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Abstract
This article proposes a circular dual-loop antenna for a very
small Global Positioning System array with an extended cav-
ity structure. The antenna element consists of lower and upper
circular loops printed on a high-dielectric ceramic substrate
and an extended cavity structure above the ground plane to
improve the isolation characteristic. To demonstrate the suit-
ability of the proposed antenna, antenna characteristics are
measured in a full-anechoic chamber, and its performances
such as bore-sight gain, mutual coupling, and near-field as a
function of extended cavity height are analyzed. The results
confirm that the proposed antenna structure can minimize
the gain degradation by improving the isolation character-
istic and is therefore suitable for use in very small arrays.
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1 | INTRODUCTION

Antenna arrays are widely used to minimize interference
caused by jamming signals or multipath channel environ-
ments in the Global Positioning System (GPS). The array
antenna has a mutual coupling effect between adjacent
antenna elements, and this effect is enlarged when the num-
ber of array elements is increased within a narrow mounting
space. The improvement of isolation characteristic between
the array elements is essential because the mutual coupling
results in the reduced bore-sight gain and pattern distortion,
especially in extremely small GPS arrays. The mutual cou-
pling can be reduced by inserting an additional structure
between antenna elements.1–3 However, this approach has
disadvantages, including increased manufacturing costs and
complexity. Thus, some previous studies have focused on
minimizing the antenna size by using lumped elements,4

metamaterial substrates,5,6 and slots in antenna radiators7 to
increase the physical separation distance between the array
elements for isolation improvement. However, such studies
require additional design parameters and lack an intensive
consideration of mutual coupling caused by leakage fields
from antenna elements in a very small array. Therefore, in-
depth research of this issue is needed to develop effective
methods to improve the isolation characteristic without
increasing fabrication costs and design complexity.

In this article, we propose a design of a circular dual-loop
antenna with an extended cavity that improves isolation by sub-
stantially reducing the leakage field. The proposed cavity struc-
ture helps to avoid significant gain reduction caused by the
mutual coupling effect between the array elements and minia-
turizes the antenna aperture size by maximizing the effective
dielectric constant of the substrate. The proposed antenna is
composed of a lower circular feed loop and an upper circular
radiating loop that are printed on a high-dielectric ceramic sub-
strate. The cavity structure, which can improve the isolation
characteristic, is expanded above the ground plane to surround
the entire lateral surface of the ceramic substrate. The lower
feed loop is fed by two ports of a hybrid chip coupler
(XC1400P-03S from Anaren) for circular polarization, and the
upper loop is then magnetically coupled to the lower loop for
achievement of the frequency-insensitive behavior.8 We
observe the antenna characteristics according to the height of
an extended cavity structure to verify the improvement of isola-
tion and the principle on antenna miniaturization. The results
confirm that the proposed antenna can avoid the gain degrada-
tion by achieving isolation enhancement with the reduced
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leakage field strength and miniaturized antenna size, and is
therefore suitable for use in very small arrays.

2 | PROPOSED ANTENNA DESIGN
AND MEASUREMENT

Figure 1 shows the geometry of the proposed GPS antenna ele-
ment. The antenna consists of upper and lower circular loops
printed on a high-dielectric ceramic substrate (εr = 20, tan δ =
0.004) with thicknesses of h1 and h2, respectively. The upper
and lower circular loops are designed with diameters of r1 and
r2, and widths of w1 and w2. The lower feed loop is directly
connected to two ports of a hybrid chip coupler, denoted as
(fx1, fy1) and (fx2, fy2) for circular polarization (CP) properties.
The upper loop is electromagnetically coupled to the lower
loop for low reactance variations, resulting in broadband opera-
tion.8 The extended cavity structure resides above the ground
plane and surrounds the entire lateral surface of the ceramic
substrate. This extended cavity structure can reduce the leakage
field from the antenna substrate and miniaturize the antenna
size by increasing the effective permittivity of the substrate.
The detailed design parameters are optimized by a genetic algo-
rithm9 and listed in Table 1. As can be seen, the extended

cavity that has a height of 8 mm covering the entire dielectric
substrate, can improve the isolation characteristic by reducing
the leakage field from the antenna.

