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A Novel Broadbhand Gross-Loop Dipole Antenna with Goupling Slots
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ABSTRACT: A novel broadband +45° dual-polarization antenna is presented. By introducing coupling slots on the loop dipole arms of the
antenna, multi-resonance performance occurs so that the impedance bandwidth is greatly widened. An enhanced impedance bandwidth
about 92.5% with VSWR < 2 is obtained at two ports, corresponding to the frequency region of 1.61-4.38 GHz. In the frequency range
of 1.61-3.8 GHz, a gain of 8.2 £ 2.2dBi is obtained. For the frequencies beyond 3.8 GHz, the gain drops sharply and goes down to
1.1 dBi at 4 GHz. Within the operating frequencies, a port-to-port isolation > 22.5 dB is achieved. Especially, the proposed antenna has
a very simple configuration and is easy to be fabricated. A mechanical prototype of the antenna has been manufactured and measured.
The measurement results have good agreement with the simulations. The work principle and detailed descriptions of the antenna are

presented in the paper.

1. INTRODUCTION

In the last decade, many broadband complementary dipole
antennas have been intensively studied and applied in mo-
bile communication systems [1-17]. These dipole antennas
can be divided into three general types, including magneto-
electric dipole antennas, in-phase binary dipole antennas, and
cross-dipole antennas. The three kinds of antennas have sim-
ilar principles and achieve stable radiation patterns by apply-
ing complementary concept. Compared with the traditional
printed dipole antennas [18, 19], complementary dipole anten-
nas have a more stable radiation pattern, higher gain, and wider
impedance bandwidth. Magnetoelectric dipole antenna is first
proposed in [1]. Adopting a shorted planar dipole with vertical
bending to the ground plane and a I'-shaped feeding probe, an
electric dipole is ingeniously combined with a magnetic dipole
so that complementary radiation is achieved [2,3]. In [4],
Chu and Luo present an in-phase binary dipole antenna, which
achieves constant radiation pattern and virtually identical E-
and H-planes in the wide frequency range. Compared with the
first two kinds of complementary dipole antennas, the cross-
dipole antenna is more suitable for applications in base sta-
tions, since it can be easily designed as a dual-polarized an-
tenna. Through two orthogonally-placed dipoles, the comple-
mentarity of the radiation pattern is achieved in the two po-
larization planes. With the rapid development of mobile base-
station communication technology, the researches on the cross-
dipole antenna are burgeoning [5—16].

The researchers usually adopt loop dipole [5-7], bow-
tie dipole [8-16], octagonal dipole [9] or fan-shaped
dipole [11,15,17] as cross-dipole antenna’s radiation ele-
ment, under which a plate or box-reflector is placed to ensure
the unidirection of radiation. In order to cover more services
of mobile communication, engineers attempt to broaden the
bandwidth of the cross-dipole antenna. Many methods for
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expanding bandwidth have been proposed, including parasitic-
loading technology [10], multi-dipoles usage [11, 15, 16], and
shared-aperture technology [14]. However, these methods
have enhanced the structure complexity of the antennas,
leading to high manufacturing cost.

In this communication, we propose a novel and simple +45°
dual-polarization antenna with a very wide impedance band-
width. By adding two coupling slots to the arm of cross-loop
dipole, a capacitor is introduced so that a parallel resonance
occurs in the loop arm of the parasitic dipole. Therefore, the
impedance matching and gain of the antenna are greatly im-
proved. In order to demonstrate the distinguished performance
of the proposed antenna, a comparison with the related anten-
nas [10-17] is displayed in Table 1. As detailed, in order to
broaden the bandwidth, additional dielectric and ground layers
have been added in the design of the antennas [10, 11, 14-16].
Thus, the structure complexity and processing costs of the an-
tennas are enhanced. In [13], although the antenna has only one
dielectric layer and one grounding plate, an inverted pyramidal
cavity is used as a reflector, which increases the difficulty of
processing and prohibits the antenna forming an array. Through
comprehensive comparisons, it is clear that the proposed an-
tenna has outstanding performance with simple configuration.

