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ABSTRACT The present study proposes a dual-polarized bandwidth-enhanced filtering specialized dipole
antenna design for 5G by employing a wide printed dipole, filtering resonators, a reflector surface, and
specially designed balun structures. Such a configuration is commonly deployed in conventional base
stations. To increase the antenna impedance and radiation bandwidth, a specifically designed, wide-printed
flared dipole antenna structure is used as the main radiator element. Transmission zeros are introduced at
both pass band edges to create a filtering response by engaging parasitic elements. The parasitic element
for the higher frequency edge of the filtering is placed close to the maximum amount of the induced current
on the radiator at the operating frequency, whereas the parasitic element for the lower frequency edge of
the filtering is located close to the perpendicularly polarized structure. The antenna aims to create radiation
nulls at the impedance bandwidth limits; therefore, the parasitic arcs are used to create surface currents that
cancel the broadside radiation at the limits of the impedance bandwidth. The study illustrates a complete
analysis of the broadband printed patch antenna having a filtering effect by parametric investigations on
the dimensions and resulting physical phenomenon in detail. To demonstrate the approach, a prototype
of the antenna is fabricated and measured. According to the measurement results, the antenna performs
76% impedance bandwidth between 2.49 GHz and 5.59 GHz with |S1| and |S22| < —10 dB by providing
exceptional isolation values of |S21| < —20 dB in entire operating band. The fabricated antenna has a stable
radiation beamwidth with less than £-5° variation and the measured gain in the operating frequency is almost
constant and equal to 8.2 dBi.

INDEX TERMS Broadband antenna, dipole, dual-polarized, filtering antenna, radiation null, transmission
Z€ro.

I. INTRODUCTION should cover the 2.65-5 GHz band to operate almost all of

Communication protocols are constantly evolving to meet the
demands of highly populated users. The currently developing
5G protocols have dedicated different frequency bands for
LTE and 5G-NR applications. The popular frequencies for
LTE applications reside between 2.5 GHz and 3.5 GHz
(bands 38, 41,42, and 43) [1], on the other hand, the popular
frequencies for 5G-NR applications are between 3.3 GHz
and 5 GHz (n77, n78, and n79) region. The communication
antenna that is back-compatible for communication purposes
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the populated frequency bands of LTE and 5G protocols.
This study focuses on the design of a dual-polarized,
wide-band antenna that spans the related broad frequency
band. Although these bands cover the entire communication
spectrum, it is also neighbor to the free bands. 2.45 GHz is
the center frequency of the free band for Wi-Fi applications,
while 5.6 GHz is the center frequency band dedicated to
amateur indoor applications. Therefore, the designed antenna
should achieve sharp impedance transformations at 2.5 and
5.6 GHz points to avoid interference from neighboring bands.
Having sharp transitions in the reflection coefficient can
be achieved by filtering structures. However, a separate

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.
For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/
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RF filter circuitry cost more than its value due to space
limitations, complex design, and additional losses. Therefore,
the second aim is to introduce filtering effects to the antenna
structure by eliminating the RF circuitry. An integrated
filtering antenna concept that realizes the filtering and
radiation purposes is employed to accomplish this goal.
A filtering antenna can replace the sequential link between
the filter and the antenna. This eliminates the extra loss that
occurs at their interface and allows for a smaller overall
size. Filtering antennas are also beneficial to deal with
excess coupling problems in multi-band arrays that share
the same aperture. They offer improved isolation between
various services without the need for a larger antenna size,
thanks to their excellent out-of-band radiation suppression
properties [2]. There are three conventional and common
methods for designing such filtering antennas. These are:
usage of cascaded filters [3], synthesis method based on
the coupled-resonator filter (CRF) [4] and, filtering without
extra circuitry [2], [5]. For the first one, cascaded filters and
antennas are connected consecutively, leading to additional
insertion loss and an increase in physical dimensions.
To eliminate the drawbacks of the cascaded filters, the CRF
approach is proposed by co-designing the antenna and the
filter elements. Here, CRF theory is utilized to combine
the antenna and filters. A simplified and compact system is
obtained by coupling resonators. For the last one, filtering
without extra circuitry integrates the filter functionality on
patch antennas by modifying the shape or dimensions of the
patch and its feeding structure to obtain the requested or
desired filtering characteristics [2], [5].

