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Abstract: A broadband dual-polarized crossed dipole antenna is proposed in this paper. To achieve a
wide impedance bandwidth and low-profile configuration, a novel bow-tie balun is applied to this
antenna. Firstly, the working mechanisms of both bow-tie baluns and the antenna are introduced.
Then, the parametric study and design guidelines are presented. Finally, the optimized antenna is
fabricated, measured, and analyzed. The simulated and measured results show that the antenna
has a wide impedance bandwidth from 2.42 GHz to 6.48 GHz. The fractional bandwidth is 91.2%.
Moreover, within the whole band, the E-plane and H-plane radiation patterns are stable. The port
isolation is greater than 20 dB, and the cross-polarization discrimination ratio is better than 25 dB.
The proposed antenna achieves a realized gain of 7.5 dBi + 0.5 dBi. It can be a good candidate for
sub-6 GHz wireless communications or short-range radar applications.

Keywords: crossed dipole antenna; balun; dual-polarization; isolation; broadband; low-profile

1. Introduction

With the rapid growth of wireless technology, the evolution of ultra-wideband (UWB)
communication and radar systems is at full speed. On the one hand, besides the millimeter-
wave band, the sub-6 GHz band is another recommended frequency band for 5G mobile
communications [1-33]. The sub-6 GHz band is more attractive for its powerful penetra-
tion and wide geographical coverage. In China, this band is divided into three bands:
n77 (3.3-4.2 GHz), n78 (3.3-3.8 GHz), and n79 (4.4-5.0 GHz). On the other hand, due
to their high accuracy, non-invasiveness, and non-contact characteristics, UWB radar
systems [34-37], such as ground-penetrating radars (GPR), interferometric radars, and elec-
tronic support measures (ESM) radars, have become increasingly popular in short-range
applications. These radars will realize vital sign detection, gesture sensing, indoor activity
tracking, mechanical vibration monitoring, and so forth. The sub-6 GHz band is one of
their operating bands.

Owing to their good electromagnetic (EM) features to meet the requirements above,
dual-polarized crossed dipole antennas (DPCDAs) can provide a competitive design for
sub-6 GHz wireless communication and radar systems. This sort of antenna can offer
polarization diversity and be adopted in many multifunctional RF wireless systems to
significantly reduce the interference between different antennas in one wireless system,
enhance spectral efficiency, achieve compact size and light weight, etc.

Along with the two decades of developments, DPCDAs remain a heated topic and
are continuously widely investigated. Their design faces two main challenges: (1) The
feed structure challenges include the impedance bandwidth, orthogonal port isolation,
cross-polarization level, etc. (2) the overall dimension challenge. DPCDAs with a low
profile, compact size, and light weight are becoming more and more popular. A good
feed structure design can further minimize their overall dimensions. Conventionally,
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Coaxial cables and Microstrip baluns are frequently utilized to feed DPCDAs. Recently,
the fractional bandwidths of several DPCDAs fed by coaxial cables [9-13] reached from
36% to 100%. Comparatively speaking, microstrip baluns increase design freedom. In [14]
(pp. 3950-3957), a triple-U-shaped structure is printed on the substrate to enhance the XPD
of a pair of +45° dual-polarized dipole antennas. I'-shaped microstip baluns [15-22] are
mostly chosen to feed the dipole arms of DPCDAs. Their bandwidths range from 14.1% to
55.5%. Several microstrip baluns provide multi-band characteristics with band notches. In
the latest reports, the research on dual-polarized magneto-electric crossed dipole antennas
(DPMECDAS) has prospered. Cross-placed, I'-shaped feeding probes and electric dipoles
work together as crossed magneto-electric (ME) dipole antennas. Generally, the bandwidths
of this type stay around 40~50% [23-28]. A triple-layer DPMECDA in [29] (pp. 4504—4509)
achieves a bandwidth of 133.3%, port isolation of below —18 dB, and cross-polarization of
less than —15 dB.

In this paper, a bow-tie balun is introduced to the dual-polarized crossed dipole
antenna to enhance the impedance bandwidth. Firstly, the working mechanism of our
proposed antenna is thoroughly introduced by illustrating its evolution and analyzing its
surface current. Then, the parametric investigation and design guidelines are expanded.
After the fabrication of this antenna, the simulated and measured results are presented,
compared, and analyzed. Finally, the conclusions are drawn from the work mentioned
above.