Figure 2A shows a photograph of the proposed antenna
printed on the ceramic substrate, and Figure 2B presents a
printed circuit board that includes the hybrid chip coupler,
coplanar waveguides, and a 50-Ω termination chip for a qua-
dratic phase excitation. The antenna characteristics, such as the
reflection coefficients, bore-sight gain, axial ratio (AR), and

FIGURE 1 Geometry of the proposed antenna. A, Top view. B,
Side view [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 1 Optimized values of the proposed array

Parameter w1 w2 h1 h2 hc rc rg r1 r2 (fx1, fy1) (fx2, fy2)

Value (mm) 8.8 5.7 4 4 8 32 76 20.8 15 (5.9, 0) (0, 5.9)

FIGURE 2 Photographs of the fabricated antenna. A, Top
view. B, Bottom view [Colour figure can be viewed at
wileyonlinelibrary.com]
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radiation patterns, are measured in a full anechoic chamber.
The measured and simulated reflection coefficient of the
antenna as a function of the frequency is shown in Figure 3. To
obtain the simulated reflection coefficients, we calculated the
scattering matrix of the 2-port antenna by using the FEKO EM
simulator10 and is connected to two output ports in the 4-port
network of the hybrid chip coupler in Ansys Designer.11 The
dashed line indicates the simulated values, and the solid line
represents the measured data. Both results show good agree-
ment with the measured value of −18.43 dB at 1.575 GHz and
−16.58 dB of the simulated value. The reflection coefficients
are less than −10 dB in a wide frequency band from 1.4 to
1.8 GHz. This broadband impedance matching performance is
obtained from the low reactance variations due to the coupled
feeding between the loops and is also caused by the hybrid chip
coupler characteristic which matched to the termination load of
50 Ω in a circuit of the component. Figure 4 shows the mea-
sured bore-sight gain compared with the simulated data. The
simulated and measured values are 3.0 and 1.7 dBic at

1.575 GHz and are greater than 0 dBic from 1.53 to 1.62 GHz.
Figure 5 provides an AR of the antenna in the bore-sight direc-
tion. To calculate the measured ARs, a linearly polarized stan-
dard horn antenna is rotated for vertical and horizontal
polarizations, and the received field magnitudes are used to cal-
culate the ratio of the major and minor axes in the polarization
ellipse.12 The proposed antenna has a simulated AR value of
2.2 dB (1.575 GHz), and the measured value is 0.9 dB
(1.575 GHz). The AR values are maintained below 3 dB in a
wide frequency range, implying that the antenna can avoid a
significant right-hand circular polarization (RHCP) gain reduc-
tion caused by the distorted polarization properties in a small
GPS array. The radiation patterns of the antenna in the zx-
planes and zy-planes at 1.575 GHz are shown in Figure 6. The
measured half-power beamwidths at 1.575 GHz are 140� in
the zx-plane and 115� in the zy-plane. As can be seen, the pro-
posed antenna does not have any severe pattern distortion in
the upper hemisphere.

3 | PARAMETRIC STUDY AND
ANALYSIS

To verify the effectiveness of the extended cavity structure,
we observe the bore-sight gain according to the extended
cavity height (hc), as shown in Figure 7. The resonant fre-
quency without an extended cavity (hc = 0 mm), indicated
by the dotted line, is 1.65 GHz, and the resonance shifts to
1.6 GHz when the hc = 4 mm (dashed line). The solid line
represents the proposed antenna with an extended cavity sur-
rounding the entire lateral surface of the ceramic substrate
(hc = 8 mm), in which the resonance frequency is
1.575 GHz. This phenomenon of resonant frequency shift
according to the height of the extended cavity demonstrates
that the proposed extended cavity structure reduces the
antenna size by maximizing the effective permittivity of the

