sides of the
microstrip feed line to provide good out-of-band suppression
for the upper stopband, the out-of-band suppression larger
than 25 dB; the second design method involves integrating
short-circuit metal pillars, gaps, or parasitic elements into
the antenna design, which can be utilized to modify the
electric field or magnetic field, or alter the surface current
distribution. This is a widely used design technique in filtenna
design. In [26], a low-frequency null is generated through a
diagonal slot, and a high-frequency null is generated through
an E-shaped slot. In [9], by adding three sets of different
metal pillars in the dielectric resonator, the original electric
field distribution is changed while the mode is transferred,
two radiation nulls are generated, and the out-of-band sup-
pression exceeds 14 dB. Similarly, [27], [28] demonstrated
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that a low-frequency radiation null could be achieved by
incorporating short circuit metal posts, while [29] showed that
introducing four parasitic patches around the main patch not
only induced a resonant mode but also introduced a radiation
null. Finally, a multielement structure and special feeding
design methods can also be used, such as the method of
transverse coupling can produce several radiation nulls [30].
In [31], three independently designed patch antennas are
used. When all three antennas are excited simultaneously,
the patches located on both sides of the main radiating
patch can each cancel out with the main radiating patch to
create two radiation nulls; likewise, in [32], the antenna is
fed through multiple paths, causing a radiation cancellation
between the patches, resulting in a high-frequency radiation
null. While there have been numerous studies on filtennas
and omnidirectional antennas individually, there has been
relatively less research conducted on the combination of filters
and omnidirectional antennas [33], [34], or on full-metal
antennas [35], [36], [37].

Due to the large area coverage of omnidirectional antenna,
filtering function is particularly important than other kind of
antenna. In this work, a full-metal omnidirectional series-fed
filtenna based on 3-D metal printing technology is proposed.
The proposed filtenna design features a metal post series-fed
antenna structure that radiates electromagnetic (EM) energy
through four circular slots. In order to achieve better frequency
selectivity without increasing the size of the antenna, some
metal open branches are introduced. The filtenna is fabricated
using advanced manufacturing techniques and subjected to
rigorous testing. The measured results demonstrate excellent
agreement with the simulation, validating the effectiveness
of the proposed design. This article is organized as follows.
Section II discusses the antenna principle, Section III focuses
on antenna design, Section IV covers antenna fabrication
and measurement, at the same time, the performance of the
proposed filtenna is compared with some previous antennas
in Table I. Section V provides a conclusion, followed by an
appendix that includes some fundamental theories related to
the proposed antenna and the impact of certain parameters on
performance.

II. ANTENNA PRINCIPLE

Fig. 1(a) depicts a simple series-fed antenna array, which
serves as a basic electrical model for the filtenna proposed
in this article. It is important to note that this model does
not take into account the actual physical support provided
by the outer metal shell, nor does it consider the radiation
pattern performance. These aspects will be further refined and
improved in Section III of the article. Section III will provide
more detailed explanations and enhancements regarding these
aspects of the filtenna design.

Next, the equivalent circuit is used to qualitatively ana-
lyze the omnidirectional series-feed antenna array. Fig. 1(c)
and (b) are the equivalent circuit diagrams of N elements
and two elements, respectively. The series-fed antenna can be
modeled as a second-order filter circuit, as described in [20].
As a result, it possesses inherent filtering capabilities and
can exhibit certain filtering performance. The loaded annular
slot antenna can be equivalently represented as a section of
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slot 1

Fig. 1.  (a) Preliminary model of two-elements series-fed antenna array.
(b) Preliminary equivalent circuit model of two-element antenna array. (c) Pre-
liminary equivalent circuit model of N-element antenna array.