2. Working Mechanism
2.1. The Evolution of the Feed Structure

Conventionally, the dipole antennas are fed by a coaxial line, as shown in Figure 1.
The dipole antenna has two vibrators: vibratorl and vibrator2. vibrator1 is connected to
the inner conductor of the coaxial cable. vibrator2 is attached to the outer conductor of
the coaxial cable. The differential mode current flows through the inside dielectric rod
area. In addition to the differential mode current, a common-mode current flows down
the outside of the outer conductor of the coaxial cable, making it part of the radiating
system [38] (pp. 803-804), [39] (p. 5746), and [40] (pp. 521-522). The mixture of horizontal
polarization and vertical polarization will reduce the polarization purity and worsen the
radiation characteristics of the antenna.

I I
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differential A
mode current
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Figure 1. A dipole antenna fed by a coaxial cable.

In order to eliminate the common mode current to a large extent, a novel bow-tie
balun is proposed in this paper. Figure 2 shows the evolution of the feed structure for the
crossed dipole antenna.
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Figure 2. The evolution of the feed structure: (a) CC1; (b) IC1 loaded with probel; (c) OC1 loaded
with BB1; (d) CC2; (e) IC2 loaded with probe3; (f) OC2 loaded with BB2.

Figure 2 exhibits the details of the evolution of the feed structure through the cutting
plane view. The whole antenna has two coaxial cables, so-called CC1 and CC2, to feed
four dipole vibrators. Figure 2a,b present the evolution of CC1. The inner conductor IC1 is
directly soldered to probel. The outer conductor OC1 transforms into the bow-tie balun
BB1 and probe2. Probel and probe2 are separately soldered to vibratorl and vibrator2.
These two vibrators are hidden in Figure 2. Throughout this process, bridgel at the top of
BB1 realizes the connection between OC1 and vibrator2. Summarily, IC1 feeds vibratorl,
and OC1 feeds vibrator2. Probel and probe2 achieve wider-band impedance matching
between the coaxial cable and dipole antenna. The second coaxial cable, CC2, experiences
the same evolution, as shown in Figure 2d—f. The only difference is that bridge2 of the
bow-tie balun BB2 is located at the bottom of BB2. Both BB1 and BB2 have cylindrical
hollow openings CO1 and CO2 for the vertical insertion of two mechanical support MS2
and MS4, which are shown later.

If CC1 feeds the antenna to realize vertically polarized (VP) EM radiation, then CC2
realizes orthogonal horizontally polarized (HP) radiation. So, based on the two orthogonal
polarizations, the whole antenna structure can be divided into two parts: the vertical
polarization part (VPP) and the horizontal polarization part (HPP).

For clarity, Figure 3 shows the 2-D schematic of VPP, including the antenna vibrators,
the feed structure, and the ground reflector. The working mechanism and installation of
HPP are the same as those of VPP.

In Figure 3, the inner conductor IC1 of the coaxial cable CC1, the metallic probe
probel, and the dipole antenna arm vibratorl are all connected together and have the
same electric potential. The outer conductor OC1 of CC1, the metallic balun BB1, the
probe probe2, and vibrator2 are all soldered together to form the opposite electric potential.
Two functional dielectric blocks with a relative permittivity of 2.2(1 —j0.0009) should be
introduced here. To prevent probel from being shorted by BB1, MS1 provides mechanical
and non-conducting support for probel. MS2 provides the mechanical support for BB1.
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In addition to this mechanical support, MS2 creates a slot between BB1 and MP. This slot
works as a choke to prevent the common mode current I3 from flowing back to the ground
plate GP. The red “x” shown in Figure 3 means the common mode current I3 is unwanted.
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Figure 3. Schematic of the whole antenna structure for vertical polarization.

Furthermore, two rows of metallic fences are vertically installed on each edge of GP to
prevent lateral wave leakage. If only one row of fences on each side is installed, it cannot
effectively prevent the wave leakage. If three rows or more rows than two rows are chosen,
the complexion and weight of the structure are abruptly increased.

Figure 4 shows the 3-D view of the proposed feed structure and ground reflector. The
vibrator layer, parts of fences, and GP are hidden for a better view. The dielectric blocks are
in magenta. To highlight the proposed metallic bow-tie baluns (BBs), they are shown in
yellow, different from other metallic structures in gray, such as MP, GP, fences, etc.

fences probe3 probe2

7 probe4

Bl dielectric B [] metallic

Figure 4. A 3D view of the proposed feed structure and ground reflector.

