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Circular Polarized Ground Radiation Antenna for Mobile Applications

Longyue Qu™, Zeeshan Zahid™, Hyung-Hoon Kim, and Hyeongdong Kim

Abstract—Here, we propose a ground radiation antenna (GradiAnt)
with circular polarization (CP) by applying the ground-mode
tuning (GMT) technique to the ground plane. We demonstrate that a
GradiAnt at an arbitrary location of the ground plane can simultaneously
excite two orthogonal modes of the same magnitude, and the phase
difference between the two modes can be adjusted via GMT to achieve
CP in mobile antennas. The proposed GradiAnt can be viewed as a
combination of an electric coupler (J-type) and magnetic coupler (M-type)
to the modes of the ground plane, and both modes can be excited to the
same amplitude by tuning the coupling-type. GMT, applied to the ground
modes using inductor-connected metal strips, can generate a 90° phase
difference between the two modes of the ground plane. The proposed
antenna design generates a 6 dB axial ratio bandwidth of 140 MHz from
2.38 to 2.52 GHz in the +z-direction. Right-hand CP and left-hand CP in
the +z-direction and —z-direction, respectively, are obtained. The tuning
mechanism is presented, and measurements are taken to validate the
proposed technique.

Index Terms— Circular polarization (CP), coupling-type, ground
radiation antenna (GradiAnt), ground-mode tuning, mobile antennas.

I. INTRODUCTION

Circular polarization (CP) reduces both polarization loss and
multipath interference when compared with linear polarization, which
is valued for its high-speed data transmission and reception [1], [2].
The conditions for CP require two orthogonal linear components in
the same magnitude with a time-phase difference of 90° [2], [3].
CP has attracted considerable research attention [2]-[11], with most
studies focusing on two methods of attaining CP: dual-orthogonal
feeding [2]-[4] and single feeding [2], [3], [5]-[10]. Dual-orthogonal
feeding suffers from complex implementation due to the need for
a divider or hybrid. Single feeding is favorable for its simple
implementation, and various antennas have been proposed, including
microstrip [3], [5], [6], transformed dipole or monopole [7], [8],
and slot or loop [9], [10]; however, both the generation of phase
differences and the excitation of two orthogonal modes are difficult to
achieve in mobile antennas. Normal mobile antennas can only achieve
linear polarization [11]-[16] or dual polarization [17], and few studies
have reported successful CP in mobile antennas. In [18], a ground
radiation antenna (GradiAnt) is used to achieve CP by producing hor-
izontal and vertical currents around the antenna structure; however,
the ground effect is not included. In [19], the CP performance of the
chip antenna is difficult to achieve in other platforms, and the antenna
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can only be located at the corner of the ground plane, restricting its
applications.

In GradiAnts [15], [20]-[26] and ground-mode tuning (GMT) tech-
nique [25]-[28], it is important to note that small antennas dominantly
radiate by exciting and utilizing the ground modes, and that a specific
ground mode resonance can be tuned to match the target frequency.
In this communication, CP is achieved by utilizing both GradiAnt
and GMT, and we demonstrate that a single antenna at an arbitrary
location of the ground plane can be used to simultaneously excite
two orthogonal modes by tuning its coupling-type. The generation of
CP using the proposed technique also confirms the functionality of a
GradiAnt.

In this communication, a simple GradiAnt design is proposed for
the implementation of CP for mobile applications. The coupling
magnitude can be modified with each mode based on antenna-type,
so that a GradiAnt at an arbitrary location can simultaneously excite
the dominant modes along the x-axis and y-axis of the ground
plane. To ensure a 90° phase difference between the two orthogonal
modes, GMT is utilized and optimized by tuning the inductor value
in the GMT structures. This communication is organized as follows.
Section II presents the configuration of the proposed antenna design,
Section III provides the simulation results and describes the tuning
mechanism, and the proposed antenna is discussed in Section IV.

