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A Novel Single-Feed Dual-Element Antenna Using
Phase Compensation and Magnitude Regulation

to Achieve Circular Polarization
Longyue Qu , Member, IEEE, and Hyeongdong Kim , Member, IEEE

Abstract— This paper investigates the design of a novel single-
feed dual-element antenna that can be used to achieve circular
polarization (CP) performance for mobile devices at arbitrary
locations. The severe conditions needed to achieve CP remain as
difficult issues for small mobile antennas; this is the case because
the ground plane, rather than the antenna structure, contributes
to the dominant radiation as the antenna volume shrinks. A novel
concept of decomposing the antenna into two elements, which
are independently coupled to two orthogonal ground modes for
far-field radiation, is proposed through a theoretical analysis
based on characteristic mode theory. The proposed dual-element
antenna is comprised a loop-type element and monopole-type
element, where one element is directly fed and the other resonates
parasitically. In this way, the magnitudes and phase difference
between two radiated field components can be controlled through
antenna tuning without needing to manipulate the ground plane.
Both simulations and measurements are conducted to verify the
proposed antenna design with a widely used smartphone.

Index Terms— Characteristic mode theory, circular polariza-
tion (CP), ground modes, mobile devices, single-feed dual-element
antenna.

I. INTRODUCTION

IN WIRELESS communications, signal propagation deg-
rades in harsh environments; using polarization diversity

and pattern diversity to improve the channel capacity is
necessary for the next-generation communications [1]–[3].
Compared to linearly polarized waves, circularly polarized
waves exhibit attractive advantages in terms of their signal
propagation, which can overcome multipath interferences and
polarization mismatching to obtain better performance [1]–[4].
For these reasons, circularly-polarized waves utilizing two
orthogonal, linearly polarized waves can be considered as
interesting alternatives to enhance the signal strength and
reliability of the overall radio communication link. Circularly
polarized antennas have been widely utilized in GPS and satel-
lite communications due to the Faraday rotation when signals
penetrate through the ionosphere. In mobile communications,
where users are continuously changing their locations with
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respect to base stations, the mobility requirement means that
circularly polarized antennas are also favorable for maintain-
ing the strength of the received signals of mobile devices,
regardless of the orientation.

Circular polarization (CP) can be accomplished under the
conditions of two orthogonal modes with equal magnitude
and a quadrature phase difference between them; this can be
achieved by single-feed and dual-feed methods [5]–[7]. The
single-feed method is preferred due to its easy fabrication and
low profile; various antenna configurations have been intro-
duced for this method, including microstrip antennas [5]–[11]
with various shapes, inserted slots, or diodes; slot/loop anten-
nas [12]–[15]; helical antennas [16]–[19]; crossed dipole
antennas [20], [21]; magnetoelectric antennas [22]–[25]; and
dielectric resonator antennas [26], [27]. The dual-feed method
uses external power dividers for 90° phase generation between
two feeds and to allow for their amplitude adjustment [5]–[7].
Moreover, metasurfaces with various artificial structures can
operate as polarization converters to manipulate wave polar-
izations [28]–[32], which have also drawn much attention.

However, in contrast to the aforementioned antennas, mobile
antennas must be low profile, miniaturized, and inexpensive,
so that they can be integrated onto the platforms of larger
ground planes or printed circuit boards (PCBs), whose dimen-
sions are predetermined. Furthermore, the antenna is restricted
within a limited volume, and the radiation is dominantly
determined by exciting the larger ground plane [33]–[36].
More importantly, a nondirectional radiation pattern is essen-
tial due to the communication link with base stations from all
directions. For these reasons, all of the above antenna types
and metasurfaces are not suitable and/or difficult to implement
in mobile devices. Instead, slot-type, loop-type, or monopole-
type antennas are typically adopted due to their easy integra-
tion, low profile, and low cost [33]–[38].

Furthermore, most previous literature related to mobile
antennas focuses on the bandwidth, multiband, and efficiency
characteristics, whereas the polarization diversity makes it
difficult to satisfy both the magnitude and phase condi-
tions. In [39]–[42], antennas are implemented onto specific
rectangular ground planes with intrinsic phase differences
between the ground modes; thus, CP can be accomplished
by tuning the antenna structures for magnitude regulation.
In [43]–[46], manipulation of the ground planes is required to
satisfy the phase difference between two orthogonal ground
modes for CP generation. However, some of the antenna
designs can only be applied to specific cases, and the others
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are larger and more complex due to additional structures on
the ground plane. To the best of the authors’ knowledge,
a comprehensive analysis of CP in mobile devices, as well
as a versatile method for small mobile antennas with CP
characteristics, has yet to be reported in the literature.