2.2. Bow-Tie Balun

Figure 5 shows the explosion view of the feed structure for VPP.

During the manufacturing process, the hat-shaped probes, probe2, and BB1 are fabri-
cated together as one metallic block. BB1 has two wings, wingl, and wing2. These wings
are transformed from the outer conductor, OC1. In the implement, wingl has a through
hole TH1. CC1 can go through BB1 from the bottom to the top through this hole. BB1 has a
larger surface area than OC1. So, the resonant common mode current I3 is disturbed by
this bow-tie-shaped balun. Meanwhile, the slot mentioned in Section 2.1 chokes I3 from
going back to the ground plate GP. Compared with the conventional coaxial cable, the
combination of the hat-shaped probes, the bow-tie shaped balun, and the slot between the
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balun and the ground achieves a wider impedance match. Figure 6 presents the installation
of the two bow-tie baluns, BB1 and BB2. BB1 is orthogonally inserted into BB2. BB2 has a
through hole in TH2 as well. Both BB1 and BB2 are firmly supported by the mechanical
supports MS2 and MS4.
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Figure 5. Explosion view of the feed structure for VPP.
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Figure 6. The installation of the two bow-tie baluns.

2.3. Antenna Vibrator

Four antenna vibrators are etched on the top layer of a dielectric substrate with a
dielectric constant of 2.2 and a loss tangent of 0.0009, which is the same as the dielectric
substrate of MS1~MS4. The dielectric substrate has four through holes. The four probes
underneath go through these holes and are separately soldered to the four square vibrators.
Figure 7a shows the regular dipole antenna with two square vibrators, SV1 and SV2, in
transmitting mode [40] (pp. 75-79). This pair of vibrators produces one polarized radiation.
Transmission line a4 connects the generator and SV1. Transmission line b connects the
generator and SV2. Figure 7b illustrates the equivalent circuit model (ECM) of this antenna.
Lant is the inductive value of SV1 and SV2. C,y; is the capacitive value between SV1 and
SV2. Ryt equals the radiation resistor of the antenna. When the series resonance occurs
between L, and Cyyt, the maximum EM energy is radiated. When the frequency is lower
than the resonant frequency fs,, this series circuit has a capacitive reactance. When the
frequency is higher than f,, it has an inductive reactance.
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Figure 7. The regular dipole antenna with two square vibrators and its ECM: (a) The dipole antenna
with SVs; (b) the ECM of the dipole antenna with SVs.

In Figure 8a, each square vibrator of the dipole antenna is loaded with an H-shaped
slot and is named HSV1 or HSV2. This dipole antenna is in transmitting mode as well. This
H-shaped slot works as a capacitor Cyjo;. A parallel resonant circuit is composed of Cgy
and Ly, as shown in Figure 8b. When the frequency is low, this parallel circuit works as an
inductor Lgu;. So, the whole circuit is similar to the one in Figure 7b. When the frequency is
high, this parallel circuit works as a capacitor Cgj,;. So, the circuit has a capacitive reactance
—(Csiot + Cant) / (wCsptCant ). Obviously, this capacitive slot enhances the EM radiation,
especially in the higher frequency band. This point is verified in the next section.

V!] Lant Cslut
[
Generator Generator R
( ) (Zg) g Cant
[
X g R ant

(b)

Figure 8. The dipole antenna loaded with H-shaped slots and its ECM: (a) The dipole antenna with
HSVs; (b) the ECM of the dipole antenna with HSVs.

3. Parametric Study and Design Guidelines
3.1. The Dimensional Parameters

For a better understanding of the whole antenna, several cutting planes are shown
first. Then its dimensional parameters are presented. The key dimensional parameters are
studied in detail. Finally, the design guidelines for this antenna are expanded.

Figure 9 shows the side view of the cutting plane along the xoz plane. It has four red
dashed lines, such as a-a’, b-b’, c-¢/, and d-d’, to indicate the locations of the cutting planes
along the xoy plane shown in Figure 10. The dielectric area is shown in magenta and the
metallic area is in yellow and white in Figure 9. Only BB1 is shown in yellow.
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Figure 9. The cutting plane along the xoz plane. The red dashed lines (a-a’, b-b/, ¢-¢/, and d-d’)
represent the locations of the cutting planes along the xoy plane.
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Figure 10. The cutting planes along the xoy plane: (a) a-a’; (b) b-b’; (¢) ¢-¢’; (d) d-d".

