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PAPER

Design of Small CRPA Arrays for Dual-Band GPS Applications

Gangil BYUN†, Seung Mo SEO††, Ikmo PARK†††, Nonmembers, and Hosung CHOO††††a), Member

SUMMARY This paper proposes the design of small CRPA arrays for
dual-band Global Positioning System (GPS) applications. The array con-
sists of five elements and is mounted on a circular ground platform with a
diameter of 15-cm. Each antenna element has a coupled feed structure and
consists of a feed patch and two radiating patches for dual-band operation.
An external chip coupler is utilized for a broad circular polarization (CP)
bandwidth, and its measured characteristics are taken into account in our
simulation for more accurate performance estimation. Detailed parameters
are optimized by using a genetic algorithm (GA) in conjunction with the
FEKO EM simulator. The optimized antenna is fabricated on a ceramic
substrate, and its performance is measured in a full anechoic chamber. Fur-
thermore, a field test is also conducted to verify the signal-to-noise ratio
(SNR) for real GPS satellite signals. The results prove that the proposed
array is suitable for use in GPS CRPA applications.
key words: GPS antenna, CRPA array, coupled feed structure

1. Introduction

The Global positioning system (GPS) has become essen-
tial in various applications that provide both the location
and time information of moving objects, e.g., mobile de-
vices, cars, ships, and aircraft. This system, however, fails
to accurately track positions when the power of unwanted
interference, such as multi-path signals, is stronger than that
of the GPS satellite signals. To prevent this failure, con-
trolled reception pattern antenna (CRPA) arrays have been
investigated to increase the signal-to-noise ratio (SNR) of
the system by placing adaptive pattern nulls in the direc-
tions of the sources of interference [1]–[4]. For CRPA op-
eration, individual GPS antennas are often required to have
multi-frequency operation, circular polarization (CP) prop-
erties, and wide-beam elevation coverage to receive satellite
signals from low-elevation angles [5]. To satisfy these re-
quirements, various types of antenna radiators, such as heli-
cal, conical, and spiral structures [6]–[9], have been investi-
gated, but their physical characteristics may be an obstruc-
tion in an extremely small CRPA array; antennas are only
permitted to be in a few centimeters in diameter and a few
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millimeters in height [10]. In searching for a more suitable
candidate, microstrip patch antennas have been considered
for a CRPA array because of their low profile characteris-
tics [11]–[14]. The size of the antenna can be further im-
proved by using a high-dielectric material as presented in
[15], however, previous studies are limited to the design of
a single antenna element without serious consideration of
the mutual coupling effects among array elements, which
often results in gain degradation, pattern distortions, or poor
CP properties in such extremely small arrays [16]–[18]. In
addition, previously reported dual-band antennas have diffi-
culty in tuning their resonant frequencies separately, which
is practically required in small CRPA arrays to realize good
antenna performances.

In this paper, we propose the design of dual-band GPS
antennas with a novel feeding mechanism for small CRPA
arrays. The array consists of five antennas and is mounted
on a circular ground platform with an inter-element spacing
of about 52.9 mm (< λ/4, 1.2276 GHz). An individual array
element has two radiating patches that are electromagneti-
cally linked with the feed patch located between them. The
feed patch is connected to an external chip coupler that is
mounted on an FR4 substrate (εr = 4.5, tan δ = 0.02) using
via-holes. By applying this feeding structure, the antenna
achieves separate frequency tuning capability and high iso-
lation between array elements, because it confines near elec-
tromagnetic fields to close proximity of the antenna. To esti-
mate an accurate mismatch loss from the chip coupler and to
improve the CP radiation gain, we apply a full scattering ma-
trix measurement in the design process. A high-permittivity
ceramic material is used for the antenna substrate, and its
dielectric constant is determined by considering the antenna
gain, aperture size, and mutual coupling between array ele-
ments. To improve the antenna’s radiation gain even more,
detailed parameters are optimized by using a genetic algo-
rithm (GA) in conjunction with the FEKO EM simulator de-
veloped by EM Software and Systems [19], [20]. To verify
the suitability of the proposed CRPA array, five optimized
antennas are fabricated, and antenna characteristics, such as
the reflection coefficient, radiation gains, and patterns, are
measured in a full anechoic chamber. A field test is also
conducted to measure the received SNR values for real GPS
satellite signals. The results prove that the proposed array is
suitable for use in GPS CRPA applications without causing
any significant pattern distortions or gain degradations.

