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A Novel Differentially Fed Dual-Polarized Filtering
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Abstract—1In this article, a compact differentially fed +45°
dual-polarized filtering magneto-electric (ME) dipole antenna
with improved harmonic suppression is proposed and analyzed.
First, the fusion of loop-slot dipole and half-wave vibrator is
calculated and mentioned to furnish theoretical guidance. Then,
by reasonably placing two pairs of second-order step impedance
feedlines and a loop-slot patch, a corresponding two-mode loop-
vibrator combination filtering antenna with an upper radiation
null is naturally constructed. Moreover, simply by loading four
open-circuit stubs at the center of octagonal slot patch edge,
another extra resonance mode and radiation null in the upper
band can be simultaneously obtained. Later, through hiring the
reconstructed third-order stub-loaded-resonator (SLR) feedlines,
wideband harmonic suppression along with a third radiation
null is unaffectedly achieved. Finally, the optimized antenna is
fabricated and tested. The measured results reveal it realizes a
wideband impedance bandwidth of 42.0% (2.78-4.26 GHz) and
a high port isolation of 35 dB. Also, the length of its harmonic
suppression is measured from 4.56 to 7 GHz, while the depth
reaches more than 20 dB. In addition, the measured gain and
radiation efficiency curves in the operating band are relatively
stable and both are at a high average value (8.2 dBi, 85%).

Index Terms— Differentially fed, fifth-generation (5G) base
station system, filtering antenna, harmonic suppression, slot-
vibrator combination.

I. INTRODUCTION

N RECENT years, mainly owing to its distinctive abilities

of balancing average signal level, eliminating multipath,
fading, and improving channel capacity, the +45° dual-
polarized antenna has always been a rigid demand for increas-
ingly updated wireless communication systems [1]-[3]. More
importantly, with the full-scale approach of the fifth-generation
(5G) communication system, issues such as crossband cou-
pling interference and clutter impact caused by the coexistence
of multiband base station antenna arrays have been urgently
put on the research agenda [4]. Due to the benefits of high
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linearity, common-mode rejection, and easy integration, differ-
entially feeding schemes are extra fantastic than single-ended
in wireless communication systems. As a result, its derivatives,
differentially fed dual-polarized base station antennas with
filtering and out-of-band suppression functions, have become
a heated topic in the modern communication field.

Specifically, the evolution of a dual-polarized filtering
antenna has undergone early independent planning and rigid
cascade [5], [6], and finally improved to the current integrated
design [7]-[16]. The initial direct series connection often leads
to a set of sharp issues, such as impedance mismatch, increased
insertion loss, or larger footprint, which seriously deviate from
the original intention of a filtering antenna design. Just as
the design in [5], only by making a dual-mode stub-loaded-
resonator (SLR) couple and tune with a dual-band patch, the
antenna can exhibit a wideband second-order filtering feature
with a highly harmonic suppression level. However, this appli-
cation does not obtain even a radiation null to constrain the
gain curve.

The current dual-polarized filtering antenna plan tends to
cross-use the following manners: slotting, introducing open-
circuit branches, adding parasitic patches, loading short-circuit
pins, and improving feed networks. Fortunately, such a fusion
does not add additional auxiliary structures to harm the
integrity of antenna system while maintaining its high effi-
ciency radiation. A typical example, as shown in [10], is that
it rarely wraps the half-wave vibrator arm with U-shaped
parasitic elements, without affecting its integrality, unexpect-
edly leading to the generation of two radiation nulls and
the widening of working bandwidth. It is a pity that its
harmonic suppression bandwidth is significantly insufficient,
whose bound less than 13 dB is from 3.6 to 4.0 GHz.

To summarize, although these filtering antennas have made
meticulous upgrades on the passband edge selectivity, there
is still a lack of means to enlarge the narrow suppression
bandwidth outside the operating band. Fortunately, the litera-
ture [17]-[19] addresses this serious problem. Basically, they
reap the effect of remote electromagnetic wave suppression
with the aid of growing the number of radiation nulls outside
the high frequency band, which gives us a clue.

Due to the complementarity between electric and magnetic
dipoles, magneto-electric (ME) dipole combined antennas are
widely used in the dual-polarized base station antenna system.
Traditional ME dipole antennas [20]-[22] generally utilize
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quarter-wavelength short-circuit vertical panels to equivalent
magnetic dipoles instead of adopted loop-slot radiators, which
would directly increase the cost of space and materials. There-
fore, it is of great practical significance to recombine planar
electric vibrators and loop-slot dipole as basic elements into
a dual-polarized ME dipole antenna.

