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ABSTRACT
In this investigation, a circularly polarized (CP) dual-loop ground-
radiation antenna has been proposed for GPS applications using
a transverse loop and a longitudinal loop. The transverse loop
is designed within an 8mm× 4.5mm (0.042λ × 0.024λ) clear-
ance, installed at the horizontal edge of the ground plane for
excitation of the ground mode along the y-axis, whereas a
1mm× 10mm (0.005λ × 0.053λ) longitudinal loop is etched at
the vertical edge of the ground plane for excitation of the
ground mode along the x-axis. In this way, the magnitudes
and phases of the orthogonal components of the radiated elec-
tric field have been controlled independently, satisfying the CP
conditions. The proposed antenna produced right-hand circular
polarization towards the+ z-axis, which has been verified using
rectangular and square-shaped ground planes. Both simulation
and measurement were conducted, and the measured axial ratio
bandwidth with reference to 3 dB was 20MHz (1.27%) while
the impedance bandwidth with reference to −6 dB was 141MHz
(8.95%).
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1. Introduction

Global navigation satellite systems (GNSS), a satellite-based navigation system, is among
the most widely employed wireless communication applications, providing critical posi-
tioning, navigation, and timing services to themilitary, civil, and commercial users around
the world. The Global Positioning System (GPS) is the most famous among the services.
Nevertheless, the Russian GLONASS, the Chinese BeiDou, and the EU’s Galileo position-
ing systems are being promoted to full function due to the marvelous commercial value
and increasingly important security issues.

GNSS signals are circularly-polarized (CP) waves, which have better immunity to atmo-
spheric conditions, polarization loss factor, and multi-path interference [1,2]. For this
reason, CP antennas have been studied and proposed in [3–9]. However, the proposed
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designs suffer from large antenna dimensions and complex feeding structures, that do not
satisfy the requirement of compact antenna dimension, especially in terminal devices.

Ground-radiation technique has been developed for embedded electrically small anten-
nas, showing excellent radiation performance for mobile devices [10–14]. Generally, the
ground-radiation antennas utilize small-sized loop-type resonators and operate as cou-
pling elements to the ground mode for efficient radiation, thereby producing linearly
polarized waves in most cases. Circular polarization requires two orthogonal components
of the radiated electric field with equal magnitude and a phase difference of 90o [2] which
is a strict condition resulting in a 0 dB axial ratio (AR). In order to meet the 3 dB criterion,
the phase difference between the orthogonal field components must be within 70o to 110o,
given thatmagnitudes of the components are the same [15]. On the other hand, if the phase
difference is 90o, the difference of magnitudes must lie between 1/

√
2 and

√
2..

Accordingly, achieving the CP conditions in a compact wireless device is quite intimi-
dating even though several solutions have been presented in [15–26]. A simple method is
employing an elaborate antenna structure in a ground plane with a specific size or shape
so that the antenna element can simultaneously excite two orthogonal modes [15–18]. In
these cases, however, both the antenna structures as well as the size and shape of the ground
planes are restricted. The ground-mode tuning (GMT) technique was presented to over-
come this limitation [19–25], where additional tuning structures are attached to the ground
planes so that the ground modes can be tuned to the required resonance. In this way, the-
oretically, CP waves can be obtained in an arbitrary device, circumventing the limitations
of the size and shape of the ground plane. However, the main disadvantages are the bulky
tuning structure and complex tuning mechanism. An interesting concept was proposed
in [26] where the magnitudes and phases of two orthogonal components of the radiated
electric field were regulated based on a two-element antenna structure. However, the inte-
gration issue remains unsolved. Therefore, a simple and versatile CP technique based on
low profile embedded structures, with simple implementation and easy integration, needs
further investigation.

In this endeavor, we have proposed a tunable design to achieve CP waves using a novel
dual-loop ground-radiation antenna technique, sharing a similar concept with [26]. The
magnitudes and phases of the orthogonal components of the radiated electric field have
been independently regulated using a transverse loop and a longitudinal loop. The dual-
element geometry can be employed on rectangular as well as square-shaped ground planes
for CP radiation. The design has been proposed for wireless devices operating at GPS
applications.