2. ANTENNA CONFIGURATION

The presented antenna’s configuration, depicted in Fig. 1, is
engineered for optimal performance. The detailed structural
parameters in Table 2 offer insights into the antenna’s geome-
try and dimensions. Fig. 1(c) reveals the orthogonal arrange-
ment of two crossed dipoles, and a loop structure with two
coupling slots is chosen as a dipole element. One portion of
the dipoles forms coplanar transmission lines, which are ladder
shaped and serve as impedance transformers. Through capac-
itive coupling, the antenna is excited by two Y-shaped feed-
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FIGURE 1. Configuration of the proposed antenna. (a) Three-dimensional view; (b) Side view; (c) Dipole elements; (d) Y-shaped feeding lines.

TABLE 1. A comparison between the proposed antenna and the same-type antennas.

Isolati Structu Number of dielectri
Antenna | Overall size (Awi) BW (GHz) BW (%) |  Gain(dBi) | ooon | Stuetite ) TUmberof Geiectiic
(dB) complexity | and grounding layers
1.67-2.37 (VSWR < 2 1+04
Ref. [10] | 0.78 x 0.78 x 0.24 7 T(VSWR <2) NG 8 0 > 35 complex 2&1
3.26-3.67 (VSWR < 2) 6.6+ 0.5
0.7-0.96 (RL > 10) 5.5
Ref. [11] | 0.51x0.51 x 0.23 1.7-3 (RL > 10) NG 8 > 20 complex 2&1
3.3-3.8 (RL > 10) 5.5
2.35-2.8 (RL > 10 8.4
Ref. [12] | 0.82x0.82 x 0.24 (RL > 10) NG >25 | complex 5&1
3.15-3.7 (RL > 10) 7.7
Ref. [13] | 0.69%x0.69 x 0.19 1.6-3.83 (RL > 10) 82.1% 8.3+21 > 43 simple 1&1
1.60-2.70 (RL > 10) 7.6
Ref. [14] | 0.75%0.75 x 0.19 3.28-3.80 (RL > 10) NG 8.6 > 20 complex 3&1
4.75-5.18 (RL > 10) 9.5
Ref. [15] | 0.6x0.6 x 0.22 1.7-322 (VSWR < 2) | 61.8% ~5.7 > 29 complex 1&2
3.3-3.6 (RL > 10 ~7
Ref. [16] | 0.85%x0.85 x 0.14 (RL > 10) NG > 25 complex 3&1
4.8-5 (RL > 10) ~8.2
Ref. [17] | 0.67 x 0.67 x 0.34| 1.68-2.90 (RL > 10) 53.3% 6.6 +2.2 > 34.5 complex NG
1.61-4. 2422
This work | 0.65 x 0.65 x 0.19 61-4.38 92.5% 8 > 225 simple 1&1
(VSWR < 2) (1.61-3.8 GHz)

Amin 18 the free-space wavelength referring to the lowest operational frequency.

ing lines with notches. To further boost impedance matching,
strategically positioned slots are incorporated into the dipole el-
ements, both in front of and behind the Y-shaped feeding lines.
The crossed dipoles are meticulously fabricated on the lower
side of a Rogers 5880 substrate, characterized by a permittiv-
ity of 2.2 and a loss tangent of 0.0009. Simultaneously, the
Y-shaped feeding lines are carefully plated to the upper side of
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the substrate. To prevent unwanted overlap, a segment of one
Y-shaped feeding line is positioned on the substrate’s lower side
and connected to the upper section through a shorting pin. In the
pursuit of achieving unidirectional radiation, a square reflector
is strategically placed beneath the radiators. The connection
between the substrate and reflector is facilitated by four plastic
columns with a permittivity of 2.1 and a radius of 5 mm. This
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TABLE 2. Structural parameters of the proposed antenna.

Parameters Lg Hg Ld Hd H L w L1
Value/mm 122 1 94 0.79 35 22 5.5 11.39
Parameters w1 L2 w2 L3 w3 L4 w4 L5
Value/mm 1.2 3.9 0.85 1.4 2 4.7 7.1 7
Parameters Wb L6 weé L7 wri L8 w8 L9
Value/mm 1.43 6.8 1 5.5 1 3.76 1 3
Parameters w9 L10 | W10 | L11 | W11 L12 | W12 D1
Value/mm 1 437 | 1.15 32 0.94 9.6 1.6 6.33
Parameters D2 S1 52 Parameters 0
Value/mm | 20.57 | 0.3 0.3 Value/degree | 93.03
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FIGURE 2. Evolution of the presented antenna.