The present study offers an altered and improved dual-
polarized bandwidth-enhanced filtering dipole design to
meet the demands explained previously by employing a
synthesis method based on the coupled resonator filter for
a specially designed dipole structure. The challenges for
such applications are wide-band feeding structure, arraying,
mutual coupling, wide and stable impedance, and radiation
bandwidths [6], [7], [8], [9]. In this study, such challenges are
investigated and improvements are presented in the following
sections. The investigation aims to suggest a dual-polarized
unit cell antenna design for the base station used in 5G.
To eliminate the out-of-band signals, parasitic elements are
employed to create radiation nulls at the edge of the operating
frequency band [10], [11], [12]. In addition to eliminating
the out-of-band signals, wide-band printed dipole structure is
investigated to obtain wider impedance, and radiation band-
widths compared to the literature [13], [14], [15]. Although
there are several common similarities between the proposed
design and the literature, it is distinguished by employing
wide-band dipole, feeding, and filtering mechanisms. In the
literature, similar designs, either use feeding mechanisms
such as a transmission line or aperture coupling for wide-band
antenna structures to eliminate the Balun structure [15], [16],
[17], [18], [19], [20] or use dipole-type antennas employing
bulky parasitic structures [7], [13], [14]. Furthermore,
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enhanced and filtering wideband antennas were widely used
for numerous applications. In [7] and [11], the impedance
bandwidth achieved more than 45%, and U-shaped elements
are employed as parasitic radiation elements to form radiation
nulls. In [10] and [12], compact and miniaturized designs
were privileged for arraying purposes. In the first one,
open-ended stubs and loops are inserted into the design for
frequency selection and radiation null, respectively. For the
second one, the mutual coupling between different operating
bands is reduced by again filtering approach in the out-
of-band. In [16], cavity-backed slot radiators, and vias
are employed to excite the filtering antenna properly. The
location of the vias and ports yields to have different resonant
modes regarding the target of the design. In [17], aperture
coupling and Jerusalem-cross radiator are considered to have
filtering antenna by canceling the current (reverse directed
currents). Apart from the previous designs, in [21], a simple
wide band dipole is used. However, the specialized and
parametrized Balun structure yields high isolation in the
system.

The present study aims to explain the filtering effects
of parasitic elements via a circuit model. The dimension
and position of the parasitic elements have been determined
by circuit modeling of the low and high pass filters and
the current distribution of the radiating patch dipoles,
respectively. With the proposed circuit model of the filtering
low and high pass elements and current distribution on
the parasitic elements, both impedance and radiation nulls
are created since the current cancellation and impedance
values are adjusted, respectively. The inductive parasitic
elements are located such that the induced current on them
resonate at 2.5 GHz and 5.5 GHz, respectively, and the
required value of the inductance for both frequencies is
adjusted by the dimension of the parasitic element. For the
higher frequency notch (5.5 GHz), the inductive elements are
placed at the end of the active radiating dipole whereas, the
filtering structure for the lower frequency notch (2.5 GHz)
is placed at the end of the other perpendicularly located
dipole. Beyond the bounds of the difference of this study
from other studies in the literature is to add unique parasitic
elements (regarding the current behavior in the operating
frequency) to the wideband dipole design whose parameters
have been carefully selected and evaluated. Furthermore,
creating impedance nulls by including inductive parasitic
elements leads to having a filtering effect at the edges of the
operating frequency regimes. Besides, thanks to the Balun
structure, wider impedance, and radiation bandwidth were
obtained than in the literature.

After the introduction, the broadband antenna design is
investigated in detail in the following chapter. Then, the
filtering antenna (filtenna) concept is introduced with a
circuit analogy. Later, the balun structure and the final
configuration of the proposed antenna are analyzed. After
that, numerical and measurement results are provided and
finally, the conclusion is drawn.
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(d)

(e)

FIGURE 1. The antenna’s development phases : (a) Antenna A,
(b) Antenna B, (c) Antenna C, (d) Antenna D, (e) Antenna E.

Il. BROADBAND ANTENNA DESIGN

A. ANTENNA DESIGN EVOLUTION: FROM NARROW BAND
TO BROAD-BAND

The design concept commenced with the transformation of
a basic printed dipole antenna into a broad-band filtering
dipole antenna appropriate for 5G applications. To emphasize
novelties, the design process will be described step by step by
evolving the antenna. Fig. 1 depicts the antenna development
stages. Antenna A in Fig. 1(a) represents a very simple printed
dipole antenna that is used as a starting point and progresses
to Antenna E, which is the final design.

Antenna A is a printed dipole antenna with radiating arms
placed on opposite layers of the dielectric and the feeding is
accomplished using a broadside microstrip line arrangement.
This configuration is advantageous due to its simplicity at
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FIGURE 2. Parametric study of |S;;| for Antenna B: (a) W1 =3 mm and
L1 =22 mm, (b) W1=3 mm and S1 = 5.5 mm.

the exciting port. Since the antenna and feeding line are both
balance structures, there is no need to use balun to balance
out the excitation. Although Antenna A has a feeding benefit,
itlacks high gain values due to the absence of a reflector plate.
This criterion drives the construction of Antenna B.

Antenna B in Fig. 1(a) uses only one dielectric substrate
layer. As a result, it is extremely beneficial if the structure is
printed on a multi-layer PCB or top of a chip package. This
antenna, however, cannot support a balanced feeding struc-
ture; thus, a balun (especially printed versions) is required.
The performance of Antenna B depends significantly on the
length and distance between the dipole arms. Fig. 2 shows a
parametric study on these dimensions.

The wire-type dipole antenna without the spacing between
the arms excites a perfect sinusoidal current. Introducing
the gap between the arms alters the current distribution at
the center of the structure, increasing the reflected signal.
The increase in the |S11| values with respect to the increase
in the gap distance can be seen in Fig. 2(a). Furthermore,
since the dipole antenna attempts to fit a half sinusoidal
to its length, arm length is a crucial factor in determining
the resonance frequency. The |Sy1| values with different
dipole arm lengths can be seen in Fig. 2(b) and the
resonance frequency increases with the decrease in the arm
length as expected. Antenna B effectively demonstrates the
performance of a dipole antenna, but as can be seen in
Fig. 2, it has a narrow impedance bandwidth. Another design
iteration is followed to create a broadband dipole antenna as
Antenna C.