2. Antenna configuration

The geometry of the proposed dual-loop ground-radiation antenna is displayed in Figure 1.
It is shown that the proposed dual-loop ground-radiation antenna is comprised of a trans-
verse loop and a longitudinal loop, installed at the horizontal side and vertical side of the
ground plane, respectively. The transverse loop is etched within an 8mm× 4.5mm clear-
ance, including a resonance capacitor Cr and a feeding capacitor Cf . The Cr is used to
tune the operating frequency of the transverse loop without modifying the antenna struc-
ture, and increasing the value of Cr lowers the operating frequency. On the other hand, Cf
is responsible for the input impedance control of the antenna. Since the transverse loop
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Figure 1. The proposed dual-loop ground-radiation antenna configuration.

can be seen as a conventional loop-type ground-radiation antenna, more information on
the capacitor effect can be found by referring to [12]. The longitudinal loop consists of a
10mm× 1mmslot etched at the right side of the ground plane, and a capacitorCs is loaded
at the open end of the slot to control the resonance of the longitudinal loop. It is noted that
both the transverse loop and the longitudinal loop contribute to a dual-resonance property
of the proposed dual-loop ground-radiation antenna, which is a fundamental feature for
CP performance. Besides, the location of the transverse loop from the right corner of the
ground plane is represented byA, and the distance of the longitudinal loop from the upper
corner of the ground plane is represented by S. The length and width of the ground plane
are Ly and Lx, respectively, and FR-4 (εr = 4.4, tan(δ) 0.02, thickness = 1mm) is used as
the substrate material.

The proposed dual-loop ground-radiation antenna design has been demonstrated on a
square-shaped ground plane and then verified on a rectangular-shaped ground plane. The
proposed design is intended for CP GPS applications for wireless terminals.

3. Antenna operationmechanism

The literature indicates that electrically small antennas couple with the dominant ground
modes to produce effective radiation. This fact is the fundamental concept of the ground-
radiation technique [18]. Previously presented ground-radiation antennas were linearly
polarized as CP conditions are intimidating to achieve. Therefore, this study presents a
novel dual-loop ground-radiation antenna to satisfy the above-mentioned requirements
for CP waves.

The fundamental principle of the proposed technique is to simultaneously excite two
orthogonal ground modes for far-field radiation. Here, the theory of characteristic modes
[27] can be used to explain this technique. The dominant current mode along the y-axis
(J1) and the dominant current mode along the x-axis (J2) are excited by the transverse
loop and the longitudinal loop, respectively, thereby producing the Ey component and Ex
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Figure 2. Equivalent circuit model of the proposed dual-loop ground-radiation antenna.

component and contributing to CP waves. It is noted that both the transverse loop and the
longitudinal loop operate as non-radiative resonators and excite the ground modes as real
radiators.

The equivalent circuit model of the proposed technique is illustrated in Figure 2, and
the input impedance of the dual-loop ground-radiation antenna can be written as.

Zin = Rs + jωLs − j
1

ωCs
+ N2

1
R1 + jωL1 − j 1

ωC1

+ N2
0

Ra + jωLa − j 1
ωCa

+ N2
2

R2+jωL2−j 1
ωC2

(1)
In this equation, Nm represents the coupling between two resonators, represented by

a, b = ∫ ∫ ∫(Eb · Ja)dv (2)

Accordingly, the coupling N1 between the transverse loop (Js) and the ground mode
along the y-axis (J1) is represented by ∫ ∫ ∫(E1 · Js)dv, where E1 is the modal field radiated
by J1. The coupling N2 between the longitudinal loop (Ja) and the ground mode along
the x-axis (J2) is expressed by ∫ ∫ ∫(E2 · Ja)dv, where E2 is the modal field radiated by J2.
Furthermore,N0 represents the coupling between the transverse loop and the longitudinal
loop. Therefore, it can be seen from Figure 2 that the transverse loop couples partially with
the ground mode along the y-axis for radiation and partially with the longitudinal loop.
Radiation is further generated because of the coupling between the longitudinal loop and
the ground mode along the x-axis. In this way, both the ground modes jointly contribute
to the far-field radiation.

The total surface current density on the ground plane excited by the dual-loop ground-
radiation antenna can be expressed as.

Jt = ∫ ∫ ∫(E1 · Js)dv
1 + jλ1

· J1 + ∫ ∫∫(E2 · Ja)dv
1 + jλ2

· J2 = Jx + Jy (3)

where λm represents the eigenvalue of the ground mode, which depends on the resonance
frequency of Jm. Accordingly, the magnitude and phase of Jx and Jy can be controlled
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Figure 3. The fabricated dual-loop ground-radiation antenna on the square-shaped ground plane.

by ∫ ∫ ∫(E1 · Js)dv and ∫ ∫ ∫(E2 · Ja)dv, respectively, thereby accomplishing the CP condi-
tions. In other words, Jx and Jy can be adjusted by the longitudinal loop and the transverse
loop, respectively. Moreover, Equation (3) suggests that removing the longitudinal loop
would result in a much weaker excitation of the ground mode J2, resulting in a linearly
polarized antenna, which is the case in [10].