Figure 10 exhibits the four cutting planes along the xoy plane, including a-a’, b-b’,
c-c’ and d-d’, along the xoy plane. These are the top views of the whole structure shown.
In each figure of Figure 10, the metallic area in dark gray represents the area beneath the
cutting plane. The metallic area in white or yellow belongs to the current cutting plane.
To achieve an easier understanding, BB1 and BB2 are separately shown in different colors:
yellow and white.

Figure 11 illustrates the dimensional parameters according to the cutting plane along
the xoz plane. The dimensional parameters of the probes, the mechanic supports, the
bow-tie baluns, the slot, the metallic plate, the ground plate, and the fences are included.

The dimensional parameters shown in Figure 11 are listed in Table 1. These values are
achieved through investigation and optimization.

Figure 12 exhibits the rest dimensional parameters on three cutting planes along the
xoy plane. Figure 12a,b show the border lines of the antenna dielectric substrate. Four
antenna vibrators are etched on the top layer of this dielectric substrate. Four through-holes,
or vias in short, are drilled near the center of the substrate, as shown in Figure 12a. The four
probes can go through the vias and be directly soldered to the four vibrators. In Figure 12b,
the bow-tie baluns BB1 and BB2 are zoomed in to reveal the details of the dimensional
parameters. Figure 12c mainly reveals the dimensional parameters of the fences. The side
lengths of the antenna dielectric substrate and the ground plate GP are the same.
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dielectric substrate

Table 1. The values of the dimensional parameters shown in Figure 11 (Unit: mm).

Dimensions Value Dimensions Value
Dpl 4 Dpz 3
hprobe 3 Biori 1
hslot 1 hBB 10
hant 18.5 Hence 15
dms3 3 loriz 1.5
probel probe2
D,y Dy,
MS1 — | |' > |
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Figure 11. The dimensional parameters according to the cutting plane along the xoz plane.
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Figure 12. The dimensional parameters according to the cutting planes along the xoy plane: (a) The
dimensional parameters of the antenna layer; (b) The dimensional parameters of the bow-tie balun;
(c) The dimensional parameters of the ground plate and fences.

The dimensional parameters shown in Figure 12 are optimized and listed in Table 2.

3.2. The Parametric Study
3.2.1. The Isolation of the Ports of the Bow-Tie Baluns

Since the structural parameters of the proposed bow-tie baluns are important and
sensitive for impedance matching and operating bandwidth, the parametric study mainly
focuses on them. Firstly, there are two input ports, portl of CC1 and port2 of CC2. Portl
is an excited port. port3 and port4 are two discrete output ports. Port3 is between probel
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and probe2. port 4 is between probe3 and probe4. As shown in Figure 13a, the antenna
vibrators and the fences are not contained, and GP is hidden for a better view in this model.

Table 2. The values of the dimensional parameters shown in Figure 12 (Unit: mm).

Dimensions Value Dimensions Value
laslotl 10 laslotZ 14.8
Waslot1 3.8 Waslot2 3
dprobes 5.3 &ant 0.5

lant 36.5 lgnd 65
$BB 1 IB1 7
Igg2 115 B3 13
lori1 3 Whri 1.5
dXfence 5 dYfence 8
Wrence 5 tfence 1
port4 port3 OFazTaztaiatiatlaltiaialadia

—10 A -

@ P L B ==
g v »
g 20 D R S ARy R

& 4 v Ve ) d

§_ 3 ‘,/. v oo

\ ‘ @ o/ ¥ = 511 [Magnitude] |
vy ¥y —e— 52,1 [Magnitude]
z Y —4— 83,1 [Magnitude]

v 54,1 [Magnitude]
—40

Y
X portl port2 € 4 k 0 2 4

Frequency(GHz)

(a) (b)

Figure 13. The S parameters of four ports: (a) The simulated model; (b) The simulated results of the S
parameters of the four ports.

When portl is excited, the antenna vibrators connecting to port3 realize one polar-
iztions. When port2 is excited, the orthogonal polarization is obtained by two vibrators
attached to port4. The isolation between portl and port2 and the one between portl and
port4 are both roughly higher than 20 dB within the whole working band. When the
vibrators are connected to the probes, the reflection and transmission coefficients of the
input ports, such as S11 and S31, can be improved further.