(a) 1 412
10 1
48
9 46
8 H4
42
7 —m—ANT1 R
—e—ANT2 1° &
% 6 —v— The proposed antenna 2 2
2 4 g
5 1 (O]
6
4 -8

I e
16 1.8 20 22 24 26 28 30 32 34 36 38 40 42 44
Frequency (GHz)

®) " proposed
200
i' ll L antenna ATNA1 ATN2
1504 1 h Re(zn) —---- Re(zi) Re(zi)
! ‘l i ‘.| ------- Im(zin) --- Im(zn) = = = IM(zi)
S 100 i i
Q |
2 |
©
kel
(9]
Q.
E
100y

T T T T T T T T T T T T T 1
16 18 20 22 24 26 28 3.0 32 34 3.6 3.8 4.0 42 44
Frequency (GHz)

FIGURE 3. Comparison among the ATN 1, ANT 2, and proposed antenna on the VSWR, gain, and input impedance.

meticulous design ensures the antenna’s robust performance
and efficient radiation characteristics across a broad frequency
spectrum.

3. ANALYSIS OF ANTENNA PRINCIPLE

3.1. Circuit Model for the Proposed Antenna

The proposed dipole element is evolved from a cross-loop
dipole, as depicted in Fig. 2. The original antenna (ANT 1)
is a crossed loop-dipole antenna. ANT 2 is obtained by in-
troducing two coupling slots on the arms of ANT 1. Based
on ANT 2, we add two slots on dipoles element in front of
and behind the Y-shaped feeding lines and optimize the struc-
ture to improve further impedance matching. Voltage stand-
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ing wave ratio (VSWR), gain, and input impedance compar-
isons among the three kinds of antennas are displayed in Fig. 3.
It can be observed that the VSWR and gain of the cross-
dipole antenna are greatly improved by introducing coupling
slots on the loop dipole. In the low-frequency range, the in-
put impedance of ANT 1 has a significant fluctuation, leading
to a poor impedance matching. By adding the coupling slots
(ANT 2), the variation of the input impedance tends to flat-
ten out, as shown in Fig. 3(b). For describing the effects of
the coupling slots theoretically, we present a simple equivalent
schematic of the proposed antenna [20], as shown in Fig. 4.
For simplicity, the effects of the Y-shaped feed lines are
ignored here. By adding coupling slots, the arms of the
loop dipole are divided into two parts, which are denoted as
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FIGURE 6. Current distributions on the crossed dipoles (vector value and complex magnitude when only one port is stimulated). (a) 1.7 GHz; (b)
2.7 GHz; (c) 3.7 GHz.
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FIGURE 7. VSWRs and gains with and without the parasitic dipole.

impedances 277 and Zs, respectively. Z 4 is used to represent
the input impedance of the antenna. The coupling slots is rep-
resented as a capacitance Cgj,y, and the gap between the two
coplanar striplines is treated as a capacitor Cp;.

Based on Fig. 4 and methods of circuit analysis, we can get

2
A (ZQ + jwcm,) 1
221 + 29 + JwCept

Za=271+ (1)

2
JwCsior

where w is the angular frequency. It can be seen that only
the second term on the right side of Eq. (1) contains Cyy,
and the term represents the impedance of the parasitic dipole
branch. Thus, the coupling slots mainly affect the parasitic
dipole branch. By adjusting the position and size of the cou-
pling slots, parallel resonance can occur in the parasitic dipole
branches, and the bandwidth of the antenna can be widened.

Based on Eq. (1), we can simplify the equivalent schematic
in Fig. 4. Suppose z1 = R1 + jwlLq, 20 = Rs + jwlLs, and
20 = z1 + 1/jwC¢p. Because z; and C,p, form a coplanar
stripline which has stable impedance, we set it as zp = 21 +
1/jwCep;. Owing to Ry = 0 (22 represents a short stub), it can
be ignored. Assuming that the branch of 25 is capacitive after
introducing the coupling slots, we can get 25 /24 1/ (jwClp) =
1/jwCy and C; = Cipr/2(1 — w?LoCyp,). Fig. 5 shows the
simplified circuit model [3]. Based on it, we can obtain the
resonant angular frequency wy and resonant impedance Ry, as
shown in Eq. (2).