4. Antenna design on a square-shaped ground plane

In this section, the proposed technique has been demonstrated on a square-shaped ground
plane with dimensions 60mm× 60mm. The distances A and S are 10 and 15mm, respec-
tively. The design was simulated first and then fabricated to obtain the measured results.
The prototype of the fabricated antenna is shown in Figure 3. In the simulation, the opti-
mized values of Cr, Cf , and Cs are 0.6, 0.63, and 1.45 pF, respectively. Figure 4(a) shows the
simulated input impedance of the proposed antenna on the Smith chart, where the larger
locus is generated by the transverse loop whereas the smaller locus is generated by the
longitudinal loop. Simulated and measured reflection coefficients of the proposed antenna
have been compared in Figure 4(b) where a good agreement can be observed. In measure-
ment, the impedance bandwidth is 141MHz (1.507−1.648GHz), sufficiently covering the
GPS L1 band, as depicted in Figure 4(b). The measurements were conducted by using an
Agilent 8753ES network analyzer and in a 6× 3× 3 m3 3D CTIA OTA chamber.

Figure 5 presents the simulatedmagnitudes and phases of the orthogonal components of
the radiated electric fields in the direction of+ z-axis. The difference between the magni-
tudes of Ex and Ey at 1.575GHz is 0.13V/m, indicating the similarity of the magnitudes of
the orthogonal components. On the other hand, the phase difference between the com-
ponents was 90.07o at the GPS frequency, successfully fulfilling the CP conditions. As
axial ratio (AR) is an important parameter to quantify CP performance, the simulated and
measured AR values are presented in Figure 5(b). The measured AR bandwidth with ref-
erence to 3 dB is 20MHz (1.565−1.585GHz), where the minimum AR value is 1.3 dB,
occurred at 1.57GHz, confirming the good CP performance of the proposed dual-loop
ground-radiation antenna.
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Figure 4. Reflection coefficient: (a) plotted on a Smith chart, and (b) in dB.

Figure 5. Results of the proposed antenna: (a) simulatedmagnitudes and phases of E field components
and (b) axial ratio.

For comparison, the simulated magnitudes and phases of E-field components of the
conventional ground-radiation antenna (i.e. without the longitudinal loop) are presented
in Figure 6(a). It is evident that Ex is barely excited because of the absence of the longitu-
dinal loop. The AR values in Figure 6(b) indicate that CP waves cannot be produced by
a conventional ground-radiation antenna. Therefore, it can be concluded that the trans-
verse loop is responsible for radiation of the Eycomponent, while the longitudinal loop is
responsible for radiation of the Ex component. The observation can also be inferred from
Equation (3).

To further explain the operation mechanism of the proposed technique, the simulated
vector current distributions have been plotted at 1.575GHz with time period T, as shown
in Figure 7. At t = 0, the current distribution is excited along the y-axis (Jx) on the ground
plane, which is attributed to the coupling between the longitudinal loop Ja and the ground
mode J1. At t = T/4, the current distribution along the x-axis (Jx) is excited, owing to the
coupling between the transverse loop Js and the ground mode J2. Figure 7 further reveals
that Jx is leading whereas Jy is lagging. Accordingly, a right-hand circular polarization
(RHCP) radiation pattern can be expected in+ z-direction. The analysis of the current
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Figure 6. Simulation results without the longitudinal loop (a) magnitudes and phases of E field compo-
nents (b) axial ratio.

Figure 7. Simulated surface current distributions at 1.575 GHz with time period T, (a) t = 0, and (b)
t = T/4.

distributions emphasizes the major role of the longitudinal loop in the generation of CP
waves. Moreover, it was observed that the transverse loop and the longitudinal loop can be
placed at arbitrary locations on their respective sides to adjust the magnitudes and phases
of Jy and Jx. This observation highlights the versatility of the proposed dual-loop antenna
technique.

The sense of polarization has been confirmed by observing the radiation patterns
at 1.575GHz, presented in Figure 8(a), where a decent agreement between simulation
and experiment can be observed. In the yz-plane, the antenna generates RHCP radia-
tion towards the+ z-axis and is left-hand circularly polarized (LHCP) in the -z-direction.
Meanwhile, the peak cross-polarization levels in+ z and -z-directions are −22 dB and
−28 dB, respectively. Figure 8(b) presents the simulated and measured total efficiencies as
a function of frequency. The peak measured efficiency was 71% at 1.58GHz that indicates
suitable radiation performance for wireless devices.
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Figure 8. Measured and simulated results: (a) LHCP and RHCP patterns at 1.575 GHz, (b) total efficiency
as a function of frequency.

Figure 9. Simulated results plotted on (a) Smith chart, and (b) reflection coefficient.