=B Circuit [S,| —8— Circuit [S,,|

—&— Antenna normalized gain —A— Antenna |S,,|

L A
=) >

S-parameter (dB)
&
=)

-40

1 1

1 1
24 25 26 27 28 29 30 31 32

-50 1 1 1

Frequency (GHz)

Fig. 2. Circuit simulation and CST model simulation results.

transmission line Z;, along with either port 2 or port 3.
The Z, represents the resonance characteristics of the slot
antenna, while the ports represent the energy radiated by the
slot antenna. Assuming that all the radiated energy can be
collected to ports 2 and 3, Z; and Z; are equivalent to series-
fed, and this circuit diagram can also be expanded into a
series-fed antenna array with multiple array elements. Fig. 1
illustrates a three-port network, where the total energy radiated
by the antenna is equivalent to the sum of the energy collected
at port 2 and port 3. Since Z3 has a length corresponding to
one wavelength or 360° electrical degrees, we can combine
ports 2 and 3 to create a virtual port 2, then |Sy;| of the
network can be calculated according to the law of energy
conservation as follows, |Sy;| = /1 — |S11/|%. Fig. 2 compares
the simulation results of the circuit and antenna shown in
Fig. 1(a). It is evident that the |S|;| of the two models are
reasonable consistent, but the gain curve of the circuit model
simulation is slightly different from the |S,;| of the circuit
simulation, this is reasonable because circuit simulation is an
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Fig. 3. Computational and CST model simulation radiation patterns.
(a) E-plane. (b) H-plane.

ideal equivalent model, while full-wave simulation includes
the influence of various parasitic effects on the overall perfor-
mance of the antenna. This initial two-element two antenna
arrays will be introduced in Section III.

According to the equivalence circuit model between the
annular slot antenna and the short electric dipole discussed
above, the radiation pattern E-plane and H-plane of the
series-fed antenna can be approximately calculated according
to (1) and (2), and the radiation pattern of model simulated as
shown in Fig. 3(a) and (b), respectively,

601 cos(%cosb) (kd ) o
E@®,¢)=j——=—2cos| —cosO Je ™’ (1)
r siné 2
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f0.9) =200 @)
MAX

From the circuit model simulation and full-wave simulation
results, it can be seen that the antenna has omnidirectional
radiation performance and has certain filtering performance.
However, there are no transmission zeros which means poor
frequency selectivity. Next, the filtering performance will be
further improved, and the antenna array will be composed of
a ring-shaped filtenna.

III. ANTENNA DESIGN
A. Case-A

Fig. 4(a) displays the overall structure of case-A filtenna,
which consists of three main components: the outer metal
shell, the inner metal post, and the coaxial feed located at the
bottom. Furthermore, Fig. 4(b) illustrates that a slot antenna is
formed along the outer metal shell of this filtenna to achieve
omnidirectional radiation. To ensure sufficient physical support
for the metal shell, four half-wavelength shorting branches are
incorporated across the slot. These branches serve the dual
purpose of providing physical support and grounding effects
at both the lower and upper metal shell. Fig. 4(c) visually
depicts the internal structure of the proposed filtenna, showcas-
ing the arrangement of open stubs within the antenna design.
The filtenna design includes two pairs of quarter-wavelength
open stubs, each corresponding to their respective radiation
null frequencies located at the lower and upper stopband.
Furthermore, the inner metal post is short-circuited at the top
with the outer metal shell, which provides a third radiation
null at the lower stopband. These design features contribute
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(a)

Fig. 4. Structural diagram of case-A filtenna. (a) Three-dimensional view.
(b) External structural diagram. (c) Internal structural diagram.
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Fig. 5. Simulation S parameter and gain curve of case A.

to improved filtering performance and enhanced radiation
characteristics of the filtenna

c
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To mitigate the effects of structural asymmetry on the radiation
pattern, the same length of open stubs is symmetrically placed
around the inner metal post as the center of symmetry. This
approach helps ensure a more balanced radiation pattern and
reduces potential deviations caused by structural asymmetry.
The frequency of radiation nulls can be estimated
using (3)—(5). In these equations, (I; + [;) represents the
length of the short branch, 4 corresponds to the height of
the antenna, and (/3 + Il4) denotes the length of the long
branch. By substituting appropriate values into these equations,
the frequency of radiation nulls can be approximated. Fig. 5
shows the S-parameter and gain curve of case-A. It can be
seen that the center frequency of passband of the filtenna is
2.65 GHz, the impedance bandwidth of |S;;| less than —10 dB
is 18.16% (2.43-2.916 GHz), the lower stopband has two
radiation nulls at 1.59 and 2.1 GHz, and the low frequency out-
of-band suppression achieves 19 dB, the upper stopband has
a radiation null at 3.09 GHz, and the out-of-band suppression
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(a) (b) ©

Fig. 6. Surface current distribution of case A at frequency of radiation nulls.
(a) 1.59 GHz. (b) 2.1 GHz. (c¢) 3.09 GHz.