II. ANTENNA DESIGN

Fig. 1 depicts the proposed antenna configuration, which is
comprised GradiAnt and GMT structures. The structure of the
GradiAnt is designed such that it can simultaneously excite the two
dominant modes along the x-axis and y-axis of the ground plane
(Mode 1 and Mode 2) to radiate. The GMT structures are designed
to ensure that Mode 1 and Mode 2 are inductive and capacitive with a
90° phase difference at the operating frequency. Both antenna design
and GMT can be optimized by observing the magnitude and the phase
of the radiated fields, respectively. The proposed technique can be
applicable to small-sized wireless devices, where the dominant modes
along the length and width of the ground plane are normally higher
than the operating frequency at 2.4 GHz, e.g., wearable devices or
Internet of Things devices.

A ground plane with dimensions of 30 mm x 30 mm is etched in a
1 mm-thick FR4 substrate (¢, = 4.4 and tan 6 = 0.02). The proposed
GradiAnt is located within a clearance of 3 mm x 15 mm at the upper
side of the ground plane, fed by a capacitor CF (0.55 pF). At the left
side of the GradiAnt, a 2.3 mm vertical section of the conductor
line has a gap of 0.5 mm to the ground plane, producing distributed
capacitance. Note that the width of all conductor lines is 0.5 mm. The
proposed GradiAnt is located at the electric field maximum of Mode 1
and magnetic field maximum of Mode 2, so that a combination of
electric coupler and magnetic coupler is desired. An electric coupler
(J-type) is coupled with the electric field of the ground plane as

(antenna, mode) = // Jx Edzt
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Fig. 1. Configuration of the proposed antenna. (a) Front view. (b) 3-D view.
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Fig. 2. (a) Simulated input impedance in a Smith chart. (b) AR values.

and a magnetic coupler (M-type) is coupled with the magnetic fields
of the ground plane as

(antenna, mode) = — // M x Hdt
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Fig. 3. Normalized radiation pattern at 2.45 GHz in the (a) xz plane
and (b) yz plane.

where J and M are the coupling-types of the antenna, and E and H
are the electric and magnetic fields of the ground mode. Therefore,
a J-type can capacitively couple with Mode 1, while an M-type can
inductively couple with Mode 2 [13], [25]. Accordingly, we can use
a single antenna at an arbitrary location to simultaneously excite and
utilize Modes 1 and 2 for radiation, which forms the basic principle
of the proposed technique.

For the small ground plane without GMT, the resonant frequencies
of both dominant modes are higher than the operating frequency.
To satisty the conditions of CP, GMT is adopted to generate a phase
difference between Modes 1 and 2. The GMT structures are proposed
in the bottom of the ground plane, which comprises a metal strip
and a shorting pin. The metal strip is located 2 mm away from the
ground plane, with a length of 30 mm, and height of 4 mm along
the z-axis. The shorting pin is used for connection at the midpoint of
the bottom of the ground plane through an inductor L (1.7 nH),
so that the resonant frequency of Mode 1 can be tuned easily.
To maintain polarization purity, a specific ground mode should be
controlled without affecting another, so the shorting pin is preferred
to be implemented near the center of the edge of the ground plane.
The GMT effect is determined by both the metal strip and the loaded
inductor, which can provide shunt capacitance and inductance to the
ground mode, as discussed in [25] using an equivalent circuit model
and its input admittance equation. Note that a planar closed loop can
also be utilized as another possible GMT structure candidate [29].
Mode 2 can also be tuned if necessary. The phase difference between
Modes 1 and 2 is the most difficult condition to attain in mobile
devices, as well as GMT. The antenna design without GMT is
designated the reference design for the sake of comparison.
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Fig. 4. Simulated total radiation patterns in realized gain at 2.45 GHz.
(a) Radiation patterns in the xz, yz, and xy planes. (b) 3-D radiation pattern.