Therefore, this paper focuses on CP generation in mobile
antennas, which can be applied at an arbitrary location of an
arbitrary ground plane in mobile devices. The proposed single-
feed dual-element antenna is composed of a monopole-type
element (M-element) and a loop-type element (L-element),
where one element is directly excited while the other acts
as a parasitic resonator. Section II presents a comprehensive
analysis of CP generation in mobile devices. It is important
to note that the phase difference between the two orthogonal-
radiated fields depends on the intrinsic phase difference
between the ground modes. It can also be controlled by
utilizing the dual-element antenna technique, so that both the
magnitude and phase difference conditions can be satisfied
by tuning the antenna without needing to modify the ground
plane. In Section III, the proposed technique is first evaluated
in a special case using square ground planes with in-phase
ground modes (i.e., no intrinsic phase difference between
the two orthogonal ground modes). Similar magnitudes are
obtained by equally exciting the ground modes along the
x-axis and y-axis, while the quadrature phase difference
between the two components can be achieved by tuning the
resonant frequency of the parasitic element. In Section IV,
these dual-element antennas are implemented in a widely
used smartphone, where the intrinsic phase difference
between the two orthogonal ground modes can compensate
for the quadrature phase difference by adopting the proposed
dual-element antenna. The axial ratio bandwidth (ARBW)
and polarization sense are determined by the intrinsic phase
difference and antenna tuning. In this paper, a GPS antenna
operating at 1.575 GHz is discussed as a case study.

II. FUNDAMENTAL THEORY

In mobile devices, the antenna elements are much smaller
than the ground plane, and the antenna operates as a cou-
pler or exciter to the ground plane. In addition, far-field
radiation is generated by the coupling between the antenna
element and the ground plane, which has been theoretically
and experimentally evaluated in [33]–[36]. Accordingly, exci-
tation of the characteristic modes along the x-axis and y-axis
with a proper phase difference yields orthogonal electric field
components of Ex and E y along the z-axis, providing CP
waves; these can be visualized on the surface of a Poincaré
sphere [5]. Generally, this condition for CP generation can be
accomplished by two methods.

A. Previous Single-Feed Single-Element Method

The first and most common method is to utilize a single-feed
single-element antenna to excite two ground modes simulta-
neously. Here, the phase differences are basically dependent
on the characteristics of the radiative ground plane, which is
explained as follows.

Based on characteristic mode theory, the total current
distribution J t over the surface of a conducting body
(e.g., a rectangular ground plane) excited by the antenna can
be expressed by the following equations:

J t =
∫∫∫

(E1 · J x)dτ

1 + jλx
· J x +

∫∫∫
(E1 · J y)dτ

1 + jλy
· J y . (1)

Here, E1 is the electric field generated by the antenna element
only and J x and J y are the two orthogonal modes in the
ground plane. Eigenvalue λn is 0 at the resonance of Jn , and
the sign determines whether the mode is inductive (λn > 0) or
capacitive (λn < 0) [47]. The relation between the far fields
of Ex and Ey is represented as

Ex

Ey
=

∫∫∫
(E1 · J x)dτ

∫∫∫
(E1 · J y)dτ

· 1 + jλy

1 + jλx
. (2)

Here, a single-element antenna is utilized to excite the two
ground modes equally to satisfy the magnitude conditions
for CP. Accordingly, Ex/E y = 1e±iπ/2, i.e., AR = 1, can be
obtained by manipulating the resonant frequencies of ground
modes J x and J y (λx and λy) to be inductive (capacitive)
and capacitive (inductive), respectively, at the target frequency.
In this way, an intrinsic quadrature phase difference between
the ground modes can be provided, whereas the antenna
element, operating at the target frequency, determines equal
excitation of the ground modes, thereby achieving CP waves.
We should note that previous studies of the single-element
CP antennas for mobile applications [39]–[46] fall under this
case. The situation in mobile antennas, however, is such that
the properties of the large ground plane are not easy to
control [35], [43]–[46], [48]–[50], which means that the single-
element antenna technique is an inefficient and input method
for mobile applications.