Fig. 7. Structural diagram of case-B filtenna. (a) Three-dimensional view.
(b) External structural diagram. (c) Internal structural diagram.

achieves 9 dB, the slight discrepancy between the calculated
result from (3) to (5) and the optimized result is likely due
to the consideration of parasitic effects in the overall antenna
design. Fig. 6(a) and (b) shows the current distribution at two
low-frequency radiation nulls, and Fig. 6(c) shows the current
distribution at high-frequency radiation nulls. f,; is generated
by a pair of long stubs, and f,; is generated by a pair of short
stubs. The EM energy at f, and f,; is mainly concentrated
on the open stub without radiating into the free space, while
[z is generated due to the half-wavelength short-circuit of the
inner metal post.

The impact of certain important parameters on the radiation
nulls are shown in the appendix. Table II shows the size of
the optimal simulation results of case-A filtenna.

B. Case-B

It can be seen from the filtenna gain curve in Fig. 5 that the
in-band gain of the antenna is 2 dBi, and the high-frequency
suppression level is 9 dB, in order to further increase the
gain and improve the filtering performance, the case-B filtenna
shown in Fig. 7 is proposed. The antenna features two slots on
the metal shell specifically positioned for achieving omnidirec-
tional radiation. These slots are symmetrically located about
the plane at a height of &/2, ensuring balanced radiation pat-
terns in all directions. To optimize the radiation performance,
it is essential to position the slots at the height where the
current density is the strongest. This ensures that the maximum
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Fig. 8. Simulation S parameter and gain curve of case-B.

EM energy is radiated from the antenna. Additionally, in order
to enhance the gain, it is important for the EM energy radiated
by the two slots to superimpose on each other. To achieve this,
the current densities of the metal pillars at the height of the two
slots should be in phase. By aligning the phases of the current
densities, the constructive interference between the radiated
waves from the slots can be maximized, resulting in increased
antenna gain.

For improving the filtering performance of the case-A, the
open branches were increased to three groups as shown in
Fig. 7(c). In the electrical circuit model of the case-B filtenna
discussed in Fig. 1, it is observed that the electrical length
between two radiation elements, port 2 and port 3, is only
one wavelength apart. However, this configuration does not
meet the requirement for achieving a good radiation pattern
in the antenna array. To ensure the in-phase property between
two radiation elements and achieve a good radiation pattern,
it is indeed crucial to maintain the electrical length of the
Z3 element at one wavelength. Indeed, if it is necessary to
reduce the physical length of the Z3 element while maintaining
the desired electrical length and in-phase property between
radiation elements, techniques such as meandering or folding
can be implemented. By implementing these techniques, it is
possible to achieve a shorter physical length without compro-
mising the in-phase property between the radiation elements.
For reducing the physical length of Z3 of the filtenna, some
protruding slow wave structures were added to the built-in
inner metal post, and the distance between the two slot
antennas was reduced to about half a wavelength to satisfy the
condition of superimpose of two slot elements, the six slow
wave structures are symmetrical about the plane with height
h/2 as shown in Fig. 7(a).

As shown in Fig. 8, it is the simulated S-parameter and gain
curve of case-B filtenna. The passband center frequency of the
filtenna is 2.9 GHz, and the —10-dB impedance bandwidth of
|S11] is 3.4% ranged from 2.863 to 2.964 GHz. Fig. 9 is a
fullwave simulation of the current distribution at the center fre-
quency point with electromagnetic bandgap (EBG) [35], [36]
structure between two radiation slots. Indeed, the highest
current density is observed at the positions of the two slots
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Fig. 9. In-band current diagram of case-B.
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Fig. 10. Structural diagram of a single EBG structural. (a) Without EBG.
(b) With EBG.