To make a broadband dipole antenna, another design
iteration is carried out. The bandwidth of the antenna

VOLUME 11, 2023
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FIGURE 3. Parametric studies (|S;;|) of Antenna C: (a) L1 =22 mm,

S1=2.5 mm and 6 = 45°, (b) L1 =22 mm, W1 = 14 mm and 6 = 45°,
(c) L1 =22 mm, S1 =2.5 mm and W1 = 14 mm.

is increased by widening the dipole arms to introduce
different surface current paths to the structure. Antenna
C illustrated in Fig. 1(c) is created by increasing dipole
width. In this design, specially shaped flared and wide
dipole arms are suggested, where the current distribution
maintains a consistent behavior at the operating frequencies,
and the stable radiation characteristics are then observed.
This antenna offers great bandwidth by arranging its width
(W1), feed gap (S1), and flare angle (9). The parametric study
conducted on these antenna dimensions can be seen in Fig. 3.

Increasing the antenna width is the main strategy to
improve the bandwidth. Using wide dipole arms allows
multiple frequencies to see the antenna as \o/2 (wavelength)
dipole and excite multiple frequencies in the same fash-
ion [22]. The effect of the dipole thickness (W1) on the
impedance bandwidth is given in Fig. 3(a). As seen from
this figure, the operating frequency band increases as W1
widens. Note that, there are impedance-related restrictions on
the dipole widening technique. After a certain width point,
the excess capacitance of the large dipole arm prevents the
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higher frequencies from being excited. The stagnation of the
impedance band can be seen in Fig. 3(a) in cases of W1=13
and W1=14 mm. As demonstrated in the case of the Antenna
B example, the spacing between dipole arms is crucial for
the impedance performance of the antenna. Antenna C shows
similar behavior with Antenna B, and the best |S;]| results
are obtained when the spacing between dipole arms (S1)
is smallest, as seen in Fig. 3(b). Furthermore, the flare
angle becomes an important parameter for the impedance
bandwidth as the arms of the dipole are widened seen in
Fig. 3(c). The Flare angle determines how a sharp transition
from the excitation point to the antenna’s edge should be
made. Having a small flaring angle increases the operation
band as it introduces a shorter path for currents to be excited.
However, a very small flare angle increases the capacitance
introduced by the antenna, which highly limits the impedance
bandwidth as seen in Fig. 3(c) for 6 = 59 case. Antenna C
can be tuned to support the broadband operation requirement;
however, filtering capabilities need to be introduced.

In this paper, parasitic elements covering the dipole arms
are designed to introduce a sharp transition in the reflection
coefficient parameters. Antenna D is created by adding
parasitic arc-shaped elements to Antenna C. The parasitic
elements seen in Fig. 1(d) suppress the high-frequency terms.
To have a filtering effect in the lower band, an orthogonal
dipole and parasitic elements related to this dipole must
be introduced. This iteration creates Antenna E seen in
1(e). Before explaining the important parameters of Antenna
D and E iterations, the filtering mechanism introduced by
the parasitic elements will be discussed and followed by a
detailed parametric analysis of both antennas.

B. FILTERING PARASITIC ELEMENTS DESIGN

The final antenna (Antenna E) utilizes four rectangular
arch-shaped parasitic elements as filter components. The par-
asitic elements on the operating dipole function as a low-pass
type filter by eliminating frequencies above 5.5 GHz, while
the orthogonal parasitic elements introduce a high-pass
type filter by eliminating frequencies below 2.5 GHz. The
combined effect of these two filtering components yields an
extremely sharp transition in the low and high ends of the
|S11] region of the antenna. We will begin by investigating
the low-pass filter.

1) LOW-PASS (LP) FILTER

The study aims to design a dipole antenna that operates
between the 2.5 and 5.5 GHz bands; therefore, the low-pass
filter part of the filtering structure must cut the signals at
5.5 GHz. The parasitic structures which realize the low
pass filter are placed at the end of the dipole antennas.
The current distributions on parasitic elements at 5.5 GHz
can be seen in Fig. 4(a). In this figure, the red arrows
illustrate the dominant currents at the parasitic arcs, while
the blue arrow represents the gap distance between radiating
and parasitic elements. This structure can be modeled as a
third-order Chebyshev filter. The currents represented with
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(b)

FIGURE 4. Surface current distribution for the LP: (a) Net surface current
representation of the Antenna D at 5.5 GHz, (b) Surface current of
Antenna D at 5.5 GHz.

PORT IND. IND
P=1 ID=L1 ID=L2
Z=50 Ohm L=LP_L1nH L=LP_L1.nH
PORT
[ P=2
Z=50 Ohm
LP_C1=0.58
LP_L1=1.47 CAP
ID=C1
C=LP_C1p

FIGURE 5. LC circuit representation of the low-pass filtering phenomenon
at dipole edges.

the red arrows introduce an inductive effect, while the blue
gap introduces capacitance between radiating and parasitic
elements. The resulting circuit structure is in harmony with
the third-order low pass filter and modeled as illustrated in
Fig. 5.