III. SIMULATION RESULTS AND TUNING MECHANISM
A. Simulation Results

Fig. 2(a) presents the simulated reflection coefficients of the
reference and proposed designs. The 3:1 VSWR bandwidth of the
proposed design is 170 MHz from 2.36 to 2.53 GHz, fully covering
the operating frequency band for WLAN applications. The impedance
bandwidth of the reference design is from 2.36 to 2.51 GHz, which
is similar to that in the proposed design.

The axial ratio (AR) is an important parameter in characterizing
the polarization performance, which ranges from 0 dB to infinity.
The AR curves of the reference and proposed antenna designs are
obtained in the +z-direction, as shown in Fig. 2(b). The 6 dB AR
bandwidth of the proposed antenna design is 140 MHz, ranging from
2.38 to 2.52 GHz, indicating that CP is generated by simultaneously
exciting both Modes 1 and 2 of the ground plane. The AR values
in the reference design are notably high, because the two modes
of the ground plane cannot satisfy the phase difference. Therefore,
the proposed antenna design can provide CP without greatly affecting
impedance bandwidth performance.

The simulated radiation patterns of the proposed antenna at
245 GHz are presented in Fig. 3 for a comprehensive view of
the polarization performance. In the xz plane, the antenna generates
right-hand circular polarization (RHCP) in the +z-direction and left-
hand circular polarization (LHCP) in the —z-direction, as shown
in Fig. 3(a). RHCP and LHCP are also generated in the +z-direction
and —z-direction, respectively, in the yz plane [Fig. 3(b)]. The total
radiation patterns of the proposed antenna are presented to evaluate
its radiation performance (Fig. 4). From the xz, yz, and xy planes
in Fig. 4(a), it can be observed that the proposed antenna produces
radiation patterns with a minimum realized gain of —12 dBi in
the null direction, indicating that the antenna is less directional.
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Fig. 5. Simulated surface-current distributions at 2.45 GHz at a phase of
(a) 0° and (b) 90°.

Furthermore, the 3-D radiation pattern is also shown in Fig. 4(b), and
the radiation null is generated along the y-axis. Though the radiation
pattern is not isotropic, the difference between the peak gain (1 dBi)
and the null gain (—12 dBi) is significantly reduced compared to
the linearly polarized antenna, which is a favorable characteristic in
transmission and reception.

To further validate the polarization performance of the proposed
antenna, the simulated current distributions are shown at 2.45 GHz
in Fig. 5. As shown in Fig. 5(a), the current distributions over the
ground plane are directed along the x-axis at a phase of 0°. The
current flows into the GMT structures, so that Mode 1 is operating.
At a phase of 90° [Fig. 5(b)], the current distributions over the
ground plane are directed in the y-axis, so that Mode 2 is operating.
Both the feeding location and the time-phase difference of the two
orthogonal modes in the ground plane determine the generation of
RHCP in the +z-direction and LHCP in the —z-direction. It is
important to observe that the total current distribution around the
antenna area cancel with each other, operating as a transmission-line
(nonradiating) mode, which contribute only to the excitation of the
ground modes [15], [20]-[26].

B. Tuning Mechanism

The proposed GradiAnt plays an important role in exciting the two
orthogonal and perpendicular modes of the ground plane, and the
coupling between the antenna and the ground modes is dependent
on its coupling-type and location in the ground plane, which are
evaluated and investigated as follows.



2658
j 12 s
T ; i
J-type
J&M-type
(proposed)
D . inductor
—3 9
M-type . capacitor
(a)
40 [}
M-type "
----- J-type !
30 ————— proposed ',
o
Z
> .
< !
. _
0 ‘ e s
230 235 2.40 245 250 255 260
Frequency (GHz)
(b)
. 1
2
; EE
S
e
ul
(©
Fig. 6.  Antenna coupling-type-based AR variation. (a) Antenna types.

(b) AR variation. (c) Coupling-type and antenna location.