where radiation occurs. These high-density regions are indi-
cated by the red arrows. Additionally, the phase between the
two radiation slots is specifically designed to have an electrical
length of 360°, ensuring they are in phase with each other.
This phase alignment enables constructive interference and
enhances the overall radiation performance of the antenna.
The EBG structure serves an additional purpose of enabling
slow wave propagation, which helps reduce the overall phys-
ical length of the two radiation elements. Without the EBG
structure, the physical length of the two radiation slots would
need to be one wavelength to achieve the desired in-phase
condition. However, this would result in an undesired radiation
pattern. Adding a EBG structure can reduce the physical
length between the slots to half a wavelength, which meets
the optimal spacing for forming an array with good radiation
pattern. Meanwhile, the electrical length of the two slots is
one wavelength in phase due to the slow wave property of the
EBG structure.

Fig. 10 is a schematic of a single EBG unit. In the following
analysis, we will examine the effect of slow wave behavior.
In Fig. 10(a), a metal post is integrated into the filtenna without
a slow wave structure. To investigate the transmission char-
acteristics of this configuration, we extract the guided-wave
propagation constants (y = « + jf) from its Z-matrix [38],
[39], [40]. According to the Z-matrix, ABC D matrix can be
obtained, then the propagation constant  can be calculated
by the following equation:

A+D

cosh(yL) = 5

(6)
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Fig. 11. Phase constant comparison with and without EBG structure.

where L is the physical length of an EBG structure. The
extracted phase constant B/ky is shown in Fig. 11, where
ko is the phase constant in free space. It can be observed
that the phase constant of the EBG structure is approximately
0.5 times greater than that of the uniform unit without EBG
structure. This indicates that, in the absence of EBG structure,
the electrical length required is one wavelength, and the
physical length is also one wavelength. By incorporating
the EBG structure, it becomes possible to maintain a phase
difference of 2w, while reducing the physical length of the
radiation elements to half a wavelength. In this way, the goal
of smaller array element spacing can be achieved with in-
phase radiation, which is consistent with the original intention
of designing the EBG structure. Fig. 11 also compares the
B/ ko corresponding to different rt,. It can be seen that when
rt, gradually increases, 8/ k¢ also increases, the phase change
after the current flows through the EBG is greater; this implies
a stronger slow wave effect.

Fig. 11 illustrates the performance of a single EBG. Next,
we analyze the EBG structure used in case-B. As illus-
trated in Fig. 12, the red line represents the phase shift
after current passes through the EBG structure of case-B,
approximately 11°. The green line depicts the phase shift when
the line is of the same length but without an EBG structure,
with a phase difference of the current at the center frequency
of the two lines being about 250°. This indicates that the
currents between the two annular slots in case-B are in phase.
The reason the phase difference here is not a perfect 180°
shows that the distance between the two annular slots is not a
perfect half wavelength, but about 0.7\ after the antenna gain
optimization.

From the gain curve, it is evident that the lower stopband
exhibits two radiation nulls, resulting in an out-of-band rejec-
tion of 26 dB. On the other hand, the upper stopband displays
a radiation null, leading to an impressive out-of-band rejection
of 35 dB. Compared with case-A filtenna, the high-frequency
filtering performance has been greatly improved. The realized
gain is 4.5 dBi in the passband. The three radiation nulls
of case-B filtenna are all generated by three open stubs.
According to formula (4), the radiation null generated by
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Fig. 12.  Phase change comparison between two annular slots with and
without EBG structure (case-B EBG: case-B filtenna with EBG, case-B
without EBG: case-B filtenna without EBG, The prop.Ant EBG: The proposed
filtenna with EBG, The prop.Ant without EBG: The proposed filtenna without
EBG).

Fig. 13.
(©) fzs.

Current distribution at radiation nulls of case B. (a) fz;. (b) fz.

the half-wavelength short-circuit relationship has a frequency
near 0.92 GHz and is far away from the central frequency
band, so it does not have much significance effect for the
filtering performance. This is why case-B filtenna only uses
open stubs to generate radiation nulls near passband. Fig. 13
shows the current diagram at the three radiation nulls. Similar
to the case-A, at this specific frequency point, the EM energy
is primarily concentrated on the three pairs of open stubs.
Instead of radiating into free space, the EM energy is confined
within these stubs. The effects of certain key parameters on the
radiation nulls are presented in the appendix. Table III shows
the size of the optimal simulation results of case-B.