B. Proposed Single-Feed Dual-Element Method

An alternative method is to construct the antenna out of
two coupling elements, which are coupled with each ground
mode, so that the desired phase difference can be achieved
by controlling the antenna elements without manipulating
the ground planes. In this single-feed dual-element antenna
technique, the corresponding equation analogous to (1) can be
modeled as

J t =
∫∫∫

(E1 · J x ) dτ

1 + jλx
· J x +

∫∫∫ (
E2 · J y

)
dτ

1 + jλy
· J y . (3)

Here, E1 and E2 are the electric fields generated by the dual
elements of the antenna, respectively. In this case, each ele-
ment is dominantly coupled with each ground mode, i.e., there
is little coupling between E1 and J y or between E2 and J x .
Thus, the relation between the far fields of Ex and Ey

becomes

Ex

Ey
=

∫∫∫
(E1 · J x)dτ

∫∫∫
(E2 · J y)dτ

· 1 + jλy

1 + jλx
. (4)

Accordingly, the magnitude conditions for CP can be ful-
filled by controlling the dual elements to equally excite both
two ground modes ( J x and J y). Furthermore, the dual-
element antenna must generate a desired phase difference to
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compensate the intrinsic phase difference between the ground
modes, thereby satisfying the total quadrature phase difference.
It is noted that the desired phase difference generated by
the dual-element antenna can be obtained by tuning the dual
elements (E1 and E2) at different resonant frequencies, while
the intrinsic phase difference between the ground modes
is dependent on the resonant frequencies of the ground
modes (λx and λy). Consequently, both the intrinsic phase
difference between ground modes and the phase difference
provided by the dual-element antenna can determine the total
phase difference between Ex and Ey . Accordingly, the polar-
ization sense will then be determined by both the antenna and
the ground plane. Therefore, different from the single-feed
single-element method, the proposed dual-element method
utilizes only antenna elements to control the magnitude and
phase conditions, regardless of the resonances of the ground
modes.

In a special and simplified case, where both ground modes
have identical resonant frequencies, i.e., there is no intrinsic
phase difference between the two ground modes, (4) is sim-
plified as

Ex

E y
=

∫∫∫
(E1 · J x )dτ

∫∫∫
(E2 · J y)dτ

. (5)

Accordingly, the quadrature phase difference can be fulfilled
by manipulating E1 and E2 without considering the ground
modes, and the polarization sense will be determined by the
phases of E1 and E2. This case can be easily understood
by considering the dual-feed method for microstrip antennas,
where two feeds are fed in such a way that a 90° time-phase
difference is provided [5]–[7].

In this way, the dual-element technique is expected to
be a better and more efficient method in antenna-ground
systems; CP can be achieved by the antenna element without
manipulating the ground plane, which is an important issue
that has not yet been discussed in the literature. This is first
discussed in a special case with a square ground plane and then
applied to a general case with a rectangular ground plane.

III. ANTENNA CONFIGURATIONS IN THE SPECIAL

CASE OF A SQUARE GROUND PLANE

A. Antenna Implementation

Implementation of the proposed dual-element antennas
with CP is initially demonstrated in a square ground plane
(60 mm × 60 mm), where the intrinsic phase differ-
ence between the two ground modes can be ignored; thus,
the quadrature time-phase difference between the two orthog-
onal far-field components can be obtained by only tuning the
antenna elements, as indicated in (5).

Fig. 1 depicts the configuration of the proposed dual-
element antenna, which is comprised a capacitively fed
L-element and a parasitic M-element. For simplicity, the
M-element, with horizontal length l (20 mm), is loaded
with a series inductor L (11.7 nH) at the current maximum
portions of the M-element, so that the inductor values can
be easily tuned to control the resonant frequency of the
M-element. The L-element (4 mm × 8 mm) is excited through

Fig. 1. Antenna configurations of the proposed dual-element antenna in a
square ground plane. (a) Elevation view and (b) side view of the M-element
and top view of the L-element.

capacitor C f (0.7 pF) for input impedance matching, while
capacitor Cr (0.7 pF) is connected to a conductor line at the
open portions of the ground clearance, forming a loop-type
resonator with convenient control of its resonant frequency by
adjusting the capacitor values [36], [45], [51]–[54]. The edge-
to-edge distance between the two elements is d = 7.5 mm,
and the width of all the conductor lines is set as 0.5 mm. More
detailed dimensions can be found in Fig. 1.