In this work, under the exciting of differential-fed signals,
a conceptual layout about the mixture of a loop-slot dipole and
a pair of half-wave vibrators is first proposed and analyzed.
In addition, in the case of different angle phase differences,
the loop-vibrator combined radiation patterns without or with
the reflector were calculated and demonstrated, which can help
provide a theoretical basis for this novel design. Taking this
as an opportunity, a compact wideband differentially fed dual-
polarized loop-vibrator combined antenna with a second-order
harmonic suppression is proposed, which is mainly provided
for the 5G base station applications. The stepped impedance
feedlines are embedded in the four corners of the dielectric
substrate to maintain symmetry and achieve a low cross polar-
ization. With the assistance of an open-circuit stub-loaded
octagonal slot patch and four modified feedlines, a three-
mode quasi-elliptic function response with three radiation nulls
synchronizing can be finally obtained. For verification, a cor-
responding differential-fed dual-polarized base station antenna
of equal proportion is fabricated and tested. Detailed theoret-
ical analysis, measured results, and literature comparison will
be presented in detail in the following sections.

II. LOoOP-VIBRATOR COMBINED ANTENNA THEORY

The concept of an ME dipole combined antenna was first
put forward by Clavin [23] in 1954, which is mainly to obtain
the iodized E- and H-plane pattern by concurrently exciting
the electric dipole and magnetic dipole. In general, symmetric
vibrator and its deformation can be equivalent to the electric
dipole, while aperture (wide or narrow gap) or loop slot can
be recognized as a magnetic dipole. According to Huygens’
principle, if two antenna elements with complementary elec-
trical characteristics and the same polarization orientation are
given appropriate feeding conditions, it is possible to obtain
a heart-shaped pattern. In view of the fact that loop-vibrator
combined antennas are rarely mentioned in the consideration
of base station antenna units, this section makes use of the
equivalent source idea to derive the +45°-polarized radiation
pattern of loop-vibrator dipole combination antenna to supply
a foundation for subsequent design.

Fig. 1(a) and (b) shows the concept diagram of +y-[23]
and +45°-polarized loop-vibrator ME antenna combination,
respectively. As can be seen, apart from the rotation of the
axes, the main difference between the two graphs is that the
combined antenna shown in Fig. 1(b) utilizes a square slot
patch with side length L1 equivalent to the half-wave vibrator,
while the feedlines serve to provide phase conversion. Lead the
end points A and C of the feedlines into the differential mode
excitation. When the vertical junction points B and D between
the feedlines and the ring are just at the wave node (short-
circuit point), it means the vertical tangent plane connecting
the points B and D is magnetic wall and the loop-slot dipole
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Fig. 1. Concept diagram of loop-vibrator ME antenna combination.
(a) +y polarized. (b) +45° polarized.

can work as even mode [24]. According to the right-hand
rule, the magnetic current distribution equivalent to the current
distribution of the loop-slot dipole is perpendicular to the
current on the feedlines, i.e., the 90° conversion is completed.
Since referring to the calculation formula [25] of +y-polarized
combined antenna, the calculation results of the normalized
radiation electric field of 4+45°-polarized combined antenna
(without metal reflector) are as follows:

T j (kd cos 0—¢) T
Ecombinedfwithout = E45°7loop + ej( )E45°7vibmt0r

eIk T . pia
[cos(— sin 6 cos(go - —))
r 4 4

+cos(kd cos @ — &)+ j sin(kd cos 0 — e)]

6 cossin(p — Z)—
. COj sm(go 4) . "
gocos(go — %)

Here, ¢ = kd is the phase delay caused by the distance
difference between the half-wave vibrator and the loop-slot
dipole. Parameter d is affected by the linear distance d; and
the height difference d, between the vibrator feed port and the
loop-slot patch. In order to get the final +45° co-polarization
pattern, (1) needs to be converted again by

|E¢+E9|
V2

where E, and E, represent the vector components at angles
6 and ¢, respectively. It should be noted that when ¢ = 0
(xoz-plane) or ¢ = w/2 (yoz-plane), their co-polarized pat-
terns are coincident, so only the xoz-plane patterns will be
mentioned for simplicity.

E45°—polarized (dB) =20 lg (2)
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Fig. 2. Normalized radiation pattern in xoz-plane (¢ = 0). (a) Without metal
ground. (b) With metal ground.