1 R
LG, L%

wo =

2

It can be seen that the circuit can resonate at the desired fre-
quency by adjusting the value of C;. The resonant impedance
is related to Cy, and a bigger C; leads to a decrease of the reso-
nant impedance Ry. Therefore, after introducing the coupling
slots, the real part of the input impedance at low resonant fre-
quency has decreased, as shown in Fig. 3(b).

Gain (dBi)

- - —antenna fed by shorting pin
antenna fed by Y-shape feeding line

T T T T T T T T T T T T T T
16 18 20 22 24 26 28 30 32 34 36 38 40 42 44
Frequency (GHz)

FIGURE 8. Comparison between the antenna fed by shorting pins and
that by Y-shape feeding lines.
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3.2. Current Distribution of the Presented Antenna

The current distributions on the crossed dipoles at 1.7 GHz,
2.7GHz, and 3.7 GHz are depicted in Fig. 6, with the direc-
tions of the total current indicated by thick black arrows. It is
observable that there is a notable concentration of current on the
arms of the parasitic dipole, and the current forms a loop. That
is, parallel resonance occurs on the parasitic dipole, which can
be regarded as a magnetic dipole. The direction of the total cur-
rent on the dipoles are in the direction of —45° or —225° at all
frequencies. The summed current is primarily determined by
the current distributions on the symmetrical loop. The currents
on the coplanar transmission lines nullify each other owing to
their symmetric arrangement. Simultaneously, each coplanar
transmission line involves two microstrip lines, on which the
currents have opposite directions and can be offset in whole
or in part. In general, the coplanar transmission lines are non-
radioactive and have little impact on the antenna’s radiation
performance. The dipole can be seen as a half-wave or full-
wave dipole at low frequencies. As the frequency increases,
the length of the dipole extends beyond a wavelength, resulting
in the occurrence of reverse current on the dipole. Initially, the
reverse current primarily spreads along the coplanar transmis-
sion lines, and the current’s direction on each symmetrical loop
remains uniform. Consequently, the antenna can sustain high
gain within a specific frequency band when operating in higher-
order modes. However, once the frequency surpasses a specific
threshold, such as 4 GHz, reverse current arises on the symmet-
rical loop, adversely affecting the radiation performance of the
crossed dipoles.

4. PARAMETRIC STUDY

The antenna undergoes simulation and optimization using full-
wave simulation software, providing crucial guidance for the
mechanical manufacturing process. A parametric analysis is
conducted to clarify how the antenna’s parameters influence its
performance. To simplify the analysis, only one port is acti-
vated at a time, while the other parameters are kept constant
during the examination of each individual parameter.
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FIGURE 12. Simulated and measured port-to-port isolations of the an-
tenna.

4.1. Effects of the Parasitic Dipole

Being different from the traditional crossed loop-dipole an-
tenna [5-7], one kind of loop dipole with coupling slots is
adopted in the proposed antenna. While one dipole is actively
stimulated, the other is considered as a parasitic element. A
parametric investigation into the parasitic dipole is conducted
to comprehend its effects. Fig. 7 illustrates the VSWRs and
gains with and without the parasitic dipole. It is evident that

220

T T T T T T T T T T T T T T T
16 1.8 20 22 24 26 28 30 3.2 34 36 38 4.0 42 44
Frequency (GHz)

FIGURE 11. Simulated and measured VSWRs and gains of port 2.

the parasitic dipole significantly influences the antenna’s per-
formance across the entire frequency range. Removal of the
parasitic dipole results in the disappearance of some resonant
frequencies and a deterioration in impedance matching, particu-
larly in the low-frequency region. Simultaneously, the parasitic
dipole markedly enhances the antenna’s gain, particularly in the
high-frequency range. In principle, the introduction of the par-
asitic dipole causes a segment of the dipole element to form
a coplanar transmission line. This not only improves the an-
tenna’s impedance matching but also serves as a non-radiative
element, suppressing reverse currents on the dipoles at higher-
order modes.