The red currents in Fig. 4(a) span the same length;
therefore, they result in the same inductance value, which is
modeled as 1.47 nH. The capacitance value between elements
increases when the blue gap decreases. The capacitance value
is arranged to yield 0.58 pF in the circuit model. Fine-tuning
and optimization are done in the HFSS simulations to match
the parasitic element dimensions so that the overall structure
results in necessary inductance and capacitance values. The
dominant currents at 5.5 GHz can be seen in Fig. 4(b).

2) HIGH-PASS (HP) FILTERING

The operating range of the antenna covers 2.5 GHz, which is
susceptible to interference due to the Wi-Fi band centered at
2.45 GHz. Thus, sharp suppression is required for frequencies
lower than 2.5 GHz. To achieve this unique |S71| behavior,
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Port 1 Port 1
—] [ E—

FIGURE 6. Net surface current representation of the antenna E at
2.5 GHz.

CAP CAP
FORT ID=C1 ID=C2
7250 Ohm C=HP_C1 pF C=HP_C1 pF
PORT
p=2
HP_C1=1.26 2=50 Ohm
HP_L1=3.16 IND
ID=L1
L=HP_L1n

FIGURE 7. LC circuit representation of the high-pass filtering
phenomenon at balun connection.

a distributed high pass filter is modeled at the feeding point
of the antenna. Important antenna regions related to the
high pass operation are marked in Fig. 6. The yellow-hued
dipole arms act as a capacitance in the high pass filtering
effect. Additionally, the sizes of the metal arms of the
dipole and the substrate thickness determine the capacitance
value in the model. The capacitance values of this model
are simulated to be 1.26 pF. The filter is completed with
the inductance introduced by the induced currents at the
parasitic elements which are marked with green arrows in
Fig. 6. Unlike the low pass operation, the surface current
at the parasitic elements covers the entire U-shaped arc;
therefore, they have an inductance value of 3.16 nH, which
is approximately two times larger than the inductance seen at
the low pass case. The corresponding LC filter model of the
orthogonal dipole and the parasitic element can be seen in
Fig. 7.

In summary, the orthogonal antenna placement method and
the parasitic elements enable this antenna to have both LP
and HP filter characteristics. Additionally, the length of the
parasitic elements is used as a parameter for the inductance
values, whereas the gap between the parasitic element-dipole
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FIGURE 8. Simulation results of the |S;;| parameters for HP and LP filter
circuits.

antenna and the size of the dipole is the capacitive impact
source. Later, the dimensions are tuned and optimized to
result in |S71| nulls at the 2.5 GHz and 5.5 GHz points. The
|S11]| values related to the HP and LP filters can be seen in
Fig. 8.

IIl. FILTERING ANTENNA DESIGN

This study tries to overcome two challenges in commu-
nication antenna systems: impedance bandwidth limitation
and interference due to adjacent bands. The impedance
bandwidth problem is addressed in the previous chapter,
and the printed dipole antenna with 76 % bandwidth is
introduced. In this chapter, filtering properties will be first
introduced to the higher-frequency (Antenna D), then the
complete design would be achieved by filtering the lower
frequencies (Antenna E) as illustrated in Fig. 1(d) and 1(e),
respectively.

To avoid the free communication band located after
5.5 GHz, the antenna must have low-pass components. The
square arc components are modeled as the LP filters at the
ends of the radiators. As explained in the previous chapter,
the gap distance between the parasitic arc-dipole and the
length of the arc are the main properties to determine the
resonance frequency of the LP filter. The parametric study on
the |S11] and Z-parameters of the Antenna D can be seen in
Fig. 9.

The gap between the parasitic element and dipole
patch (S2) has a very important effect on the resonance
frequency of the filter. As the gap decreases, the introduced
capacitance also increases. Thus, the resonance frequency
of the antenna shifts towards the lower frequencies. On the
other hand, the sharpness of the filter is affected in a reverse
manner. As S2 increases, the filter performs more smoothly
as the coupling between the antenna and the parasitic element
reduces. Change in the sharpness of the filter can be seen
in Fig. 9(a). Another important parameter of the filter is the
length of the parasitic element (L3). The L3 value is asso-
ciated with the inductance value of the filter. The longer arc
means more inductance; therefore, the resonance frequency
of the structure shifts to the higher frequencies as seen in
Fig. 9(b). Although the resonance frequency is arranged by
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FIGURE 9. Parametric study on |S;; (left) and the Z parameters
(Imaginary Parts) (right) of Antenna D for: (a) Gap distance (S2),
(b) Length (L3), (c) Width (W3).

S2 and L3 dimensions, the sharpness of the filter can be
improved in a limited sense. The thickness of the arc can be
used as a fine-tuning parameter to arrange the sharpness of the
filter without changing the resonance frequency. In Fig. 9(c),
it can be seen that the imaginary part of the Z parameter
does not change with the change in the W3; however, the
sharpness of the filter changes as seen on the |S11| response in
Fig. 9(c).

After analyzing the parasitic element parameters to model
the LP filter, this study continues the investigation with
HP filter analysis. The lower frequencies of the band
are suppressed by employing orthogonal dipole pair as a
filter. The HP filter is modeled by considering orthogonal
components as an LC circuit that is connected to the
excitation point of the antenna. In the design of the HP filter,
there is less degree of freedom as the capacitance value of the
orthogonal antenna is already decided. The resonance point of
the filter is arranged by changing the length of the parasitic
arc. The parametric study on the arc length and characteristic
frequency of the filter can be seen in Fig. 10. The resonance
frequency of the filter shifts towards lower frequencies when
the parasitic arc length (L3) is reduced. The lower resonance
is expected due to low inductance values at the shorter L3
cases.
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FIGURE 10. Parametric study on the |S;;| of Antenna E for different
L3 lengths.