Moreover, (1) does not take into account the effect of metal
ground. If an ideal reflector with a quarter wavelength apart
is added to the bottom of the structure shown in Fig. 2(b), the
overall radiant electric field will be changed into

Ecamhined—with = 2sin (kH Ccos H)Ecamhined—withouz . (3)

Then, the auxiliary simulation software MATLAB is utilized
to calculate the simulation data of (2) and (3). Fig. 2 shows the
normalized radiation pattern in the xoz-plane (¢ = 0) with or
without a reflector, in which the phase difference is the change
factor. As can be observed in Fig. 2(a), with the increase
in phase difference &, the beamwidth of its radiation pattern
gradually narrows. When ¢ is set at 7/2, the Huygens source
effect can be produced and the heart-shaped radiation pattern
can be naturally obtained. Relatively, the pattern changes with
the addition of a metal reflector in a similar way as it does
without. The distinction is that the pattern curve gradually
converges inward at the two azimuths when 6 rotates to
90° and 270°. The above analysis can prove that the phase
difference between the loop-slot dipole and half-wave vibrator
equals to /2 is a more suitable and sensible modeling choice,
which can furnish coaching for the following design.

III. DUAL-POLARIZED FILTERING ANTENNA DESIGN
A. Antenna Configuration

Fig. 3 shows the configuration of the proposed differ-
entially fed dual-polarized filtering antenna. As shown in
Fig. 3(a) and (c), it mainly consists of a driven slot patch, two
pairs of rotating symmetric microstrip feedlines, four 50 Q
coaxial lines, and a copper reflector plate. The microstrip
feedline and the driven slot patch are separately fabricated on
top and bottom face of a 0.8 mm-thick FR4 dielectric substrate
(relative dielectric constant &, = 4.4). Meanwhile, the inner
conductor of the coaxial line passes through the via hole in
the substrate and welds collectively with the end of the upper
feedline, while the outer connects to the slot-driven patch. The
overall structure uses a copper plate with a thickness of 1 mm
as the reflector, with a distance of 23 mm between the FR4
substrate.

As shown in Fig. 3(b), the microstrip feedline is princi-
pally composed of three step impedance lines with a pair of
open-circuit stubs (stub B) loaded at the middle part. In this
setting, the step impedance line is designed to enhance the
impedance matching effect of the proposed antenna, and the
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Fig. 3. Configuration of the dual-polarized filtering ME-slot antenna. (a) 3-D
view. (b) Top view. (c) Side view. (Relevant parameters: G = 80 mm,
Gl = 40 mm, G2 = 1895 mm, G3 = 2.8 mm, S1 = 3.5 mm,
Ll =5 mm, L2 =275 mm, L3 = 3.73 mm, L4 = 8.72 mm, L5 = 6.9 mm,
W1 = 365 mm, W2 = 04 mm, W3 = 04 mm, W4 = 2.7 mm,
Lg = 945 mm, Wg = 945 mm, Hl = 22 mm, H2 = 0.8 mm,
and H3 = 1 mm).

open-circuit stub-loading can provide an outside radiation null
and substantially improve the upper band suppression level.
The driven patch is embedded with unequal-length octagonal
slot, and each short side connects to a slender open-circuit
stub (stub A) with a size of Lg x Wg. The addition of stub
A can simultaneously increase the operating bandwidth by
inspiring a new resonant point and improve the roll-off rate
along the upper passband edge by generating an approaching
radiation null. The end ports of these two pairs of feedlines
are named as ports 1-4, respectively. When a pair of differ-
ential signals is fed into ports 1 and 2, the proposed filtering
antenna achieves +45° polarization radiation. Similarly, when
the identical differential signals are fed into ports 3 and 4, the
antenna naturally obtains —45° polarization radiation. All the
modeling and parameter simulation were carried out by using
HFSS19.0, and the finally values after optimization have been
shown in the remarks in Fig. 3.



5376

(@) (b)

Fig. 4. Top view of the evolved antennas. (a) Ant. I. (Lal = 8.48 mm,
La2 = 12.52 mm, Wal = 3.63 mm, and Wa2 = 1.89 mm). (b) Ant. II.
(Lal = 872 mm, La2 = 6 mm, La3 = 652 mm, Lg = 9.9 mm,
Wal =4 mm, Wa2 = 0.9 mm, Wa3 = 2.5 mm, and Wg = 0.8 mm).
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Fig. 5. [Sqd11| and realized gain simulated results of three evolved antennas.

B. Working Mechanism

In this section, in order to better describe the design mech-
anism, Fig. 4 shows two evolved antennas, i.e., antenna I
(Ant. IT) and antenna II (Ant. II) with their corresponding
dimensions, and Fig. 5 shows the simulation results of the
corresponding reflection coefficient and peak realized gain. For
the comfort of assessment, the results of transitional antenna
(Ant. T with stub A) are also provided, and besides the adjust-
ment of the feedline, other parameters remain unchanged.