Copyright c© 2014 The Institute of Electronics, Information and Communication Engineers



BYUN et al.: DESIGN OF SMALL CRPA ARRAYS FOR DUAL-BAND GPS APPLICATIONS
1131

2. Antenna Structure and Optimization

2.1 Individual Antenna Structure

Figure 1(a) shows the proposed multi-layer antenna struc-
ture with a coupled feed network for dual-band operation.
The antenna consists of a feed patch, an L1 patch, and an
L2 patch, each of which is printed on a ceramic substrate

Fig. 1 Proposed antenna structure.

(εr = 15.6, tan δ = 0.0035). A substrate with appropriate
relative permittivity is chosen by considering both the an-
tenna aperture size and the coupling among the array el-
ements. The L1 patch is square-shaped with edge length
W1, which is designed to be approximately half the effective
wavelength in the L1 band. The same design scheme is ap-
plied for the L2 patch length (W2) to achieve the L2 band
resonance. These two patches are stacked to be electro-
magnetically coupled with the feed patch located between
them. The coupling strength is then controlled by the size of
the feed patch (W3) and the substrate heights (H1, H2, and
H3). To attain broad CP characteristics, a chip coupler from
Anaren (XC1400P-03S) is employed at the bottom of the
FR4 substrate (εr = 4.5, tan δ = 0.02, and H4 = 0.8 mm), as
presented in Fig. 1(b). Two feed pins are linked to the chip
coupler by using a coplanar waveguide and are connected to
the feed patch through via holes. The two feeding positions,
expressed as x- and y-coordinates, are determined to form a
90◦ angular difference between their position vectors, which
is a well-known CP technique for a two-port feed network.
Figure 1(c) shows the five-element circular array mounted
on the circular platform with a diameter of 150 mm. The an-
tennas are arranged on the outer perimeter of the platform to
maintain the maximum isolation characteristics in the given
area: the average isolation value between neighboring ele-
ments is about 18.36 dB in the two bands.

Figure 2(a) shows triangular meshes of the CRPA ar-
ray applied in the FEKO EM simulator, and Fig. 2(b) shows
a picture of the fabricated CRPA array. To estimate accu-
rate antenna performance within a short simulation time, the
size of the mesh triangles is locally re-adjusted by consid-
ering the current distributions. For example, denser mesh
triangles are utilized for the geometry near the feed ports,
while coarse mesh triangles are employed for the array plat-
form because of the low current distributions. As a result,
the geometry of the entire antenna array is remodeled as ap-
proximately 5,500 piecewise mesh triangles, and a simula-
tion time of approximately 10 minutes is achieved for each
frequency point on a computer with an Intel Core i7-3820
quad-core processor and 64 GB of RAM. In our EM simu-
lation, the antenna is excited by using two wire ports repre-
senting two feed pins from the coupler. It is assumed that the
input powers of all ports are equal, and the phase difference
between the ports is set to 90◦, which is the ideal operation
of the coupler. Array characteristics, such as pattern distor-
tions, gain degradations, and isolation, are then observed by
terminating four other array elements with 50-Ω loads.

2.2 Coupler Analysis

The chip coupler used in our design consists of four ports;
the input, termination, and two output ports. The input port
is the observation point of the total reflection coefficient of
the antenna, and the termination port should be connected
to a 50-Ω load. Ideally, the chip delivers half of its power
to each output port with a phase difference of 90◦. Equa-
tion (1) represents the ideal scattering matrix for this cou-
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Fig. 2 Geometry of CRPA array.

pler operation, and Eq. (2) is the simulated scattering matrix
for the antenna with a two-port feed network. Given these
equations, the reflection coefficient of the input port can be
calculated by Eq. (3).