This chapter completes our investigation of the impedance
band and reflection coefficient characteristics of the antenna.
In optimal design antenna successfully filters out frequencies
lower than 2.5 GHz and higher than 5.5 GHz points. The
current distribution on filtering arcs at related frequencies
can be seen in Fig. 11. In the figure, both excitation from
Port 1 and Port 2 are taken into account for the filtering
edge frequencies (around 2.5 GHz and 5.5 GHz). The current
distributions on these edge frequencies are concentrated on
the corresponding resonators as expected. This chapter will
be followed by explanations of printed Balun structures and
the dimensions of the antenna.

IV. BALUN AND FINAL CONFIGURATION OF THE
ANTENNA

The common practice of base station antenna placement is
mounting the antennas on a phantom located at the top of the
tower. The phantom has a metallic back wall on the tower,
which acts as a reflecting surface. In literature, this back wall
is modeled as a reflecting metallic plate as illustrated in [7]
and [10]; therefore, in this study, the base station phantom is
also modeled as a metallic plate, and it is used as a ground
plate of the antenna excitation structures.

To attain such a wide bandwidth for the proposed final
antenna (Antenna E), a balun must also be effectively
designed. Inspired by the impedance matching mechanism
in [21] and [23], the designed balun is presented in Fig. 12.
The configuration of the balun is made up of a I'-shaped
microstrip line (an open stub and two microstrip lines),
a shorted stub, and a slot line created by two patches on
the substrate’s ground surface. The excitation point to feed
the dipole is created by the slot line and the I'-shaped
microstrip line. In addition, a 50 2 SMA connector is
connected to the I'-shaped microstrip feed line to produce
a more accurate simulation. To ensure the precision of the
machining and stability of the structure, protrusions are made
on the upper sides of the baluns to fit into the rabbets on
the dipole substrate and ground reflector. In Addition, the
protrusions make it simple to solder between the ground

78760

e dnand am

FIGURE 11. Surface current of Antenna E at (a) 2.48 GHz from Port 1,
(b) 5.54 GHz from Port 1, (c) 2.48 GHz from Port 2, (d) 5.54 GHz from
Port 2.

reflector, baluns, and the dipole substrate. To firmly guarantee
the orthogonal placement, Slot 1 and Slot 2 are discretely
embedded in Baluns 1 and 2. Figs. 12(a) and 12(b) show
the design parameters of Balun 1 and Balun 2, respectively.
Furthermore, to achieve a high gain unidirectional pattern,
a ground reflector is placed underneath the balun and parallel
to the dipole substrate as shown in Fig. 13.
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FIGURE 12. Configuration of the Balun: (a) ground and microstrip side for
Balun 1, (b) ground and microstrip side for Balun 2.

TABLE 1. Design parameters for the proposed antenna (antenna E).

Parameter | Value(mm) | Parameter | Value(mm)
L1 22 w7 1
L2 6 w8 0.88
L3 12 w9 5
L4 12.40 W10 8
L5 2.30 Wil 14
L6 1.3 Wwi2 6.55
L7 12.7 W13 3.90
L8 17 wi4 6.50
L9 1.81 W15 14
L10 3.50 W16 4
L11 3 w17 8
L12 4 w19 4
L13 5 W20 7
L14 5 w21 25
L15 4.3 w22 0.88
Wi 14 S1 7.5
w2 2 S2 0.2
W3 1.5 Wsub 65
w4 12 Wier 80
W5 1.2 [ 45°
W6 0.3 H 0.215 Ao

An important parameter that affects the impedance match-
ing of the Antenna E is the height of the balun H (see
Fig. 13(a)). This parameter is investigated by varying H with
respect to Ag. Where )\ is the free space wavelength at
the lowest frequency band. Figs. 14(a) and 14(b) show the
simulated reflection coefficients and impedance from Balun
1 and 2 respectively. The parametric results indicate a good
matching for H = 0.215)¢. Finally, the design parameters of
the proposed antenna (Antenna E) are provided in Table 1,
and its configuration is depicted in Fig. 13(b).

In the following chapter, the numerical and measurement
results such as S-parameters, radiation pattern, and realized
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Parasitic
Elements

()

FIGURE 13. Configuration of the final antenna (Antenna E): (a) Side view,
(b) End view.

gain outcomes are provided and the comparison between
them is given.

V. NUMERICAL AND MEASUREMENT RESULTS

In this part, numerical and experimental outcomes are
provided and compared. Besides, the performance of the
proposed antenna is compared with the literature in detail.

The antenna and balun structures are fabricated by using
LPKF milling technology. Rogers 4003C having a thickness
of 1.52 mm is used as a substrate of dipole and balun
structures. The top and side view of the fabricated prototype
can be seen in Fig. 15.

As explained several times, the reflection coefficient
performance of the antenna plays a crucial role in this study.
The reflection coefficient parameters of the antenna are
measured using Agilent E5071C (ENA) Network Analyzer.
The result of the measurements and their comparison with
the simulations can be seen in Fig.16.