C. Proposed Antenna

Fig. 14 illustrates the block diagram of the proposed
antenna design. To enhance the omnidirectional radiation gain,
a four annular slots filtenna configuration is introduced. The
positions of the four slots are symmetrically arranged about
the plane at a height of A/2. Additionally, three sets of
open-circuit branches are incorporated into the built-in metal
post connected to the feeding coaxial cable transmission line.

Fig. 14. Structural diagram of the proposed filtenna. (a) Three-dimensional
view. (b) External structural diagram. (c) Internal structural diagram.

To facilitate the fabrication process, three ring-shaped struc-
tures resembling circular frustums are added to the metal shell.
These structural additions help meet the requirements of the
manufacturing process while ensuring the desired performance
of the antenna. The primary difference between the proposed
filtenna and the EBG structure in case-B is the number of
EBG structures used to achieve better impedance matching.
The proposed filtenna utilizes three EBG structures, while
case-B employs four EBG structures. Based on the phase
change between the two annular slots depicted in Fig. 12,
it can be observed that at the center frequency, there is
an approximate phase difference of 45°. Despite this phase
difference, the performance remains close to an electrical
length of 0°, a constructive superimpose radiation pattern can
still hold in this condition with three EBG structures while
keeping physical spacing of the array element to close to half
a wavelength.

Fig. 15 shows the current diagram at the center frequency
point of the simulation. As shown in this figure, the current
directions at the corresponding positions of the feeding metal
pillars with the same height as the four slots are all the same
(red arrows). Based on the current flow in the EBG slow
wave structure, it can be observed that the current is generally
opposite to the current flowing at the radiation location.
Additionally, the current passing through the EBG structure is
approximately half a wavelength. These characteristics suggest
that the reverse current does not appear significantly at the
circular radiation slot, allowing the electric field of these four
slots to be superimposed after radiation. The proposed filtenna
generates three radiation nulls using open stubs, which is simi-
lar to the approach used in case-B filtenna. Two pairs of longer
open stubs are used to generate low-frequency radiation nulls,
while a short open stubs is used to create the high-frequency
radiation null. The half-wavelength short-circuit effect is not
utilized in this design to generate the radiation null because
it is far away from the passband. By using open stubs to
generate the radiation nulls, the proposed filtenna can achieve
better filtering performance with a higher degree of control
over the frequency response. This approach also allows for
greater flexibility in adjusting the position and bandwidth of
the radiation nulls, making it easier to optimize the antenna’s
overall performance.
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Fig. 16. Photographs of the proposed filtenna.

IV. ANTENNA FABRICATION AND MEASUREMENT

In order to verify the above statement, the model of the
proposed filtenna was processed and tested. Fig. 16 is the
photographs of the proposed filtenna. The metal material used
for 3-D printing here is aluminum alloy. Due to the complexity
of the structure, it cannot be processed as a whole. Therefore,
the entire antenna is divided into three parts during the full-
metal 3-D printing process. The optimized dimensions of this
antenna are shown in Table IV.

The measurement of S-parameters uses Keysight vector
network analyzer (KEYSIGHT ES5071C), and the radiation
pattern and realized gain are carried out in the anechoic
chamber far-field test system.

Fig. 17 presents a comparison between the simulated
and measured S-parameters and gain curves of the filtenna.
It should be noted that due to processing errors, the actual size
of the filtenna is slightly smaller than the simulation model.
This discrepancy is also reflected in the measured results
shown in Fig. 17. The measured —10 dB impedance bandwidth
is 3%, spanning from 2.79 to 2.875 GHz. Additionally, the
peak gain in the passband is 6.6 dBi, while three nulls are
observed at 2.55, 2.69, and 3.09 GHz. The measured out of
band suppression has reached 28 dB, showing good filtering
characteristics. The frequencies of the three nulls basically
conform to the speculations of formulas (3)—(5). The results
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Fig. 17. Simulated and measured S parameter and gain curves of the proposed
antenna.
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Fig. 18. Simulated and measured efficiency of the proposed filtenna.

of simulation and measurement are reasonable matched to
each other. Since the antenna is processed using emerging 3-D
printing technology, in order to verify its reliability, Fig. 18
shows the efficiency of simulated and measured, the maxi-
mum efficiency of simulation is 98.7%, while the maximum
efficiency in measured is approximately 98.1%. It can be seen
that the measured efficiency is generally consistent with the
simulated results except for a slight frequency shift.