They will be dissected and narrated below.

1) Reference Ant. I: With reference to Fig. 4(a), Ant. I is
the basis differentially fed dual-polarized ME dipole com-
bined antenna, which consists of two pairs of symmetrical
second-order step impedance feedlines and a loop-slot radiator.
It can be clearly observed that Ant. I has two resonant points
f21(2.95 GHz) and f,(3.5 GHz) alongside a radiation null
fu1 (2 GHz), and its impedance relative bandwidth (|Sqq11] <
—15 dB) can reach 24.66% (2.88-3.69 GHz). As for the real-
ized gain curves, with the assistance of null f,;, Ant. I realizes
a notably declined roll-off rate at upper passband edge and
conversely slowly on the other side.

Fig. 6(a) and (b) shows the E-field (in ¢ = 45° plane) and
surface current distribution of Ant. I at the corresponding res-
onant point f;;(2.95 GHz), while Fig. 6(c) and (d) shows the
H-field (in ¢ = —45° plane) and surface current distribution
at resonant point f,»(3.5 GHz). In this setting, only the two
ports (ports 1 and 2) toward the +45°-polarized direction are
input with equal amplitude reverse excitation signals, while
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Fig. 6.  E-field and surface current distribution of Ant. I at 2.95 GHz.
(a) E-field distribution in ¢ = 45° plane. (b) Surface current distribution.
H-field and surface current distribution of Ant. I at 3.5 GHz. (¢c) H-field
distribution in ¢ = —45° plane. (d) Surface current distribution.

the other two are given impedance matching. As shown in
Fig. 6(a), the indicating line of E-field (in ¢ = 45° plane)
completes a transition from the crest to the trough and then to
the crest, which is equivalent to the completion of a one-half
cycle. The surface current distribution in Fig. 6(b) also shows
that the surface current flows from one vertex of the slot patch
to the other along +45°-polarized direction. Meanwhile, the
diagonal length of the driven slot patch (v2 G1 = 56.6 mm)
is about one-half wavelength (50.8 mm) corresponding to the
lower resonant point (2.95 GHz). Therefore, the slot patch
assumes the role of a half-wavelength electric dipole (445°-
polarized) at 2.95 GHz. It can be actually seen from Fig. 6(c)
that the directions of the H-field along ¢ = —45° direction
at 3.5 GHz are reversed, which coincides with the magnetic
field equivalent to the current distribution along the octagon
slot (right-hand rule) in Fig. 6(d). Here, the octagon slot will
act as magnetic dipoles (—45° polarized) and its half-circle
circumference (2 x G2 + 2 x G3 = 43.5 mm) approximates
to one-half wavelength (42.9 mm) of higher resonant point
(3.5 GHz). It is worth noting that Ant. I uses channel A—B
and channel C— D to provide differential signals and complete
a 90° phase conversion. Moreover, the current at two points B
and D (intersection point of step impedance feedline) is at the
wave node of the resonance period corresponding to point f,
and is equivalent to a short circuit here. In sum, Ant. I works
as a combination of electric dipoles (445° direction) and
magnetic dipoles (—45° direction) in the operating band.

To assist in analyzing the effect of loop-vibrator dipole on
the position of points f,; and f,, of Ant. I, Fig. 7(a) and (b)
shows the simulated reflection coefficient results changing by
two important parameters G3 (the length of short side of
octagonal slot) and G1 (the side length of the slot patch),
respectively. As shown in Fig. 7(a), the resonance point f,»
is more sensitive to the change of G3 than point f,;, and
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Fig. 8. (a) Surface current distribution on inner conductor of the coaxial
cables and the stepped impedance feedline at radiation null f,; along +45°
polarization direction. (b) Current distribution on the top surface at radiation
null f;1. (c) Equivalent circuit at feeding point A.

its position moves toward low frequency with the increase
of G3. It happens to verify that the octagonal slot plays
a key role in the generation of resonance point f,. When
referring to Fig. 7(b), as G1 raises, the position of point f,
is closer to a low frequency, while point f,, hardly moves.
It directly reveals that resonance point f,; is produced by the
slot patch. It is worth noting that these two resonant points can
be independently controlled by the octagonal loop and the slot
patch, which allows Ant. I to obtain a dual-mode passband by
adjusting the size appropriately.