The reflection coefficient behavior of the fabricated
prototype illustrates a great resemblance with the simulated
one. The Antenna experiences filtering effects precisely
at the 2.5 and 5.5 GHz points as designed. Furthermore,
it operates between 2.49 GHz and 5.59 GHz, corresponding
to 76% bandwidth. This result proves that this antenna pushes
the limits of the operation band and illustrates sublime
performance compared to the dipole.

In addition to the reflection coefficient, the antenna’s radi-
ation pattern is also very important in defining the bandwidth.
The radiation patterns of the antenna are measured within
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FIGURE 14. Simulated reflection coefficients |S;;| (a-left), |S,;| (a-right)
and input impedance values Port 1 (b-left), Port 2 (b-right).

FIGURE 15. The top view of the antenna prototype during radiation
pattern measurement in an anechoic chamber.

the entire operation band employing an Anechoic chamber
facilitated in the Middle East Technical University EMT
lab. The normalized radiation pattern graphs for selected
frequencies can be found in Fig. 17. The measurements are
done by exciting Port 2 only, and the 2D plots are created by
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Measurement and Simulation Results of the ES“| and |S_21 Parameters
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FIGURE 16. Simulation and measurement results for (a) |S;;| and |S,,|
(b) |S,;| parameters.

considering the ¢ = 90° cut and detailed visualization of the
measurement axis can be understood from Fig. 1(e). Since the
antenna has a highly symmetric structure, the other port and
the cut are not measured.

Measured radiation pattern (solid line) results presented
in Fig. 17 illustrate a great match with the simulated ones
(dashed line) except for 5.5 GHz. All of the radiation
patterns are shaped in a broadband fashion. This means
that the antenna can operate for communication purposes in
the entire operating band. At the higher end of the band, the
radiation pattern deteriorates. As the direction of the radiating
current at 5.5 GHz deviates from the dipole phenomenon
dramatically, the radiation pattern at 5.5 GHz would not be
in a broadside direction. The deformation in the radiation
pattern at this frequency can be seen in Fig. 17(1). Both
simulated and measured data are no longer in the broadside
direction. Even if the radiation pattern at higher frequencies
appears to be problematic, the antenna’s pattern bandwidth
(2.5 GHz to 5.4 GHz) is still quite large, hence it can be said
that this antenna successfully operates in its designated band.

The radiation characteristics of the antenna are summa-
rized in Table 2. The antennas are designed to radiate in
a broadside direction; therefore, a high front-to-back ratio
(FBR) is expected. The measured and simulated FBR results
also illustrate great resemblance. As can be seen from the
table, the FBR stays above 16 dB in the operating regime
except for 5.5 GHz. The deviation in the 5.5. GHz is expected
as this is the transition point of the filter; therefore, all
of the printed structures contribute to radiation, distorting
the radiation pattern. The design is aimed at suiting the
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FIGURE 17. Normalized radiation pattern samples for 2.5-5.5 GHz operation band in ¢ = 90° cut.

communication industry applications; therefore, it should
support two linear orthogonal polarization. The polarization
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sense of the antennas (polarization ratio) is evaluated by
inspecting the axial ratio as provided in Table 2. Here, the

78763



IEEE Access

F. T. Celik et al.: Dual-Polarized Bandwidth Enhanced Filtering Dipole Antenna Design

25

_--_"-II..
‘c-"--.~~ .
.
N
i, X
ER
L%
RN
W
s W
‘qt'\
0
80 -60 -40 20 0 20 40 60 80
Theta/Degree
(a)
40 - —_—
. &
35l aln !
2.+ H-3
1 alu
300 :‘,". \
1 AT
. .\ 4
257y s, o
Ay, R %N
o0 -
00 N = ok - —
© e gb /7
150 +*
. 04 -
5, o — =28 GHz
N Yy o*® /| 35 GHz
=4 GHz
5 mmma5GHz
5.2 GHz
0
80 -60 -40 20 0 20 40 60 80
Theta/Degree

= =28 GHz

5.2 GHz

i /o
3
l..
\\ ,I'l
f
. ,/:' -
LA i
i o

5
-80 -60 -40 -20 0 20 40 60 80
Theta/Degree

(©

FIGURE 18. Axial ratio patterns of the Antenna E in (a) ¢ = 09,
(b) ¢ =45%, and(c) ¢ =90° cuts in dB.

ratio of the amplitude between the 6 and ¢ components of
the radiated field in the broadside direction is considered.
Besides, the axial ratio of the antenna is plotted in three
different (p = 0°, ¢ = 45° and ¢ = 90°) cuts as seen
in Fig. 18. As the structure has two orthogonal antennas, it is
expected to have the most dominant cross-pol component in
the ¢ = 459 cut. Fig. 18(b)illustrates that the antenna has an
axial ratio larger than 16 dB in the range of the main beam in
its frequency band. Therefore, it can be said that the antenna
radiates in a linear polarization fashion within the 2.5 GHz
and 5.5 GHz bands.