Fig. 19 shows the simulated and measured E-plane and
H-plane radiation patterns at the two resonant frequency
points, respectively. It can be seen that the cross-polarization
of the E-plane tested is not as good as simulation, the main
reason is that the 3-D metal printing of the proposed filternna
is not perfectly identical along the center point. As shown in
Fig. 19(c) and (d), this is also reflected in the H-plane pattern,
and the measured results are not as close to a perfect circle
as the simulated results, which is caused by the imperfections
in antenna fabrication. The pattern of the proposed antenna is
similar to that of a dipole, which is explained at the beginning
that the annular slot is complementary consistent with the
dipole.
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TABLE 1
COMPARISON OF THE PROPOSED ANTENNA WITH OTHER DESIGN
omnidirection S . suppression manufacturing Antenna
Ref. Filtering method FBW gain TZs . 3
antenna level process Size(A5)
[21] Yes Internal filter 1.8% 6.2 dBi 0 12.3 dBi PCB 0.0066
[26] No Slots 58.3% 7.6 dBic 2 14 dBic PCB 0.056
[27] No Parasitic patch 5.1% 63dBi | 2 16 dBi PCB 0.005
+ shorting post
[28] No Short slot 12.6% 9.06 dBi 2 26 dBi PCB 0.0298
[29] No Splitring resonator 18.8% 9.5 dBi 2 10 dBi PCB 0.135
(SRR)
[32] No Quarter-wavelength branch | =g ;)¢ 8.2 dBi 2 24.11 dBi PCB 0.047
+ multipath cancellation
[33] Yes / 11.6% 11 dBi / / PCB 0.046
[34] Yes / 20% 3 dBi / / PCB 0.071
This work Yes Open stubs 3% 6.6 dBi 3 28 dBi Metal 3D Printing 0.2135
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Fig. 19. Simulated and measured E-plane and H-plane pattern. (a) E-plane at
the first resonant frequency point. (b) E-plane at the second resonant frequency
point. (c) H-plane at the first resonant frequency point. (d) H-plane at the
second resonant frequency point.

Table I presents a comparison between the proposed filtenna
and other filtennas reported in the references. Among all the
filtenna designs listed, the proposed filtenna demonstrates the
highest out-of-band suppression. This superior performance
can be attributed to the presence of three radiation nulls in
the proposed filtenna, which surpasses the capabilities of the
other filtennas listed in the table. Among those omnidirectional
antennas, the bandwidth of [33] and [34] and the gain of [33]
are higher than the proposed filtenna, but they do not have
filtering performance. It is noteworthy that, the proposed
filtenna is full-metal 3-D printing which means there is no
dielectric loss and the power handling capability is higher than
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Fig. 20. Circular slot antenna. (a) Conversion diagram. (b) Electric field and
magnetic field distribution.

Fig. 21.  Slot antenna array. (a) Independent feed. (b) Series-fed.

those PCB antennas. This is mainly due to the fact the our
proposed filtenna is a full-metal high gain antenna, which has
high power handling capability while the other antennas in
comparison table are using planar PCB technology which of
course has compact in antenna volume.
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TABLE II
PARAMETERS OF THE CASE-A

Size I I Is Iy ls Is d1
Value 6 45 6 38 5 13
(mm)

Size do r h h1 wslot
Value 2 2.7 60 51 11
(mm)

TABLE III
PARAMETERS OF THE CASE-B

Size 151 lo I3 In Is lg d1
Value 5 5 12 19 12 14.5 12 17.5
(mm)

Size do r rt1 rto h h1 ho
Value 2 3 9.6 15 163 3.8 83
(mm)