Fig. 2(a) presents the simulated results of the reflection
coefficient and the AR values generated by the proposed dual-
element antenna. The 3:1 VSWR bandwidth covers 90 MHz
(from 1.51 to 1.60 GHz), and a 3 dB ARBW of 20 MHz
(from 1.565 to 1.585 GHz) is produced along the z-axis.
Fig. 2(b) shows the polarization patterns in the xz plane
at 1.575 GHz. It can be observed that left-hand circular
polarization (LHCP) and right-hand CP (RHCP) are generated
in the +z-direction and −z-direction, respectively. The circu-
larly polarized waves are formed by the orthogonal electric
field components Ex and E y , which contribute by exciting
dominant modes along the x-axis and y-axis of the ground
plane ( J x and J y), respectively.

The operation mechanisms are introduced as follows.
The proposed antenna can be optimized by first setting

the capacitively fed L-element at an arbitrary location (oper-
ating at the target frequency band) and then inserting the
parasitic M-element for the purpose of equal magnitude and
quadrature phase difference. As can be observed from the
impedance locus in the Smith chart of Fig. 3, dual resonant
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Fig. 2. Simulated results. (a) Reflection coefficient and AR values (ϕ = 0 and
θ = 0) and (b) normalized polarization patterns in the xz plane at 1.575 GHz.

Fig. 3. Input impedance in a Smith chart with variations in the inductor
value of L .

modes are generated by the proposed dual-element antenna.
The capacitively fed L-element produces the larger impedance
locus by coupling with ground mode J y , i.e.,

∫∫∫
(E2 · J y)dτ ,

and its resonant frequency is directly determined by the
loop size and capacitor value (Cr ) of the L-element. The
parasitic M-element, coupled with ground mode J x by∫∫∫

(E1 · J x)dτ , introduces the smaller parasitic impedance
locus at a frequency slightly below 1.575 GHz, and its resonant
frequency is dominantly controlled by the length and inductor
value (L) of the M-element. Dual resonant modes of the
proposed dual-element antenna allow equal amplitudes of two
ground modes with quadrature phase difference to be excited
at an arbitrary location in the ground plane.

Fig. 4. Simulated results of the far fields of Ex and E y (ϕ = 0 and θ = 0).
(a) Phase, (b) phase variation with different values of L , (c) magnitude, and
(d) magnitude variation with different values of d.

In Fig. 4(a), the simulated results of the far fields Ex and Ey

in the +z-direction are shown. Without utilization of the
M-element, the two components are almost in-phase without
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a phase difference; this is due to the identical resonant fre-
quencies of the two ground modes. In the proposed design,
it can be observed that Ex is delayed while E y is almost
constant, resulting in an 86° phase difference. When the
resonant frequency of the M-element is lowered by increasing
the inductor value from 9.7 to 12.7 nH, the phase delay of the
Ex component relative to E y is increased from 38° to 178°,
as can be verified in Fig. 4(b). Meanwhile, the variation of the
impedance characteristics can also be verified by observing
the smaller locus in the Smith chart of Fig. 3, which rotates
in the counterclockwise direction. Therefore, it is obvious
that the phase of the Ex component is greatly dependent
on the variation of the resonant frequency of the M-element;
this enables the phase difference between the two field com-
ponents to be easily controlled. Note that a rapid change in
the phase difference occurs as a function of the frequency
due to the high quality factor (Q) of the M-element, which
is consistent with the narrow ARBW. Herein, one effective
way to improve ARBW can be expected by controlling the
Ex component slowly changed with frequency in both phase
and magnitude; this can be realized by, for example, designing
the M-element as an electrically larger one.