As seen in Fig. 5, Ant. I has a significant upper edge
radiation null f;,; at 2 GHz, and it helps improve the roll-off
rate along the left passband. To apprehend its birth, Fig. 8(a)
shows the surface current distribution on inner conductor
of the coaxial cables and the stepped impedance feedline
along the +45°-polarized direction, while Fig. 8(b) shows the
top surface current distribution at radiation null f,;. It can
be clearly viewed that the current concentrated on a single
I'-shaped radiator forms a quarter-period loop and little energy
can be transferred to the slot patch, which leads Ant. I to
not radiate properly. To aid analysis, Fig. 8(c) shows the
equivalent circuit at feeding point A. Here, points A and B
correspond to the starting points of the coaxial feed inner core
of ports 1 and 2, while (Z, 0)) and (Z,, 6,) represent the
input impedance and equivalent electrical length of the inner
conductor of the coaxial cables and the electric dipole arm,
respectively. Points A1, A2, and A3 can be regarded as three
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Fig. 9. Simulated realized gain curves of Ant. I change by different (a) H1

and (b) Lal + La2.

nodes in the equivalent circuit. Then, the input impedance
Zin—a1 of the circuit can be derived as
Zin—a2 + jZitan6,
"Zi+ jZin-no tan6;
—JjZy+ jZ tan(6,) tan(6>)
=27 . “)
Z tan(0,) + Z, tan(6,)

When Ant. I, shown in Fig. 8(a), resonates at point 2 GHz,
the input impedance Z;,_4; approaches infinity. In this case,
according to transmission line theory [26], when the equivalent
sum of electrical length 6, and the electrical length 6, in series
is equal to /2, the input impedance Z;,_43 transmitted from
points A1-A3 can become zero, and then will be seriously
mismatched with the original open-circuit status at the right
end. Almost all of the energy is reflected back, thus exciting a
radiation null f,;. From the above analysis, the position of null
fa1 can be determined by the length of the inner conductor of
the coaxial cables (H1) and the stepped impedance feedline
(Lal + La2), i.e., its position can be estimated by

fnl

Zin-a1 = Z

c
~ 4H1 +4La1 +4La2'

)

To further present the effects of parameters H1 and
Lal 4 La2 on the position of radiation null f,; of Ant. I,
Fig. 9 shows the simulated realized gain curves change by
these variables. As shown in Fig. 9(a), with the enlarging of
parameter H1 from 21 to 25 mm, the position of null f,;
shifts downward from 2.1 GHz to a lower frequency 1.9 GHz.
A similar trend is also seen in Fig. 9(b); with parameter
Lal + La2 raising from 18 to 24 mm, the position of null
fu1 decreases from 2.17 to 1.84 GHz. Unsurprisingly, their
reactions are consistent with the rules derived from (5).

2) Reference Ant. II: In order to expand the working
bandwidth and introduce the upper band filtering functions,
four extra open stubs (stub A) are etched on the center of the
short side of octagonal slot and the step-impedance feedline
are reorganized from two to three steps, and thus switching
from Ant. I to Ant. II. It can be seen in Fig. 5 that a new
upper-band radiation null f,» can be generated simply by
adding stub A to Ant. I, but this modification has seriously
affected its impedance matching, and the average reflection
coefficient |Sgqr;| within band (2.88-3.69 GHz) has been
lowered by nearly 10 dB overall. Relative to Ant. I with
stub A, Ant. II is adjusted with the step-impedance feedline
from second order to third order. Such a refinement eventually
makes Ant. II realizes a wider operating band from 2.75 to
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Fig. 11.  Current distributions on Ant. II at (a) resonant point f,3 and
(b) radiation null f.

3.92 GHz with three resonant modes (f,, fp, and fz3).
Moreover, the realized gain at the broadside direction (6 = 0°)
within passband becomes even flatter and has an average of
10 dBi. Aiming to better make clear the length of stub A (Lg)
on the influence of resonance point f,3 and radiation null f,,,
Fig. 10 shows the simulated |Sqq;;| and realized gain results
of Ant. II changing by different Lg. As observed in Fig. 10(a),
when parameter Lg varies from 9.4 to 10.4 mm with a step
of 0.5 mm, the resonance point f,; changes obviously and
gradually transfer to low frequency as it grows and further
compress the operating bandwidth, while the other two reso-
nance points f,; and f, barely move with little influenced.
As for radiation null f,», it keeps a comparable trajectory
with point f3, i.e., an inversely proportional trend to the
increase in frequency. Moreover, its presence will only affect
the upper outside filtering effect, no longer the lower. Note
that Lg = 9.9 mm is ultimately chosen to maintain an appro-
priate bandpass performance. According to reference [27], the
location of transmission zeros in filter can be decided by the
equivalent electrical length (9) of the grafted open stubs by
setting 8 = x/2. Surely, it can be applied analogically to the
extraction of radiation null f,,. Finally, null f,, can be finally
achieved as