Then, the antenna vibrators and fences are included in the model as a whole structure.
The height hpp, width Ipgs and gap gpp between the baluns are investigated. The simulated
results are presented below. Finally, the slot between the bow-tie balun and the MP is
explored.

3.2.2. The Height of the Bow-Tie Balun /g

The height of the bow-tie balun hpp is an important parameter. First of all, it directly
determines the distance between the antenna vibrators and the ground plate. Commonly,
this distance equals a quarter wavelength of the central frequency point fy within the
operating frequency band. So, if hpp is quite small, the crossed dipole antenna cannot
obtain good radiation characteristics, especially in the low frequency band. Secondly, if
hpp is large, it means that the feed lines are too long and may cause higher harmonics and
impedance mismatching. As shown in Figure 14, when hgg = 15 mm or hpgp = 20 mm, the
reflection coefficient S1; of the feed port rises to more than —10 dB around 5 GHz. Thirdly,
if hgp is large, the whole structure cannot be defined as a low-profile antenna.
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Figure 14. The relation between hgp and the reflection coefficient Sq1.

3.2.3. The Side Length of the Bow-Tie Balun /g3

The relation between the side length of the bow-tie balun Iggs and Sy1 is studied. The
simulated results are presented in Figure 15. When Igg3 = 11 mm, it means that the bow-tie
baluns are very compact. It is not easy for installation, such as letting the coaxial cables
go through them and being fixed on top of MP. When Igp3 increases from 11 mm, the
impedance matching around 5 GHz is improved. The reflection coefficient S1; is lower than
—10 dB from 2.5 GHz to 6.5 GHz when Igg3 is from 12 mm to 15 mm. When Igg3 > 15 mm,
the impedance mismatch within the band occurs again.

0
—10 [N e g A R e g
B —20
T
7 - 51,1 (1_bb3=11)
]
g _30 - 51,1 (1 bb3=12)
g —=— 51,1 (1_bb3=13)
& * - 51,1 (1 bb3-14)
& —40
+— 51,1 (1_bb3=15)
+ — 51,1 (1_bb3=16)
-50
4+ — 51,1 (1_bb3=17)
= S1,1 (1_bb3=18)
—60

2 2.5 3 35 4 45 5 55 6 6.5 7
Frequency(GHz)

Figure 15. The relation between Iggz and the reflection coefficient Sq;.

3.2.4. The Gap between Two Bow-Tie Baluns ggp

The gap between two bow-tie baluns gpg is a key dimensional parameter for the
impedance matching. Figure 16 shows the relation between this gap gpg and S;1. If gpp is
smaller than 1 mm, the antenna vibrators are prone to attaching to each other, which cannot
generate differential signals between vibrators. Obviously, as the value of ggp increases, the
bridges bridgel and bridge?2 are elongated, and the operating bandwidth becomes narrower.
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When gpp = 4 mm, the operating bandwidth is half that of the one with ggg = 1 mm. The
reason is that when the length of the bridges increases, the phase difference between the
two currents I; and I increases as well. This phase difference worsens the wideband
impedance matching.

0
-10
m —20
S
wn
bl
T —30
g
g H H
S o ' : —— i |——51,1(g bb-1)
& —40 s
- S1,1 (g bb=2)
i |=-51,1 (5 bb=3
—50 - .- -t . (& )
i | ¥ —5SL1(g_bb=4)
+ 51,1 (g_bb=5)
—60 : .

2 25 3 3.5 4 45 5 5.5 6 6.5 7
Frequency(GHz)

Figure 16. The relation between gpp and the reflection coefficient Sy5.

3.2.5. The Height of the Slot between Two Bow-Tie Baluns and MP hg,;

To lower the profile of this proposed antenna, the height of the slot is expected to
be as small as possible. For this reason, as shown in Figure 17, only two situations are
investigated. The first situation (h5o; = 0 mm) means that the structure has no slot between
the bow-tie baluns and MP. The second situation (g, = 0.5 mm) means that a slot works as
a choke coil to suppress the common mode current I3. Through this method, the operating
band is nearly doubled.

|
™)
o

-30

=0 mm I hslot:O'S mm

—40

.....................................