Moreover, the parasitic M-element also plays an important
role in magnitude regulation between the two components. It is
well known that the L-element works as a magnetic coupler
to ground mode J y , while the M-element works as an electric
coupler to ground mode J x ; thus, dual elements are necessary
for magnitude regulation between Ex and E y in order to
obtain equal excitation of both ground modes. As can be seen
from Fig. 4(c), the L-element can only excite Ey dominantly,
in which case the antenna corresponds to a conventional
ground radiation antenna [36], [45], [51]–[54]; however, with
the adoption of the M-element, half of the energy is coupled
to the M-element and ground mode J x , contributing to the
enhanced value of Ey . It is important to note that the mag-
nitude regulation depends on the coupling between the two
elements, as well as on the coupling between each element
and the ground mode, which can be adjusted by changing
the distance between the two elements or by modifying the
element volumes. Here, the magnitude variation with the edge-
to-edge distance (d) between the two elements is briefly
discussed in Fig. 4(d), where the data are obtained by moving
the M-element closer to the L-element. Decreased Ey com-
ponent and increased Ex component can be observed as d is
changed from 7.5 to 2.5 mm, so that their magnitude difference
becomes wider at the target frequency. Therefore, the distance
between the two elements can be adjusted to conveniently
control the coupled energy from the L-element to the parasitic
M-element, further contributing to the magnitude regulation.

To verify the proposed dual-element antenna, the simu-
lated surface current distributions at 1.575 GHz are plotted
in Fig. 5. The current paths over the antenna elements are
first investigated in Fig. 5(a), and it can be clearly observed
that a monopole-type current path (dashed arrow line) and a
loop-type current path (solid arrow line) are simultaneously
generated over the M-element and L-element, respectively,
which is in accordance with the dual resonant modes of the
proposed antenna. Since the antenna elements act as couplers

Fig. 5. Simulated surface current distributions. (a) Current paths over the
antenna elements. (b) Current flow over the ground plane at t = 0. (c) Current
flow over the ground plane at t = T /4.

Fig. 6. Alternative antenna configuration.

to the ground modes of the ground plane as real radiators,
the current flow over the ground plane should be observed in
time period T . At t = 0, the current distributions over the
ground plane flow along the +x-direction, as can be observed
in Fig. 5(b). Alternatively, at t = T /4, the current flows
along the −y-direction in Fig. 5(c). The time period-based
current movements are consistent with the polarization sense,
as discussed above. It can be concluded that the current paths
over the high-Q antenna elements can determine the antenna’s
dual resonant frequencies, while the current flows along the
low-Q ground modes excited by the antenna elements are
contributing to the CP radiation, regardless of the resonances
of the ground modes.

B. Antenna Design With Reverse Polarization Sense

Alternatively, the proposed dual-element antenna can be
implemented by utilizing a capacitively fed M-element and
a parasitic L-element to produce reversed polarization senses.

The antenna configuration is depicted in Fig. 6. The
M-element is fed through capacitor C f (1 pF) for impedance
matching, and series inductor L (13.5 nH) is loaded at the
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Fig. 7. Simulated results. (a) Reflection coefficient and AR values (ϕ = 0
and θ = 0). (b) Normalized polarization radiation pattern in the xz plane at
1.575 GHz.

portions where strong currents are flowing over the M-element,
so that its resonant frequency can be easily adjusted by tuning
the inductor values. In addition, to ensure independent control
of the resonant frequency without affecting the impedance
matching, inductor L is located outside of the feeding structure
(left side of capacitor C f ). Similar to Fig. 1, the resonant
frequency of the parasitic L-element can be tuned by capacitor
Cr (0.85 pF) without changing the loop size. Other relevant
parameters are d = 6 mm and l = 20 mm.

The simulated results are briefly described below. The
3:1 VSWR bandwidth covers from 1.53 to 1.63 GHz and
the ARBW is from 1.57 to 1.58 GHz, as can be seen from
Fig. 7(a). The polarization radiation patterns in Fig. 7(b) are
opposite to those in Fig. 2(b); this is the case because the
L-element operates as a parasitic resonator at lower frequency,
providing the phase-lagging component E y . As can be verified
from the input impedance locus in Fig. 8(a), the M-element
and the parasitic L-element produce the larger locus and
the smaller locus in the Smith chart, respectively, gener-
ating dual resonant modes. The corresponding magnitudes
and phases of the far-field components of Ex and E y can
be confirmed in Fig. 8(b); equal magnitudes and 83° phase
delay of Ey to Ex can be observed, which are in accor-
dance with the input impedance locus and the polarization
sense.

Furthermore, the surface current distributions over the
ground plane in time period T are demonstrated in Fig. 9.
It can be observed that the current distributions are directed

Fig. 8. Simulated results. (a) Input impedance in a Smith chart and
(b) phases and magnitudes of far fields Ex and E y (ϕ = 0 and θ = 0).