Jn2 (6)

¢
4 /cLg’

It is rather unfortunate that the level of distal out-of-
band suppression does not improve overall and is raised to
a certain extent. Thankfully, this problem will be solved
in the design of Ant. III. For further penetration analysis,
Fig. 11(a) and (b) shows the surface current distribution of
Ant. II at resonant point f,3 (3.75 GHz) and radiation null f;»
(4.45 GHz). Considering the central symmetry of the structure,
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the current distribution of the lower right quarter module will
be analyzed emphatically. As depicted, the black arrows in the
figure represent the main direction of current. In Fig. 11(a),
the vector total of the current on the open-circuit stub (J;+J>)
has the same +45° polarization direction as the current (J3)
on the third-order feedlines at point f,3, which contributes to
the gain superposition and bandwidth enhancement. On the
contrary, in Fig. 11(b), the current J; on the feedlines has the
same magnitude and opposite phase with the current vector
sum (J; + J» + Js + J5) nearby, thus achieving a kind of
mutual cancellation. It eventually leads to the creation of a
new null point f,3 in the far-region radiation field.

3) Reference Ant. 111: To further deal with the remain-
ing problem about a lower upper-band suppression level, the
feedline of Ant. II is slightly tuned with adding a pair of
open-circuit stub (stub B) on the thinnest impedance line, and
finally it evolves into Ant. III. Moreover, Fig. 12 shows the
simulated |Sqq11| and realized gain results between Ant. II and
Ant. III to compare its transformation. It can be found that the
development not only helps Ant. III achieve a wider operating
bandwidth 42.4% from 2.79 to 4.29 GHz with |Sgq11| <
—15 dB, but also introduce an extra radiation null f,3 to
suppress the far-end stray response. Similar to the traditional
design technique of normal SLR, Ant. III places a pair of
branches at the symmetry axis of its second step-impedance
feedline to form a symmetric structure. This combination may
operates as a low-pass filter without destroying its in-band
radiation, and then emerges a quasi-elliptic bandpass response.
Using the average gain of 10 dB in the passband as a reference,
the suppression level of Ant. III outside the upper band can
reach 20 dB from 4.70 to 7.45 GHz.

To state the effects of stub B on the position of radiation null
fu3, the simulated realized gain curves changing by relevant
parameters L5 (the length of stub B) and L2 (the distance from
the first step impedance line connecting port 1 to stub B) are
studied and shown in Fig. 13. When the length of parameters
L5 and L2 are both adjusted, the gain curve is only sensitive to
the former, which is shown as radiation null f,3. These two
contrasts deeply reveal that the location of null f,3 will be
directly determined by the length of stub B. Therefore, null
fu3 can be estimated by

Jn3 @)
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Fig. 13.  Simulated gain curves of Ant. III change by different (a) L5 and
(b) L2.
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Fig. 15.  Simulated radiation efficiency results from Ant. I to Ant. III.

The surface current distribution on Ant. III at radiation null
fu3 1s shown in Fig. 14. It can easily be learned that the signals
excited from ports 1 and 2 at the +45°-polarized direction are
almost all blocked by the open-circuit stub B, and little energy
is transmitted to the far end to resonate with the slot magnetic
dipole. The currents at stub B cancel each other out, resulting
in a new radiation null f,3 generating.

It ought to be noted that no extra complexity is added to
affect the integrity of the final antenna as it evolves from
Ant. T to Ant. III. The simulated radiation efficiency curves
from Ant. I to Ant. III at the boresight direction (8 = 0°)
are shown in Fig. 15. It can be virtually considered that the
radiation efficiency of these three antennas can reach more
than 90% in their respective operating bands. In addition,
their efficiency curves are close to zero below 2.3 GHz, which
mainly results from the existence of radiation null f,;. On the
contrary, due to the constraints of nulls f,; and f,», Ant. III
shows a better second-order harmonic suppression level out-
side the upper passband than Ant. I and Ant. II. Based on
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Fig. 16. Photograph of the fabricated antenna. (a) Front view of the upper
dielectric substrate. (b) Bottom view of the upper dielectric substrate. (c) Metal
reflector. (d) 3-D view.
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Fig. 17.  Simulated and measured S-parameter magnitudes of Ant. IIL.
the above analysis, the reasonable structure allocation in this
section makes Ant. III not only own efficient in-band radiation
response, but also possess out-of-band filtering and harmonic
suppression characteristics. Naturally, the design of Ant. III
can be applied to multifunctional communication systems.