S-Parameters(dB)

-50

I - -+--51,1 (h_slot=0)

- - . _ : —— 51,1 (h_slot=0.5)

2 2.5 3 3.5 4 45 5 55 6 6.5 7
Frequency(GHz)

—-60

Figure 17. The relation between /); and the reflection coefficient Sy.
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z oy e-field (f=2)

\ Component: Abs
Frequency: 2 GHz
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87.7151 dB(V/m)

3.3. Design Guideline

To design this antenna, the central frequency fy and the wavelength A of the operating
frequency band are first calculated. Based on the wavelength A, the dimensions of each
antenna dipole vibrator and the distance between the vibrators and the ground plate are
roughly obtained. Both of them are nearly a quarter wavelength Ay/4. Then, the initial
dimensional parameters of the bow-tie balun can be reasonably chosen and optimized
according to the parametric study above. Furthermore, the dimensions of MP, GP, and
fences are optimized. The number of fences can be optimized to prevent wave leakage.
During the whole design procedure, the installation convenience and the limited space
between the dipole antenna and the ground plate should be considered.

4. Simulated and Experimental Results
4.1. The Simulated Radiation Characteristics of the Dipole Antennas

The dipole antennas with SVs and with HSVs, separately shown in Figures 7 and 8,
are modeled, simulated, and compared. Only the four vibrators, the dielectric substrate,
the metallic ground plate GP, and one discrete port with 50 () impedance are included in
these models. Figure 18 presents the simulated absolute values of the electric field of the
dipole antenna with SVs at different frequency points. Since the tangent electric field on
the ideal metallic surface equals zero, the main contribution to the absolute values of the
electric field is from the normal electric field E,. Obviously, the electric field concentrates
primarily on the edges of the metallic area. As the frequency increases, the resonant area
of the vibrators decreases. Meanwhile, in the central area of each square vibrator, the EM
energy becomes less and less. There is some EM coupling between the excited vibrators
and the neighboring unexcited ones. As shown in Figure 18, the variation of the electric
field values is roughly within 3 dB.

e-field (f=3) e-field (f=4) e-field (f=5) e-field (f=6)
Component: Abs Component: Abs Component: Abs Component: Abs
Frequency: 3 GHz Frequency: 4 GHz Frequency: 5 GHz Frequency: 6 GHz
Maximum (Solver): Maximum (Solver): Maximum (Solver): Maximum (Solver):
89.6355 dB(V/m) 90.3318 dB(V/m) 88.2496 dB(V/m) 86.2225 dB(V/m)

Figure 18. The absolute values of the electric field of the dipole antenna with SVs.

Figure 19 exhibits the simulated 3-D radiation patterns of the dipole antenna with
SVs at different frequency points. Since GP is under the antenna substrate, the EM energy
radiates along the +z axis. The variation of the simulated realized gain of this antenna is
around 3 dBi.

Figure 20 explores the simulated absolute values of the electric field of the dipole
antenna with HSVs at different frequency points. It can be concluded that at a lower
frequency band, such as from 2 GHz to 3 GHz, the electric field mostly locates at the edges
of each vibrator, and at a higher frequency band, such as from 4 to 6 GHz, the electric field
largely occupies the H-shaped slots. As shown in Figure 20, the variation of the electric
field values is nearly within 2 dB.

Figure 21 expands the simulated 3-D radiation patterns of the dipole antenna with
HSVs at different frequency points. Within the operating band, the main beam of this
antenna is in the 4z direction. The variation of the realized gain within the band is less
than 2 dB. The H-shaped slots help the antenna concentrate the EM energy on the vibrators
while maintaining stable radiation characteristics within a wider operating band.
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Figure 19. The 3-D radiation patterns of the electric field of the dipole antenna with SVs.
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Figure 21. The 3D radiation patterns of the electric field of the dipole antenna with HSVs.

Obviously, the radiation characteristics of the dipole antenna with HSVs are much
better than those of the dipole antenna with SVs.

4.2. The Effect of the Fences
4.2.1. The EM Characteristic Comparison of the Models with and without the Fences

The EM energy radiated by the antenna vibrators travels in both +z and —z directions.
The fences work together with GP as a reflector. So, when the EM wave traveling along the
—z direction meets the reflector, it will be reflected back to travel along the +z direction. The
fences help the antenna concentrate the radiated EM energy in the +z direction, especially
in the lower frequency band. Figure 22 shows the comparison of the 3D and 2D radiation
patterns of the models with and without the fences at 2 GHz.
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Figure 22. The 3D and 2D radiation patterns: (a) the 3D radiation pattern of the antenna model
without the fences; (b) the 3D radiation pattern of the antenna model with fences; (c) the 2D radiation
patterns of (a,b).