Fig. 9. Simulated surface current distributions over the ground plane at
(a) t = 0 and (b) t = T /4.

along the +y-direction at t = 0 and in the −x-direction at
t = T /4. The current movement in time period T changes
according to the polarization sense of the proposed antenna.
Therefore, the CP performance with optional polarization
sense can be provided by manipulating E1 and E2 of the
two elements in the proposed dual-feed antenna, as derived
from (5).

IV. DEMONSTRATION IN MOBILE DEVICE APPLICATIONS

In a rectangular ground plane, which is the case used for
most mobile devices, the intrinsic phase difference between
the ground modes should be considered, as indicated in (4).
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Fig. 10. Phases and magnitudes of far fields Ex and E y generated by the
L-element only (ϕ = 0 and θ = 0).

Accordingly, the proposed dual-element antenna is adopted to
provide the desired phase compensation for the intrinsic phase
difference to deliver a quadrature phase difference. Therefore,
the proposed technique is evaluated in a 70 mm × 140 mm
ground plane by using the capacitively fed L-element and
parasitic M-element.

To start, a reference L-element antenna without the para-
sitic M-element is discussed. As can be seen from Fig. 10,
the loop-type antenna dominantly excites E y . Meanwhile, Ex

is leading by 128° relative to E y at the target frequency band;
this is due to the fact that the dominant ground mode along
the x-axis ( J x ) resonates at a frequency higher than the
dominant ground mode along the y-axis ( J y). According
to (4), phase compensation for the intrinsic phase difference
between the two ground modes is required to satisfy the
quadrature phase difference. This can occur by more than one
method:

1) lagging Ex with phase compensation of 38° (i.e., Ex

leads Ey by 90°);
2) lagging Ex with phase compensation of 218° (i.e., Ex

lags Ey by 90°).

Both methods can provide CP performance but with oppo-
site polarization senses. Therefore, in Sections IV-A and IV-B,
each possible solution is demonstrated with the proposed
antenna. Furthermore, it is important to note that though the
proposed dual-element antenna is discussed in a 70 mm ×
140 mm platform for the case study, it can be applicable to
various mobile devices with different dimensions, since the
dimensions only contribute to the intrinsic phase difference
between the two ground modes [see (4)]. Corresponding
tuning can be necessary to optimize the CP performance for
applications in various devices.

A. Solution (a)

To demonstrate the first potential solution, the parasitic
M-element is introduced to tune the Ex component in order to
make Ex lead Ey by 90°. The configuration of the proposed
antenna and its fabricated prototype are shown in Fig. 11.

Fig. 11. Proposed dual-element antenna with the first solution. (a) Config-
uration and (b) prototype of the fabricated antenna.

The optimized parameters are listed as C f = 0.7 pF,
Cr = 0.68 pF, l = 25 mm, L = 3.5 nH, and d = 0 mm.

As expected and shown in Fig. 12(a), the phase of the
Ex component is delayed by 45° compared with the refer-
ence results of Fig. 9, while the E y component is barely
affected. Furthermore, the magnitude of the Ex component
is greatly improved, resulting in similar amplitudes for both
field components. The optimized results can be obtained by
first tuning the resonant frequency of the parasitic M-element
to adjust the phase difference, and then by modifying the
distance between the two elements to regulate the magni-
tudes. It is interesting to observe that the slope of the phase
difference smoothly changes as a function of the frequency,
which is significantly different from the results obtained in
the square ground plane. This difference can be explained
by the fact that the resonant frequency of the parasitic
M-element falls at a frequency that is further away from
the target frequency, which can be confirmed based on the
smaller parasitic impedance locus in Fig. 12(b). Accordingly,
the smooth slope is dominantly attributed to the low-Q ground
modes.

Fig. 13 shows the simulated and measured results of the
proposed antenna design. The antenna covers a bandwidth
of 80 MHz (from 1.54 to 1.62 GHz) in the simulation, and a
parasitic resonance can be observed at the higher frequency
band, which is generated by the M-element. As expected,
a wideband ARBW of 120 MHz (from 1.50 to 1.62 GHz)
is observed due to the smooth slope of the phase difference.
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Fig. 12. Simulated results. (a) Phases and magnitudes of far fields
Ex and E y (ϕ = 0 and θ = 0) and (b) input impedance in a Smith chart.