S c,ideal =
1√
2

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
0 j 1 0
j 0 0 1
1 0 0 j
0 1 j 0

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ (1)

S a,sim =

[
S 11 S 12

S 21 S 22

]
(2)

|Γc,ideal| = 1
2
{(−S 11 + S 22) + j(S 12 + S 21)} (3)

However, the real characteristics of the chip coupler, such
as power reflection, division, and isolation, are a function
of frequency, as shown in Fig. 3. Thus, we translate these
measured data into a set of new scattering matrices for our
design. Equation (4) shows an example at 1.5754 GHz. The
matrices are then adapted by the Ansys Designer as a four-
port network to revise the input reflection coefficient [21].

Fig. 3 Measured characteristics of a chip coupler.

S c,meas =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
0.29 j0.51 0.20 0.07
j0.51 0.29 0.07 0.20
0.20 0.07 0.29 −0.23 + j0.46
0.07 0.20 j0.51 0.29

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ (4)

2.3 GA Optimization

To further improve the radiation gain as well as the
impedance matching characteristics, the proposed individ-
ual antenna structure is optimized by the GA in conjunction
with the FEKO EM simulator. The cost function used in our
optimization is shown in Eq. (5), and it is defined to raise
the average CP gain of the antenna. In the equation, GL1

and GL2 are the CP gains of the upper hemisphere (0◦ < θ <
90◦) in the GPS L1 and GPS L2 bands, respectively, and Nϕ
and Nθ represent the number of evaluated values of ϕ and
θ, respectively. Some designs are excluded in our optimiza-
tion when the mutual coupling between the array elements
is greater than 12 dB, or the half power beamwidth (HPBW)
is smaller than 90◦.

Cost 1 =
1

1
2

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
1

NϕNθ
Nθ∑
θ=1

Nϕ∑
ϕ=1

GL1(ϕ, θ) +
1

NϕNθ

Nθ∑
θ=1

Nϕ∑
ϕ=1

GL2(ϕ, θ)

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

(5)

Table 1 lists the optimized antenna parameters. The edge
lengths of the L1 and the L2 patches, denoted by W1 and W2,
are optimized to be slightly smaller than half of the effective
wavelength in the each frequency band, because the radi-
ating patches become more inductive due to the coupling in
the proposed feeding mechanism. The two feeding positions
are optimized to have an angle difference of 92.7◦ between
their position vectors, enabling the antenna to be well phase-
matched to the chip coupler with a 90◦ phase difference at
its output ports.
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Table 1 Parameters of the optimized antenna.

3. Measurement and Analysis

3.1 Antenna Performance

To verify the antenna performance, the optimized antenna
is fabricated on the ceramic substrate (SMW-14, εr = 15.6,
tan δ = 0.0035) obtained from Samboo Ceramics. The an-
tenna is then mounted on a circular platform made of brass
using a metal carving machine, and measurements are con-
ducted in a full anechoic chamber (15.2 m (W) × 7.9 m (L) ×
7.9 m (H)). Figure 4 shows the measured and simulated re-
flection coefficients of the antenna. The dashed line shows
the estimated reflection coefficients with S c,ideal, and the dot-
ted line represents those with S c,meas shown in (4). As can
be seen, the similarity between the measured and simulated
coefficients, represented by a solid line, can be further im-
proved by using the revised scattering matrix S c,meas. Fig-
ure 5 shows the measured bore-sight gain of the antenna as a
function of frequency. The figure shows that the antenna has
a gain of approximately 0 dBic in the L1 band and −1.8 dBic
in the L2 band.

Figure 6 shows the measured radiation patterns in com-
parison with the simulation. Figures 6(a) and (b) show pat-
terns in the zx- and zy-planes, respectively, at 1.5754 GHz,
and their HPBWs are 117◦ and 138◦, respectively. Fig-
ures 6(c) and (d) show the same planes at 1.2276 GHz with
HPBWs of 96◦ and 112◦, respectively. As can be observed,
the antenna satisfies the HPBWs of greater than 90◦ without
any serious gain degradation or pattern distortions in both
frequency bands, which is suitable for use in a CRPA array
application.