As obviously seen in Figure 22, the fences do effectively prevent the EM energy from
leaking in the back direction, which is the —z direction.

4.2.2. The Effect of the Fences at Different Frequencies

The effect of the fences at different frequencies is investigated by observing the surface
current of the whole structure at different frequencies, as shown in Figure 23. Firstly, the
variation of the maximum surface current values from 3 GHz to 6 GHz is within 1 dB(A /m).
It verifies the stability of its EM characteristics. Secondly, as shown in these figures, the
inner row of fences located on each side of the ground plate has a stronger induced current
than the outer row, which verifies the effect of the fences, and two rows are needed and
better. At 4 GHz, a stronger resonance than the ones at other frequencies occurs on the
surfaces of the fences. This resonance is the reason for a higher reflection coefficient around
4 GHz.

surface current (f=3) surface current (f=4) surface current (f=5) surface current (f=6)
Component: Abs Component: Abs Component: Abs Component: Abs
Maximum(plot): Maximum(plot): Maximum(plot): Maximum(plot):
37.8977 dB(A/m) 37.3617 dB(A/m) 37.9600 dB(A/m) 38.8413 dB(A/m)

Figure 23. The surface current of the dipole antenna with HSVs.

4.3. The Experimental Results

The bow-tie balun-fed dual-polarized crossed dipole antenna is fabricated and mea-
sured. Its photographs are shown in Figure 24.

In Figure 24a, the structures under the antenna dielectric substrate are exhibited from
a top view. There are two rows of fences soldered on the upper side of GP and another
two rows on its left side. On the right and lower sides, four rows of fence slots (FSs) are
presented. These FSs are for the vertical installation of fences. After each fence is vertically
inserted into one FS, the fence is soldered to the GP. MP, two bow-tie baluns (BB1 and BB2),
four probes (probel~probe4) are shown out. Especially, the inner conductors (IC1 and IC2)
go through the probes (probel and probe3) from the bottom, as clearly shown in Figure 24a.
GP and MP are mechanically fabricated as one metallic block. Soldering between them is
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not needed. Figure 24b illustrates the side view of the structure without the antenna layer
and some fences. MS1 and slot can be easily viewed in this photograph. MS1 shown in
Figure 24b and MS3 shown in Figure 10 guarantee the installation of probel and probe3.
MS2 and MS4, which are shown in Figure 10, provide the alignment of the bow-tie baluns
on MP and offer the slot between the bow-tie baluns and MP. The metallic part of the whole
structure is made of copper, which can be easily soldered. The fabrication tolerance is
within 0.2 mm. To achieve better port isolation, two 50 ()/sq resistive films etched on a
dielectric substrate with a dielectric constant of 2.2 and a thickness of 0.5 mm are inserted
in the gaps between the two bow-tie baluns. Figure 24c shows the setup for the reflection
coefficient measurement. A vector network analyzer (VNA) is utilized to do the test. In the
antenna aperture, four HSVs are clearly exhibited. The EM characteristics of the proposed
antenna ports are measured. The simulated and measured results of S;; representing the
reflection coefficient, and Sy; indicating the port isolation, are presented in Figure 25.

the dielectric substrate

(c)

Figure 24. Photographs of the dipole antenna with HSVs and the test setup for S;1: (a) The top view;
(b) the side view; (c) the test setup for Sq3.

0 T T g T T T T T

S-Parameters(dB)

? —®—measured S,;
—40 { —®—measured S,; .
| — # —simulated S,;

simulated S,,

-50

2 3 4 5 6 7
Frequency(GHz)

Figure 25. The simulated and measured S;; and Sy;.

As seen in Figure 25, the measured operating frequency band for S1; < —10 dB is
from 2.42 GHz to 6.48 GHz. The fractional bandwidth is 91.2%. Owing to the contributions
of the two resistive films between the two baluns, the measured port isolation is improved
and lower than —20 dB within the band.

Figure 26 shows the setup for the radiation characteristics measurement in an anechoic
chamber. The gain and radiation patterns are measured.
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HSVs the dielectric substrate

Figure 26. The setup for the radiation characteristics measurement.