5. Demonstration on a rectangular-shaped ground plane

In this section, the proposed dual-loop ground-radiation antenna technique is verified on
a rectangular-shaped ground plane of size 60mm× 30mm where the values of A and S
are 20 and 30mm, respectively. Full-wave simulations were conducted to observe the per-
formance of the proposed design. The simulated values of Cr, Cf , and Cs are 0.56, 0.66,
and 1.47 pF, respectively. Figure 9(a) presents the simulated reflection coefficient of the
proposed dual-loop ground-radiation antenna on the Smith chart. The larger locus is gen-
erated by the transverse loop whereas the smaller locus is generated by the longitudinal
loop. This resulted in the impedance bandwidth of 88MHz (1.537−1.625GHz) completely
covering the GPS L1 band, as depicted in Figure 9(b).

Figure 10 presents the simulated magnitudes and phases of the orthogonal compo-
nents of the radiated electric field in the direction of+ z-axis. The difference between the
magnitudes of Ex and Ey at 1.575GHz was 0.13V/m, once again showing close values of
the magnitudes of the orthogonal components. On the other hand, the phase difference
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Figure 10. Simulation results (a) magnitudes and phases of E field components (b) axial ratio.

between the components is 90.07o at the GPS frequency, successfully fulfilling the CP con-
ditions. It is noted that the simulated current density in the case of a rectangular-shaped
ground plane shows similar behavior as that of the square-shaped ground plane, radiating
RCHP wave in the+ z-direction. The effect of Cs on AR values has been demonstrated in
Figure 10(b), where it can be observed that increasing the value of Cs shifts the AR curve
towards lower frequencies, highlighting the tunable design solution. TheAR curve is tuned
at the GPS operating frequency when the value of Cs is 1.47 pF. The simulated 3 dB AR
bandwidth was 15MHz (1.57–1.585GHz). The results again indicate good CP radiation
performance of the proposed dual-loop ground-radiation antenna technique.

Herein, a design procedure is described for a better understanding of the proposed
technique.

(a) Determine the ground plane having two orthogonal ground modes for antenna
implementation.

(b) Design the transverse loop along one side of the ground plane, operating near the
target frequency.

(c) Place the longitudinal loop along the other side of the ground plane, operating near
the target frequency.

(d) Match the magnitudes of the two orthogonal E field components by adjusting the
location and/or size of the longitudinal loop.

(e) Match the quadrature-phase difference between the two orthogonal E field compo-
nents by slightly adjusting the difference between the resonance frequencies of the
transverse and longitudinal loops, which could easily be adjusted by the values of Cr
and/or Cs.

Finally, the proposed technique has been compared with the state-of-the-art literature
to further clarify its novelty, as listed in Table 1. It is evident that the impedance band-
width performance of the proposed design is better than those in [17,20,22,23], and [26].
It is seen that the AR bandwidth is relatively narrow but still sufficient enough for the GPS
applications. The most significant contribution of the proposed technique lies in its small
occupation and easy integration, which makes it more attractive for various terminals.
AR bandwidth enhancement is another important issue, and further research is now in
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Table 1. Comparison with CP antennas proposed in the literature.

Ref.
Ground size

(mm2)

Centre
frequency
(GHz)

3 dB AR
bandwidth (%)

−6 dB
impedance

bandwidth (%)
Occupied
volume Technique

[15] 120× 60 1.575 31.7 20.3 Large Chip antenna
[17] 60× 30 2.45 12.2 4.5 Small LC circuit
[20] 30× 30 2.45 10.6 7.34 Large GMT loops
[22] 30× 30 2.45 5.7 8.16 Large GMT
[23] 44× 45 2.45 5.3 6.12 Large GMT
[24] 30× 30 2.45 3.6 18 Large GMT
[26] 60× 60 1.575 1.26 5.7 Small Phase compensation
Proposed 60× 60 1.575 1.26 8.95 Small Dual-loop

progress. Still, a widerARbandwidth could be obtained by increasing the coupling between
the dual loops and the ground modes (N1 and N2), as indicated in Section 3.

6. Conclusions

This study presented a versatile technique for achieving CP waves by using a novel dual-
loop ground-radiation antenna forGPS applications. In the proposed design, a longitudinal
loop and transverse loop are installed at the right side and horizontal side of the ground
plane, so that the ground modes along the x-axis and y-axis can be independently excited,
producing orthogonal radiated fields. The magnitudes and phase difference between the
two orthogonal modes can be tuned and optimized using the longitudinal loop, to accom-
plish CP conditions. The design was successfully demonstrated on the square as well as
rectangular-shaped ground planes. The novel and versatile design successfully achieved the
measured impedance bandwidth of 141MHz and 3-dB axial ratio bandwidth of 20MHz,
completely covering the GPS L1 band. Interestingly, the transverse loop and the longitudi-
nal loop can be installed at arbitrary locations on the orthogonal sides of the ground planes,
suitable for various wireless devices.
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