FIGURE 3 Reflection coefficient of the proposed antenna
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FIGURE 4 Bore-sight gain of the proposed antenna
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FIGURE 5 Axial ratio of the proposed antenna
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substrate. Figure 8 presents the average magnetic field
strengths at the resonance frequency of each antenna with
different cavity heights (y = 0 mm, 0 mm ≤ z ≤ 8 mm).
The value inside the substrate (x ≤ 15 mm) of the proposed
extended cavity antenna, indicated by the solid line, is stron-
ger than other antennas. For example, the strength at 15 mm
is increased from 17.5 to 21.5 dBA/m by increasing the
extended cavity height. It can be seen that the proposed
extended cavity confines near fields within the cavity area to
increase the effective permittivity of the dielectric. The
H-field strength of the proposed antenna (hc = 8 mm) is rap-
idly reduced from the location of the extended cavity

(x = 15 mm) compared to lower cavity heights (or less
extended cavity structures). This leakage field reduction can
lead to isolation improvement between the adjacent array
elements in an extremely small GPS antenna array.

Figure 9A,B shows electric field distributions of the anten-
nas with and without an extended cavity at each resonance fre-
quency with and without cavity (1.575 and 1.65 GHz). The
electric fields of the antenna with an extended cavity are more
confined around the loop patch than the antenna without a cav-
ity structure. The magnetic field distributions of the antennas
with and without cavity presented in Figure 10A,B. The pro-
posed antenna has a weak leakage field strength from the antenna
substrate compared with the antenna without cavity, especially
around the ground. Moreover, the strong magnetic fields of the
antenna with an extended cavity (hc = 8 mm) are confined
between the lower feed loop and the ground with an average
field strength of 32.6 dBA/m, whereas the value of the antenna
without an extended cavity (hc = 0 mm) is 30.2 dBA/m.

To further verify the effectiveness of the proposed
extended cavity structure, we analyze the average mutual
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FIGURE 6 Radiation patterns of the proposed antenna. A, zx-
plane. B, zy-plane
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FIGURE 7 Bore-sight gains according to the hc
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coupling (|S21|, |S31|, and |S41|) of the 4-element circular array
according to the physical separation distance (d) from 25 to
45 mm, as presented in Figure 11. The antennas with and
without an extended cavity have identical values of −22 dB
at d = 45 mm. The mutual coupling of the proposed antenna
is slightly increased up to −16.4 dB as the distance becomes
narrower (d = 25 mm), whereas that of the antenna without
the cavity raises to −11.6 dB. The difference of the mutual
coupling strength between array elements with and without
an extended cavity is greater than 4.5 dB, indicating that the
proposed extended cavity structure can improve the isolation
characteristic. This improvement of the mutual coupling can
avoid significant gain degradation of the array element, and
the results are shown in Figure 12. In a very small array with
d = 25 mm, the gain degradation with an extended cavity is
1.9 dB which is improved by 2.6 dB compared to the
antenna without the cavity. This result implies that the pro-
posed antenna is capable of preventing the gain degradation

FIGURE 9 E-field distributions in the xy-plane (−20 mm ≤ x,
y ≤ 20 mm, z = 8 mm). A, With extended cavity. B, Without
extended cavity [Colour figure can be viewed at
wileyonlinelibrary.com]

FIGURE 10 H-field distributions (−20 mm ≤ x ≤ 20 mm,
y = 0 mm, 0 mm ≤ z ≤ 30 mm). A, With extended cavity. B,
Without extended cavity [Colour figure can be viewed at
wileyonlinelibrary.com]

FIGURE 11 Mutual coupling of the array according the hc
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caused by mutual coupling between adjacent array elements
in very small GPS array.

4 | CONCLUSION

The design of an antenna element for an extremely small
GPS array using dual circular loops with an extended cavity
structure was proposed to reduce mutual coupling. The pro-
posed antenna consists of a lower feed loop, an upper radiat-
ing loop, and an extended cavity structure, can avoid the
gain degradation by improving the isolation characteristic
with reduced leakage field strength and miniaturized aper-
ture size. The proposed antenna had a measured bore-sight
gain of 1.7 dBic at 1.575 GHz, and the gain was greater than
0 dBic from 1.53 to 1.62 GHz. We analyzed antenna charac-
teristics including mutual coupling, bore-sight gain, near-
field distributions, and resonant frequency according to the
extended cavity height. The results demonstrated that the
proposed extended cavity structure can avoid the significant
gain degradation by reducing the mutual coupling between
adjacent antenna elements in very small GPS array.
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