IV. EXPERIMENTAL RESULTS

Based on the optimized size specifications, Ant. III was
finally manufactured and tested, and Fig. 16 shows a variety
of view photographs of the fabricated antenna. Here, it uti-
lizes an Agilent N8722ES network analyzer to measure its
S-parameter values and a near-field Satimo StarLab system
for its realized gains, efficiencies, and radiation patterns. When
dealing with the conversion from one input port to two dif-
ferential ports, a 180° coupling hybrid (TBG-2080-35-180)
is employed. Fig. 17 shows the simulated and measured
S-parameter magnitudes of Ant. III. It should to be stated
that the measured S-parameter values (Sij, i, j = 1-4) are
original and unprocessed. After being transformed by formulas
provided in literature [20], the differential mode reflection
coefficients (Sqa11, Sdaz2) and isolation (Syq12) can be naturally
obtained. It is clearly observed that the overlapping part of
the slash shadow that stands for proper functioning (|Sqq11|
and [Sqq22| < —15 dB) can range from 2.78 to 4.26 GHz,
which can completely cover SG N77 communication bands.
The simulated and measured isolation |S4q12| within the entire
operating band are both lower than —35 dB, mainly resulting
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from differential excitation settings. The measured gain result
in this target range in Fig. 18 shows that its average is close
to 8.2 dBi, nearly 1 dB less than the simulated. The obvious
deviation may be caused by the insertion loss caused by
the test cable and machining error. Meanwhile, the measured
stable half-power beamwidths (HPBWs) between ports-d1 and
d2 reaches 60°+ 3°. For simplification, only +45°-polarized
ports are excited, and the gains and efficiency results of Ant. III
are shown in Fig. 19. As observed, both the upper and lower
passband edges present a steep roll drop with out-of-band
inhibition level more than 20 dB, including 1.8-2.28 GHz
and 4.73-7 GHz. Within the suppression frequency band, the
measured radiation efficiency can approach zero, but on the
contrary, it exhibits an in-band (2.78-4.25 GHz) average value
greater than 0.85.

Fig. 20 shows the measured and simulated normalized
E-plane (Phi = 0°) and H-plane (Phi = 90°) radiation patterns
when differential port-d1 is excited at 2.95, 3.6, and 4.1 GHz.
Across the whole mentioned curves, the proposed antenna has
a stable unidirectional broadside radiation patterns.

As expected, the measured and simulated co-polarization
curve trajectories (+45° polarized) are similar to the direction
diagram calculated above, which confirms the correctness of
the design concept. In the broadside direction, both E-plane
and H-plane radiation patterns within these three points hold a
degree of isolation greater than 30 dB between co- and cross-
polarization.

A specific comparison between this filtering antenna and
different associated ones about some primary indications is
summarized in Table I. When particular to each case, the
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Fig. 20. Normalized E-plane (left) and H-plane (right) radiation patterns of
the proposed filtering antenna when port-d1 is excited at (a) 2.95, (b) 3.6, and
(c) 4.1 GHz.