3.2 Interpretation

To analyze the operating principles of the antenna and to
demonstrate its coupled feed structure from the circuit point
of view, an equivalent circuit model is developed by a data
fitting method to achieve the same impedance response that
is obtained from S 11 presented in Eq. (3). The circuit and
its detailed parameters are shown in Fig. 7(a). Although the
three circuits, representing the feed patch, the L1 patch, and
the L2 patch, are physically separated, they are inductively

Fig. 4 Reflection coefficient.

Fig. 5 Bore-sight gain.

linked with each other by coupling coefficients K1 and K2.
Figure 7(b) shows the input impedance of the circuit model
in comparison with that of the EM simulation, and they
agree well with each other. Figure 7(c) shows the coupling
coefficients that are computed by solving the mesh equations
of Kirchhoff’s voltage law (KVL) in the frequency domain
[22], [23]. As expected, the L1 patch is strongly linked with
the feed patch at 1.575 GHz with the K1 value of 0.6, and
the L2 patch is coupled with the feed patch at 1.2276 GHz
with the K2 value of 0.35.

Figure 8 shows the H-field distributions in each band
at the cross section (y = 0) to analyze the antenna in the
field point of view. Figure 8(a) shows that there is a strong
H-field distribution among the L1, feed, and L2 patches at
1.575 GHz, as observed in the circuit analysis. Figure 8(b)
shows a strong H-field distribution between the L2 patch and
the ground, which demonstrates that most of currents are in-
duced on the L2 patch by the proposed feeding mechanism.

Figures 9(a) and (b) show variations of S 11 depending
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Fig. 6 Radiation patterns.

on the sizes of W1 and W2, respectively. As can be seen, the
resonant frequency of the L2 patch does not vary due to the
edge length of the L1 patch. The same phenomenon can be
found in case of the L2 patch. Because of these phenomena,
the frequency response of the bore-sight gains can also be
adjusted by W1 and W2, as presented in Figs. 10(a) and (b).

3.3 Field Test

To demonstrate how the antenna operates functionally with
a GPS receiver, we conducted a field test to measure the
SNR values of the L-band GPS signals transmitted from
real GPS satellites. Field measurements were conducted on
a rooftop of a building (height = 13 m, Pangyo, Korea) in
clear weather (temperature: 27.5◦C, humidity: 62.6%). Fig-
ure 11(a) shows the GPS satellite positions recognized by

the antenna. The antenna receives signals from 10 satellites
that are located from θ = 25◦ to θ = 78◦. Figure 11(b) shows
the measured SNR values for the satellites, each of which is
specified with a space vehicle number. The measurements
show an average SNR value of 12.7 dB with a maximum
value of 18.5 dB. We can verify that the antenna is capable
of receiving satellite signals at angles as high as θ = 78◦ with
an SNR of 12.5 dB.

4. Conclusion

We have investigated the design of small CRPA arrays for
dual-band GPS applications. The proposed individual an-
tenna is composed of a feed patch, an L1 patch, and an L2
patch. The L1 and L2 patches were designed to resonate
in the GPS L1 and GPS L2 bands, respectively, and are
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Fig. 7 Interpretation of the optimized antenna.

electromagnetically coupled to the feed patch located be-
tween them. The coupling strength was controlled by vary-
ing the substrate thickness to adjust the distance between the
patches. The external chip coupler was used at the bottom of
the antenna to achieve broad CP bandwidth, and its output
ports were connected to the feed patch through via holes.

Fig. 8 H-field distrubution.

In our simulation, the scattering matrix of the coupler was
measured for more accurate performance estimation. The
detailed parameters were optimized by using a GA in con-
junction with the FEKO EM simulator. To verify the suit-
ability of the proposed CRPA array, five optimized antennas
were fabricated on the ceramic substrate and were installed
on the outer perimeter of the 15-cm diameter circular plat-
form. The antenna’s characteristics were measured in a full
anechoic chamber, and a field test was conducted at an open
site to further verify the SNR values for real GPS satellite
signals. The results proved that the proposed array is suit-
able for use in GPS CRPA applications with no significant
pattern distortions or gain degradation.
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