In addition to the radiation pattern, the maximum gain
values of the antenna are also measured. Three antenna
method is used by employing standard gain horns in this
measurement. The comparative results of simulated and
measured gain values can be seen in Fig. 19. The simulated
and measured gain values illustrate great resemblance except
at the higher end of the impedance band. The small values
in the gain for the 5.2 - 5.5 GHz region are expected
for the measurement results. As we investigate Fig. 17(k)
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TABLE 2. The front-to-back and the polarization ratio.

Frequency | FBR (simulation) | FBR (measure- | Polarization ratio (6/¢)

[GHz] [dB] ment) [dB] at ¢ = 90° cut. [dB]

(Only Port 2 is excited)
2.5 14.82 17.8 16.39
2.8 18.56 20.34 20.03
3.1 18.79 20.29 20.49
34 18.79 21 20.37
3.7 18.93 19.14 23.02
4 18.72 20.12 25.07
43 18.32 17.66 25.11
4.6 19.43 17.2 26.40
4.8 19.37 15.86 24.50
49 19.23 27.85 24.25
5.1 18.91 18.42 23.00
5.5 12.42 8 22.75

and Fig.17(1), the spreading in the radiation pattern in
other directions can be seen, eventually leading to a drop
in maximum gain. However, despite the deviation in the
gain, the prototype antenna achieves the radiation pattern
bandwidth and impedance bandwidth within the 2.5 GHz and
5.5 GHz regions.

Table 3 provides an extensive comparison with previous
studies addressing the antenna’s filtering properties. Their
design approaches, polarization, gain, size, bandwidth, and
design complexity are specified and classified. As the
design methodologies, topological, material-based, specially
designed guiding mechanisms are specified. It should be
noticed that these approaches are utilized solely or together
in a specific design. For the topological approaches, parasitic
elements such as U, T, or ring-shaped are used to manipulate
the current on the radiating structure or to create a resonance
for the special frequency [7], [10]. In such designs, resonator
components are co-designed with the radiating structures
and are coupled for the specific frequency regime to
suppress radiation and yield filtering [11], [17], [24]. Besides,
to control or manipulate the matching, radiation modes, and
miniaturization; slots and defected ground structure (DGS)
are also employed in the filtering structures [25]. Secondly,
material-based approaches use periodic structures such as
metasurface or graphene to create the required impedance or
radiation mechanism from the antenna design at a specified
frequency bandwidth [25], [26]. Apart from the previous
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TABLE 3. Comparison among the filtering antenna structures in the literature.

Reference Design Methodology Polarization

Size

Bandwith(GHz)

R Aperture (mm) . Complexity
Antenna Approach Gain Ground Plane (mm) Scattering Parameters
63%(1.68-3.23 GHz)
[7] U-shaped parasitic element 8(?1;;“ 5?);%?:;;)8 VSWR<1.5 simple
) 1S211<-32 dB
48.7%(1.66-2.73 GHz)
[10] Parasitic loops, stubs, dipole dual . S0x50x31.8 VSWR<I1.5 moderate
~8.15 dBi 140x140
1S211<-34 dB
single 50x48 71.2%(2.48-5.22 GHz)
(11} T-probe, stubs, Uslots ~4.2 dBi 120x100x16.5 1S111<-10 dB complex
23.7%(1.71-2.17 GHz)
[12] H-shaped line, stacked patch lgu:IdBi 56X5_6X20 1S111<-10 dB complex
’ 1S211<-28.3 dBI
[13] Slot, loaded slotline, single 60x73x30 55'4%\515'\5)\/81;1195(}]{2) Gimple
. magneto-electric dipole ~7.8 dBi 150x150 : Simp
1S211<-26 dBI
dual . 1.43%(36.8-37.33 GHz)
[16] Filtering, slot design 108 dBi _ 1S111<-10 dB complex
’ 1S211<-30 dBI
Square ring slot, dual 78x78x35.124 12.3%(3.42-3.84 GHz)
[17] Jerusalem radiator ~9 dBi - 1S111<-10 dB moderate
’ |SQ1 1<-32 dB
. single 78x78x3.813 28.4%(4.2-5.59 GHz)
(191 Metasurface ~8.2 dBi 49.3x41.5 1S111<-10 dB moderate
52%(1.69-2.82 GHz)
[24] Split loop resonators structures dual . 33x53x32 1S11l<-10 dB simple
~8.5 dBi 140x140
1S211<-20 dB
[25] Metasurface with slots, single - 17.6%(6.87-8.1 GHz) complex
parasitic patch, DGS ~8 dBi - 1S111<-10 dB P
single 22x13.8x1.524 7%(5.05-5.42 GHz) .
261 Stot ~6.6 dBi 32x23.8 1S111<-10 dB simple
single ) 4.03-4.16 (3.2%) & 4.81-5 (3.9%)
[27] Radiating SIW cavities ~4.36 & ~4.83 dBi 45%60x2.37 1S11l<-10 dB moderate
1S211<-30 dB
[7 _
28] Open-circuited loads, dual 4.32x4.32x2.117 421 (05(2(13_13(; '(?BGHZ) complex
magneto-electric dipole ~7.5 dBi - 1 P
1S211<-20 dB
dual ) 10%(4.96-5.48 GHz)
[29] Resonator 10.5 dBi 1S11l<-10 dB moderate
’ ) 1S211<-32 dB
. . single - 27.5%(2.5-3.3 GHz)
[30] Parasitic element, dipole structure ~2.5 dBi 48x48 19111<-10 dB complex
dual _ 1.7-2.17 (24.3%) & 2.3-2.7 (16%)
[31] Radiating filtering structures ~10 dBi 65%65%37.6 1S111<-10 dB moderate
|SQ1 1<-20 dB
U-shaped parasitic element dual 65x65x18 76%(2.49-5.59 GHz) .
our work resonator 8.2 dBi 80x80 1S111<-10 dB simple
’ : |SQ1 |1<-20 dB

approaches, specially designed guiding mechanisms such as
substrate-integrated waveguide (SIW) or magneto-electric
dipole structures are employed in [13], [27], and [28].