The realized gain of the proposed dipole antenna with HSVs is measured. A standard
wideband horn antenna is needed for the measurement. Firstly, the electric level of this
horn antenna in the main beam direction is measured in the anechoic chamber. Then, the
same measurement is done for the proposed antenna. The electric level difference between
these two measurements is obtained. The gain of the standard horn antenna can be found
on its data sheet. So, the gain of the proposed antenna equals the gain of the standard
horn antenna plus the measured electric level difference. Finally, The measured gain of
the proposed antenna within the operating band is presented in Figure 27. The proposed
antenna achieves a realized gain of 7.5 dBi + 0.5 dBi within the band. The realized gain
is the value at the fixed boresight direction. Compared with the discrete port with 50 ()
impedance, the tapering probes realize wider band impedance matching and wider band
electromagnetic radiation stability.

10 T T T T T T T
9L i
8
7
=6 E
/m
'\?/5 L .
E
Q4+ -
3L i
2+ i
1 —&— Measured Gain
— @ — Simulated Gain
0 1 1 1 1 1 1 1
25 30 35 40 45 50 55 6.0 65

Frequency (GHz)
Figure 27. The simulated and measured gain of the proposed antenna.

The measured E-plane radiation patterns at different frequencies are exhibited in
Figure 28, and the measured H-plane ones are shown in Figure 29. Since the bridge between
two wings of each bow-tie balun generates an extra minor phase difference between I; and
I, it is the reason behind the beam tilting towards 0 = 330° at some higher frequencies in
Figure 28.
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Figure 28. The measured E-plane radiation patterns of the proposed antenna: (a) At 3 GHz; (b) at

4 GHz; (c) at 5 GHz; (d) at 6 GHz.
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In these two figures, the radiation patterns within the operating band from 2.42 to
6.48 GHz are expanded. The cross-polarization discrimination ratio (XPD) is better than
25 dB within the band. When the frequency is low, it has weaker directivity. When the
frequency increases, the directivity of the E-plane pattern occurs. The stability of the
H-plane patterns is better than that of the E-plane patterns.

Table 3 is the comparison table of the related state-of-the-art dual-polarized crossed
dipole antennas and the proposed one in this paper.

Table 3. Comparison of the related state-of-the-art antennas and the proposed one.

Ref. Bandwidth fo Size (A})° 8*‘;3 (fis];’) gg
[1] 51.5% 423 0.8 x 0.8 x0.09  1025+1.75 >28 >29
[5] 91% 1.79 0.36 x 0.36 x 0.13 75+ 15 >15 >20
[9] 36% 12.54 0.52 x 0.52 x 0.15 6+05 >20 >16
[13] 100% 3.40 031 x 0.31 x 0.21 82407 >20 >17
[19] 32.73% 0.83 0.58 x 0.58 x 0.19 75405 >20 >20
[26] 53.2% 417 0.57 x 0.57 x 0.18 85+1 >22 >19
[29] 133.3% 3.00 0.75 x 0.75 x 0.55 73+15 >18 >15
Pro. 91.2% 445 052 x 0.52 x 0.15 75405 >20 >25

* AL: the longest operating wavelength. fj: the central frequency within the operating band.

Compared with these references, in the case in which a low profile and compact size
are achieved, the proposed antenna has a higher XPD; in the other case, in which roughly
the same gain is obtained within the band, the proposed antenna has a wider bandwidth or
a higher port isolation.

5. Conclusions

In this paper, a broadband dual-polarized crossed dipole antenna is proposed. First of
all, the operational principle, the bow-tie balun, and the antenna vibrator are introduced.
Then, the key dimensional parameters are investigated. According to these studies, the
design guidelines for this proposed antenna were derived. Finally, this proposed antenna is
fabricated and measured. The simulated and measured results show that the antenna has a
wide impedance bandwidth from 2.42 GHz to 6.48 GHz. The fractional bandwidth is 91.2%.
Moreover, within the whole band, the E-plane and H-plane radiation patterns are stable.
The port isolation is greater than 20 dB, and the cross-polarization discrimination ratio
is better than 25 dB. The proposed antenna achieves a realized gain of 7.5 dBi + 0.5 dBi.
It can be a good candidate for sub-6 GHz wireless communications or short-range radar
applications.
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