In addition, the proposed antenna produces RHCP and LHCP
in the +z- and −z-directions, respectively, as shown in the
xz plane of Fig. 13(b). The CP radiation in the upper hemi-
sphere generated by the proposed dual-element antenna can
be particularly attractive to the navigation requirement for
mobile devices [39], [40], [42], [44]. Note that the asym-
metric radiation patterns result from the higher mode along
the y-axis of the ground plane. The measured efficiency at
1.575 GHz is 72% with a peak gain of 3 dBi, indicat-
ing the high performance of the proposed antenna. It can
be concluded that the simulated and measurement results
agree with each other. In real application scenarios, high-
speed digital-integrated circuits along with various compo-
nents are etched onto the PCB to achieve multifunctionality,
and noise emitted from these circuits can bring electromag-
netic interference to the victim antennas; this is another
important issue for antenna engineers, and several potential
solutions for different kinds of antenna types can be found
in [54]–[56].

B. Solution (b)

The other potential solution is presented by providing more
phase delay to the Ex component so that Ex lags Ey by 90°.
According to the results in Fig. 2(b), the parasitic resonance
of the M-element should be tuned lower than that in Fig. 12.
The optimized antenna design shown in Fig. 14(a) is the
same as that in Fig. 11(a), but with a different edge-to-edge

Fig. 13. Simulated and measured results. (a) Reflection coefficients and AR
values (ϕ = 0 and θ = 0) and (b) normalized polarization patterns in the xz
plane at 1.575 GHz.

distance d (6 mm) caused by shifting the M-element to the
left side. The optimized parameters are set as C f = 0.75 pF,
Cr = 0.75 pF, and L = 7.4 nH. The fabricated prototype is
also shown in Fig. 14(b) for verification.

Fig. 15(a) presents the magnitudes and phases of the far
fields in simulation. By tuning the resonant frequency of the
parasitic M-element, the phase of Ex is tuned to lag Ey

by 85°, without greatly affecting Ey . Furthermore, after
adopting the M-element, the magnitude of Ex is approx-
imately excited to be equal to that of E y . In this case,
the resonant frequency of the M-element is near the target
frequency [slightly lower than the target frequency, as shown
in Fig. 15(b)], such that the phase of Ex varies quickly
with frequency; this is dominantly determined by the high-Q
M-element, resulting in the steep slope of the phase
difference.

The simulated and measured results are shown
in Fig. 16. The impedance bandwidth covers a wideband of
1.49 to 1.60 GHz due to the dual resonant modes, while
the ARBW is 20 MHz (from 1.57 to 1.59 GHz). It can be
observed that the ARBW is narrowband, similar to the cases
in the square ground plane. This is the case because the
phase difference between the two field components is greatly
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Fig. 14. Proposed dual-element antenna for an alternative solution.
(a) Configuration. (b) Fabrication.

Fig. 15. Simulated results. (a) Phase and magnitude of far fields
Ex and E y (ϕ = 0 and θ = 0). (b) Input impedance in a Smith chart.

affected by the characteristics of the M-element (instead of
by the ground mode). In Fig. 16(b), the polarization senses
are opposite to those in Fig. 13(b), providing LHCP and

Fig. 16. Simulated and measured results. (a) Reflection coefficients and
AR values (ϕ = 0 and θ = 0). (b) Normalized polarization patterns in the
xz plane at 1.575 GHz.

RHCP in the +z- and −z-directions, respectively. It is noted
that the measured total efficiency at 1.575 GHz is 60% with
a peak gain of 2.4 dBi, and the simulation and measurement
results agree well with each.

V. CONCLUSION

A dual-element antenna consisting of an M-element and an
L-element is proposed as a versatile method to provide CP per-
formance at arbitrary locations of mobile devices. It has been
shown that the phase difference of the far-field components is
dependent on the intrinsic characteristics of the ground modes
and can be controlled by manipulating the antenna elements.
Therefore, the proposed antenna design can equally excite
two orthogonal ground modes for radiation with the same
magnitudes by adopting two coupling elements. It can also
provide the desired phase difference between two orthogonal
field components by tuning the resonant frequency of the par-
asitic element. In addition, alternative polarization senses can
be achieved by controlling the two elements, irrespective of
the characteristics of the ground modes. Furthermore, a wide
ARBW can be obtained by providing phase compensation
for the intrinsic phase difference of the ground modes in
a rectangular ground plane, in which the polarization sense
is determined by the ground plane. Therefore, the proposed
antenna technique can be applied to mobile devices for CP
applications.
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