The proposed study has a relatively stable, constant
radiation characteristic radiation and impedance bandwidth
compared to the studies in Table 3. The filtering antennas
have both single and dual polarization with gain values
ranging from 2.5 dBi to 16.4 dBi. Even though our proposed
design has a gain value of approximately 8.2 dBi, it should
be noted that, in general, higher gain values in similar studies
are obtained by arraying [12], [15]. When the antenna size is
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considered, two parameters are taken into account. These are
the size of the ground plane and the size of the aperture where
the antenna structure is considered a box except the ground
plane. The proposed antenna has a compact and miniaturized
form due to its wideband thick dipole structure as the
radiating element and considering its operating frequency,
it requires a small ground plane. Therefore, it is suitable
to be a unit cell in an array topology. The proposed
antenna offers the widest impedance bandwidth with 76%
compared to the literature illustrated in Table 3. Additionally,
the complexity has been divided into groups based on
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the materials used, the production capabilities, and the
presence of the number of small-sized pieces in the relevant
structure. The proposed design is simple in complexity and
is comparable to several antennas listed in Table 3 [7], [13],
[24], [26]. Our design presents a noticeable improvement in
antenna technology, offering several distinguishing features
that set it apart. It boasts a compact form, addressing
the need for smaller, more streamlined antenna solutions
for the corresponding frequency band. It is obtained by
employing a wide dipole structure letting similar current
behavior for paths with different lengths. We have achieved
a wider impedance bandwidth, crucial for meeting growing
bandwidth requirements. The design is elegantly simple,
yet highly effective, enabling easy implementation and
enhancing system reliability. Additionally, it demonstrates
successful filtering capabilities with sharp suppression at
the operating band edges, ensuring cleaner and more robust
signals. We have developed a comprehensive and simple
circuit model to aid understanding, providing valuable
insights for analysis and optimization. Overall, our design
represents a significant advancement with superior features
in compactness, wider bandwidth, simplicity, filtering, and
circuit modeling.

VI. CONCLUSION

The more communication technologies improve, we face
more challenging problems. This study covers one of the
problems in electromagnetic hardware point of 5G communi-
cations, namely dual polarized extremely broad-band printed
antenna design. This study introduces a different topology to
broadband communication antennas. The standard designs in
the literature start with a regular narrow-band radiator and
attempt to increase its bandwidth by adding more loaded
and/or parasitic elements. However, in this study, we designed
an extremely broadband dipole antenna so that the excited
patch happens to radiate from 2.3 GHz to 5.7 GHz. However,
having bandwidth as broad as this also causes problems. The
impedance band of the antenna covers free bands located
at 2.45 GHz and 5.6 GHz regions simultaneously. As this
band is used for amateur and commercial applications, the
antenna should suppress signals excited at these frequencies.
Conventionally, RF bandpass filters are employed to tackle
such problems in the literature. However, the 5G antenna
systems are commercial systems that will be used in large
arrays; therefore, the cost of the antenna system is a crucial
concern. In order to reduce complexity and cost, we embed
a filtering effect within the antenna itself. The printed dipole
arms already illustrate capacitive load due to their large metal
size and small dielectric height. This impedance is combined
with inductive components introduced as printed arc-shaped
parasitic elements. The correct adjustment of both the dipole
and parasitic arc yields high pass (at 2.5 GHz) and low pass
(at 5.5 GHz) filtering effects. The parasitic arc design of the
antenna allows for a sharp change in the reflection coeffi-
cient at adjacent frequencies without affecting its radiation
pattern.

78766

The proposed antenna provides a dual-polarized
bandwidth-enhanced filtering dipole antenna design. The
dual-polarization is achieved by employing two perpen-
dicularly polarized printed dipole structures. In addition,
the bandwidth enhancement is achieved by flared dipole
structure to match the radiator to a wide frequency band
with a specially designed balun structure (76% radiation
bandwidth ). Besides, high isolation is obtained by designing
perpendicular and anti-symmetric balun structures for each
radiator. Filtering is obtained by current cancellation at the
edge of the operating frequency by using parasitic elements.
They yield controllable radiation and transmission zeros at
the edges of the working frequency band to obtain a filtering
response. Wider bandwidth compared to similar antenna
designs in the literature is obtained by employing specially
designed dipole and balun structures. In the literature, similar
studies often consider a simple antenna as the main radiator
element, and then, by inclusions of advanced structures
or approaches, the requirements such as widening the
radiation and impedance bandwidth, high gain radiation
characteristics, or filtering responses are obtained whereas,
the present study examines the wide band antenna structure
as the starting point and simpler and compact inclusions
are considered to enhance the performance. Therefore,
the proposed compact configuration is easy to design and
produce.
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