Size hs3 htq hto hry hro hrs wslot
Value o 14 12.8 34 60 745 16
(mm)

TABLE IV
PARAMETERS OF THE PROPOSED ANTENNA

Size If lo I3 lg ls le d1
Value oo 435 205 135 155 135 174
(mm)

Size do r hs1 hss h h1 ho
Value 2 3 47 167 274 8 10.5
(mm)

Size hs3 htq hto hry hro wslot
Value ¢ 14 128 252 62 7
(mm)

V. CONCLUSION

This article introduces a full-metal omnidirectional filter-
ing series-fed antenna that is manufactured using 3-D metal
printing technology. The antenna design is equivalent to a
second-order filter circuit and incorporates three pairs of
open stubs. These open stubs are strategically placed to
generate three radiation nulls, thereby achieving effective out-
of-band signal suppression. Importantly, the addition of these
radiation nulls does not result in an increase in the overall
size or complexity of the antenna circuitry. The EBG-based
approach is proposed to reduce the physical dimension for
achieving good radiation pattern. For verifying the proposed
idea, an omnidirectional filtenna using four slots for radiation
has been designed. This antenna achieves a 10-dB fractional
bandwidth of 3% and has a relatively high gain, good omnidi-
rectional radiation performance, 28 dB out-of-band rejection
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Fig. 22. Key parameter analysis of case A. (a) fz1. (b) fz. (¢c) fz3.

implies good filtering performance. Finally, this article have
successfully fabricated a full-metal omnidirectional filtenna
using 3-D metal printing technology. The simulation and
measurement results obtained align with the design theory,
confirming the effectiveness of the proposed design. The
presented omnidirectional filtering antenna offers an excellent
solution for achieving omnidirectional coverage in commu-
nication systems. Particularly in scenarios where the target
location is unknown or constantly changing, the use of omni-
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directional antennas becomes crucial. This article presents a
new design solution for such antennas.

APPENDIX

To improve the overall conciseness of the article, some
figures and tables will be placed in the appendix. The figures
and tables are as follows.

As shown in Fig. 20(a), in order to construct an omnidirec-
tional radiation antenna, the slot antenna can be bent into a

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 72, NO. 5, MAY 2024

circular ring, and the feeding source is placed at the center of
the circle. According to the complementary theory, there exists
a close relationship between a slot antenna and a short electric
dipole. In this theory, the slot antenna can be approximated
as a dipole by forming a complementary structure with it.
Fig. 20(b) illustrates the EM field of an omnidirectional
slot antenna, where the electric field is distributed along the
vertical direction and the magnetic field is distributed along
the horizontal direction. If multiple circular slot antennas are
stacked vertically, an antenna array can be formed, as depicted
in Fig. 21(a). In order to have good radiation pattern, two
condition should be simultaneously satisfied: the same feeding
source must be located at the center of the circle with equal
phase, and the distance between the array radiation elements
must be about half a wavelength. However, in practical appli-
cation, it is difficult to use traditional power divider to feed
vertical circular slot antenna practically. Thus, the series feed
is used in this article to solve this problem as shown in
Fig. 21(b).

Fig. 22 illustrates the analysis of some key parameters
that influence the radiation nulls in the case-A. As depicted
in Fig. 22(a), when the length of the long open stub /3 is
increased, the low-frequency radiation null f;; shifts toward
lower frequencies. Similarly, as shown in Fig. 22(b), when
the height of the antenna is increased, the frequency of
the radiation null f, also shifts toward lower frequencies.
Likewise, when the short open-circuit stub length /; decreases
as shown in Fig. 22(c), the high-frequency radiation null fy;
moves to high frequency.

Fig. 23 shows the analysis of some key parameters of
case-B. As shown in Fig. 23(a), when the long open-circuit
stub length /¢ gradually increases, the low-frequency radiation
null f,; moves to low-frequency, and when the open-circuit
stub length /3 gradually increases as shown in Fig. 23(b),
fz, moves to low-frequency. Similarly, when the short
open-circuit stub length /s decreases, the high-frequency radi-
ation null f,3 moves to high frequency as shown in Fig. 23(c).
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