4.2. Effects of the Y-Shaped Feeding Line

Two Y-shaped feeding lines activate the presented antenna
through capacitive coupling, providing the advantage of ex-
panding the antenna’s bandwidth. To confirm the significance
of the Y-shaped feeding lines in the design, a parametric anal-
ysis is conducted. In Fig. 8, a comparison is made between the
antenna fed by shorting pins and the one fed by Y-shaped feed-
ing lines on VSWR and gain. The Y-shaped feeding lines no-
tably enhance the antenna’s impedance matching compared to
the feeding method of shorting pins. The improvement is cred-
ited to the introduction of a capacitor induced by the Y-shaped
feeding lines, effectively neutralizing the inductive impedance
of the dipole element, especially at lower frequencies.
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FIGURE 13. Simulated and measured patterns of radiation at port 1.

TABLE 3. The proposed antenna’s half-power beamwidth.

Half-power beam-width (degree)
Frequency Simulation Measurement
(GHz) Port 1 Port 2 Port 1 Port 2
E-Plane | H-Plane | E-Plane | H-Plane | E-Plane | H-Plane | E-Plane | H-Plane

1.7 60.3 82.8 60.3 82.7 62 81 61 83
2 57.5 73.7 57.5 73.8 58 77 58 71
2.3 58.6 61.1 58.8 61.1 57 62 59 60
2.6 54.7 53.7 54.8 53.6 55 53 55 53
2.9 54.7 514 55.0 514 56 51 56 52
32 56.3 514 56.8 51.2 61 54 60 51
3.6 90.3 46.8 90.5 46.9 90 48 91 47

5. MEASUREMENT RESULTS AND DISCUSSION

To validate the design’s viability, the antenna is constructed
and evaluated using the simulation results. Fig. 9 shows the
antenna prototype, whose VSWRs and port-to-port isolation
are assessed through a two-port vertical network analyzer, and
gains are measured using a microwave anechoic chamber sys-
tem.

Figures 10 and 11 present the comparisons of the VSWRs and
gains between measurements and simulations, respectively. It
is clear that the measured results coincide well with the sim-
ulations. The prototype’s measurement results demonstrate

that the proposed antenna’s impedance bandwidths cover the
frequency range of 1.61-4.38 GHz with VSWR < 2. Mea-
sured results show that the gain bandwidths are less than the
impedance ones, as predicted by the simulations. The mea-
sured gains of 8.2 £ 2.2 dBi are obtained at two ports for the
frequency band of 1.61-3.8 GHz. When the frequencies are
beyond 3.8 GHz, the gains drop sharply. At 4 GHz, the gains
decrease to 1.1 dBi.

The simulation and measurement of the port-to-port isola-
tion are contrasted in Fig. 12, which demonstrates their strik-
ing resemblance. A port-to-port isolation of more than 22.5 dB
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FIGURE 14. Simulated and measured patterns of radiation at port 2.

for the whole operating frequency region has been obtained in
the measurement. The far-field patterns of the principle po-
larisation and cross polarisation at frequencies of 1.7, 2.3, 2.9,
and 3.6 GHz, including the simulations and measurements, are
presented in Figs. 13 and 14. The measured results fit quite
well with simulated ones. In addition, Table 3 lists the half-
power beamwidths (HPBWs) from the electromagnetic simu-
lation and experimental measurement. Because the measured
HPBWs are from a broad bandwidth, they have large oscilla-
tions. For port 1, the measured HPBWs are 72.5 £17.5 degrees
in E-plane and 64.5 + 16.5 degrees in H-plane. For port 2, the
measurements are 73 &£ 18 degrees in E-plane and 65 £ 18 de-
grees in H-plane.

6. CONCLUSIONS

A novel dual-polarization cross-loop dipole antenna with cou-
pling slots is introduced. The measured outcomes illustrate that
the antenna attains an impedance bandwidth exceeding 92.5%
for VSWR < 2, within the frequency range of 1.61 to 4.38 GHz
across two ports. Across this frequency band, a port-to-port iso-
lation exceeding 22.5 dB is achieved. The gain bandwidths are
narrower than the impedance bandwidths. Specifically, within
the frequency span of 1.61-3.8 GHz, gains of 8.2 £ 2.2dBi
are realized at both ports. Beyond 3.8 GHz, the gains de-
cline sharply, reaching 1.1 dBi at 4 GHz. The antenna exhibits
commendable performance with a remarkably simple structure,
suggesting numerous potential applications.
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