design in [7] presents a superb layout for a dual-polarized
base station filtering antenna that consists of the benefits
of miniaturization, high isolation, and excessive out-of-band
suppression levels. But it still suffers from too many layers
and insufficient bandwidth (only 12.2%). Furthermore, it can
be effortlessly patrolled that the antennas in [9]-[11], and [17]
are ordinarily supplied for 2G/3G/4G (1.7-2.7 GHz) base
station purposes which have a wider working bandwidth than
others. However, the suppression capabilities of the designs
in [9]-[11] are insufficient in depth and breadth, which may
be regarded as a rigid flaw for filtering antennas. Although
the work in [17] performs well under most standards, its
average in-band gain is a bit low, and its dual-polarization
modes are more precisely 0° and 90° polarized, which is
not required for conventional base station antennas. In con-
trast with comparable relevant communication systems (3.3—
4.2 GHz for 5G), the proposed antenna has a wider impedance
bandwidth, an incredible port isolation, and a deeper level of
harmonic suppression than related contents in [12], [13], [15],
and [16]. It is worth noting that the antenna in [16] is also
an ME dipole combined antenna. Although it has lifted the
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TABLE I
COMPARISON WITH SIMILAR DUAL-POLARIZED FILTERING ANTENNAS
. Dual . Overall/ . . Rejection .
Feeding o Nu. of nulls Height . Ave.gain . Isolation Bandwidth
Ref. polarization Radiator . Bandwidth Level
type /resonances (M) R ) (dBi) (dB) of HS
modes size(Xo?) (dB)
Single 0.75%0.75/ 12.2%(2.46-2.78GHz) .
7 0°/90° 2/2 0.13 9 >35 21.5 Without
-ended 0.27x0.27 [Syi| <-15dB
Single 1.03%1.03/ 52.2%(1.6-2.73GHz) .
91 +45° 2/- 0.23 8.15 >34 17 Without
-ended 0.37x0.37 VSWR < 1.5
Single 0.98x0.98/ 63%(1.68-3.23GHz) i
[10] +45° 2/3 0.26 8.5 >34 13 Without
-ended 0.41x0.41 VSWR < 1.5
Single -/ 48.8%(1.7-2.8GHz) .
[11] +45° 3/2 0.22 8 >35 13 Without
-ended 0.48x0.48 |Syi| <-10dB
Single 0.53%0.72/ 25%(3.3-4.2GHz)
[12] +45° -/- 0.14 8.1 >25 20 2.4fc
-ended 0.31x0.31 |Syy| <-10dB
. . 0.75%0.75/ 12.3%(3.28-3.71GHz)
Differential > 37/ .
[13] fed +45° 2/- 0.13 0.31x0.31 8.34/8.7 7.6%(4.8-5.18GHz) > 38 17.7 Without
-fe
@3.5GHz VSWR < 1.5
Single 0.75%0.75/ 27.6%(3.3-4.36GHz) .
[15] +45° 3/3 0.11 8.2 >25 20 Without
-ended 0.44x0.44 |Syy| <-15dB
Differential 0.7x0.7/ 22.2%(3.12-3.9GHz) .
[16] +45° -/3 0.15 8.1 >352 18.5 Without
-fed 0.45x0.45 VSWR < 1.5
Differential 1.05x1.05/ 49%(1.7-2.81GHz)
[17] 0°/90° 4/3 0.25 7.55 >39 12.65 4fc
fed 0.38x0.38 |Saan] <-15dB
Single 1.05%1.05/ 35.2%(680-970MHz)
[18] +45° -/3 0.21 7.5 >35 13.8 4.6fc
-ended 0.58%0.58 |Syy| <-15dB
Differential 0.6x0.6/ 15%(2.35-2.7GHz)
[19] 0°/90° 2/3 0.083 7.9 >30 13 2.6fc
-fed 0.37x0.37 |Sqar1] <-10dB
Differential 0.94x0.94/ 42.0%(2.78-4.26GHz)
Pro. +45° 3/3 0.25 8.2 > 35 20 2fc
-fed 0.47x0.47 [Saan| < -15dB

Nu. of nulls /resonances are the number of radiation nulls and resonance points. Bandwidth of HS: Bandwidth of harmonic suppression. fc: center frequency.

restriction of profile height and performed exceptional in-band
radiation and out-of-band filtering response with the aid of
improved feedlines and slit technology, its suppression cutoff
line is solely up to 5 GHz, which is a little short. The designs
in [18] and [19] do well in this part that their suppression
tipping points can reach 4.6 times [18] and 2.6 times [19]
relative to the center frequency. However, they both have
their personal drawbacks as the antenna in [18] does not
mention the low-frequency-filtering feature and the antenna
in [19] does not meet the index of a base station antenna
unit.

In generally, the proposed filtering antenna has a greater
comprehensive performance in these several indicators, such
as wide operating bandwidth, high isolation, high out-of-band
rejection level, and wideband harmonic suppression, which
states the potential to be applied to practical application.

V. CONCLUSION

In this article, a novel differentially fed £45° dual-polarized
ME dipole filtering antenna with a wideband harmonic sup-
pression is proposed. First, the combination of loop-slot dipole
and half-wave vibrator is formulated and analyzed. By assign-
ing a phase difference of 90° to the two electrically comple-
mentary antenna elements, the cardiac radiation pattern can
be naturally obtained. Moreover, open-circuit slot stubs and

third-order SLR feedlines are introduced to expand bandwidth
and enhance filtering performance. Without adding an extra
filtering circuit, a three-resonant passband with three radiation
nulls is correctly inspired. Finally, the antenna prototype was
processed and tested for verification. The measured results
point out that it possesses a wide impedance bandwidth of
27.6% (2.78-4.26 GHz for |Sqq11| > 15 dB) and a high port
isolation of 35 dB. Also, in the whole passband, it has a stable
gain curve with an average of 8.2 dBi and a low oscillating
radiation efficiency over 85%. The rejection level is more than
20 dB within the lower stopband of 1.5-2.3 GHz and the upper
stopband band of 4.72—7 GHz. In conclusion, when confronted
with increasingly complicated electromagnetic environments,
the presented filtering antenna is an incredible alternative
suitable for 5G communication systems.
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