Three different antenna coupling types were implemented and
are shown in Fig. 6(a); their polarization properties are shown
in Fig. 6(b). In Fig. 6(a), the J-type antenna operates by coupling
with the electric field of Mode 1 [13], [30], and the M-type antenna
operates by coupling with the magnetic fields of Mode 2 [25], [30].
Fig. 6(b) presents simulated AR curves in the +z-direction that were
generated using various coupling types of GradiAnt. As shown, J-
type or M-type GradiAnts result in higher values of AR, because
either type can dominantly excite only Mode 1 or Mode 2. Therefore,
we propose a combination J&M-type that can simultaneously excite
both ground modes, obtaining good CP performance.

Though the proposed antenna has been chosen in Location 1 as
a case study, further investigation of the coupling-type and antenna
location is discussed in Fig. 6(c). When the antenna location shifts
from Location 1 to Location 2, the magnetic field of Mode 2
decreases and the electric field increases, so that a more electrically
coupled antenna-type for Mode 2 should be designed, and vice versa.
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Fig. 8. Measured results of the fabricated antenna design. (a) Fabrication of
the proposed antenna. (b) Measured S| and AR curve.

Accordingly, the J&M-type antenna is progressively transformed into
a J&J-type one, which is the case in [19]. Therefore, a corresponding
coupling-type that is suitable for simultaneous coupling to both
modes can be developed at an arbitrary location. For example,
an M&J-type antenna is necessary in Locations 3 and 5 to excite
Modes 1 and 2, while an M &M-type one is preferred in Location 4.

Another critical factor to CP generation is the GMT structures.
As is stated, phase difference between Mode 1 and Mode 2 can
be generated only by GMT without changing the dimensions of the
ground plane. Therefore, the effect of GMT is verified by tuning the
values of L, which is shown in Fig. 7. By increasing the value of L,
the resonant frequency of Mode 1 is lowered down, further affecting
the phase difference. Either increasing or decreasing the value of L
will lead to higher AR. Therefore, GMT is another important tuning
parameter.

IV. MEASUREMENT RESULTS

To verify the proposed technique, the antenna design is fabricated
and measured in a 3-D CTIA OTA chamber, as shown in Fig. 8(a).
The measured reflection coefficient is presented in Fig. 8(b), and the
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Fig. 9. Measured radiation patterns of the proposed antenna at 2.45 GHz.
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3:1 VSWR bandwidth is from 2.38 to 2.52 GHz, which is consistent
with the simulation results. Furthermore, the AR curve is shown
in Fig. 8(b), where the 6 dB AR bandwidth is from 2.36 to 2.50 GHz,
which agrees well with the simulation. The measured polarization
patterns in the xz and yz planes are shown in Fig. 9(a) and (b),
and it can be observed that RHCP and LHCP are generated in
the +z-direction and —z-direction, respectively. The total radiation
patterns in xz, yz, and xy planes are demonstrated in Fig. 9(c), where
a minimum gain of —15 dBi and a maximum gain of 0.77 dBi
are produced by the proposed antenna. Therefore, the measurement
results are in agreement with the simulation results, and the slight
difference can mainly be attributed to the induced current flow onto
the semirigid cable.
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V. CONCLUSION

A GradiAnt with CP is proposed for mobile applications. The
proposed GradiAnt can be tuned to various coupling types to simul-
taneously excite two orthogonal modes of the ground plane with
the same magnitude. GMT is applied to the ground plane, so that
the desired phase difference between the two modes is generated. The
proposed GradiAnt can generate a 3:1 VSWR bandwidth of 170 MHz
and a 6 dB AR bandwidth of 140 MHz in a small ground plane.
RHCP and LHCP are generated in the +z-direction and —z-direction,
respectively. The proposed technique confirms an important fact: that
a mobile antenna is a GradiAnt that excites and utilizes ground modes
for radiation.
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