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Design of a Dual-Band Microstrip Loop Antenna
With Frequency-Insensitive Reactance Variations

for an Extremely Small Array
Maeng Chang Kang, Hosung Choo, Senior Member, IEEE, and Gangil Byun, Member, IEEE

Abstract— This paper proposes a design for a dual-band
microstrip loop antenna with an electromagnetically coupled
feed for frequency-insensitive reactance variations. The antenna
consists of two microstrip loops that are coupled to each other,
and the ratio of the electric and magnetic coupling strengths
is adjusted to lower the reactance slope. To demonstrate the
suitability of the proposed feeding mechanism, antenna char-
acteristics are measured in a full-anechoic chamber, and its
operating principle is interpreted from a circuit standpoint. The
results prove that the proposed structure exhibits a frequency-
insensitive behavior without a significant gain reduction in the
presence of strong mutual coupling.

Index Terms— Controlled reception pattern antenna,
frequency-insensitive antenna, microstrip loop antenna.

I. INTRODUCTION

M ICROSTRIP patch antennas have been widely adopted
as individual elements of controlled reception pattern

antenna arrays due to their directive patterns toward the upper
hemisphere and the ease of achieving dual-band properties.
In addition, their low-profile characteristics allow for reduc-
ing the antenna size by employing high-dielectric substrates,
which are essential in recent wireless communications sys-
tems to overcome size restrictions [1]. Further size reduction
can be achieved by employing additional structures, such as
slot insertion [2]–[5], fractal patterns [6]–[9], and shorting
pins [10]–[12]. However, impedance matching and radiation
properties become sensitive to frequency variations because of
narrow matching bandwidths. This frequency-sensitive behav-
ior of the antenna with reduced aperture sizes often degrades
the radiation properties, especially in an extremely small array,
as the frequency response of antenna characteristics is easily
shifted by the strong mutual coupling effect. Although a
capacitively coupled feed has been proposed to relieve this
frequency-sensitive behavior, it requires an additional layer
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to place an extra feeding patch [13]–[15] or rectangular
unit cells [16]–[18]. Therefore, there has been an increasing
demand for array antennas with reduced frequency sensitivity
to be applied in electrically restricted aperture areas [19]–[21].

In this paper, we propose a frequency-insensitive microstrip
loop antenna with an electromagnetically coupled feed as
individual elements of extremely small arrays with restricted
aperture areas. The proposed antenna helps to prevent sig-
nificant gain reduction caused by the mutual coupling effect
between array elements and consists of upper and lower
microstrip loops printed on high-dielectric ceramic substrates.
The lower loop is directly connected to the external chip cou-
pler (XC1400P-03S from Anaren) [22] for quadrature phase
excitation, and the upper loop is then coupled to the lower loop
through electromagnetic (EM) fields. The ratio of the electric
and magnetic coupling strengths is adjusted by varying the
width and the vertical placement of the loops. The frequency-
insensitive characteristic can be achieved by this proposed
feeding mechanism accompanied by the loop resonators, since
it lowers the reactance slope and minimizes the gain variations
between the two resonant frequency bands. To demonstrate
the feasibility of the proposed feeding structure, the frequency
sensitivity of reactance (FSR) is defined to use as a figure of
merit to evaluate the sensitiveness, and radiation characteristics
of a fabricated antenna are measured in a full-anechoic cham-
ber. We also examine the near-EM fields around the antenna
and build an equivalent circuit model to analyze the operating
principle of the proposed feeding mechanism. The results
show that the proposed structure is suitable for achieving
frequency-insensitive reactance variations without a significant
gain reduction in an extremely small array.

II. DESIGN APPROACH AND PROPOSED ANTENNA

Fig. 1 shows the proposed dual-band antenna with an elec-
tromagnetically coupled feed structure. The antenna consists
of upper and lower microstrip loops that are printed on a
high-dielectric ceramic substrate (εr = 20, tan δ = 0.035),
and the strip widths of the two loops are determined by
wc and w2. The edge lengths of the loops are adjusted by
parameters l1 and l2, so that the total loop lengths become
approximately one effective wavelength in the GPS L1 and L2
bands. The lower loop is located in the substrate at a height
of h1 and is directly connected to two ports of the hybrid chip
coupler. The central angle of the two feeding positions is fixed
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Fig. 1. Geometry of the proposed antenna. (a) Top view. (b) Side view.

at 90°, and the distance from the antenna center to each port is
determined by parameter l f . By applying this design scheme,
the antenna periodically achieves the vertical and horizontal
polarizations, which circulates the electric currents on the
microstrip loops. Note that the reason for adopting the loop
radiators is that the ratio of the electric and magnetic coupling
strengths can be adjusted by varying the width and the vertical
placement of the loops. For example, a strong electric coupling
can be achieved when w1 and w2 are constrained to greater
than 3 mm, and the strength of the magnetic coupling can be
increased when the value of h2 is maintained to be smaller
than that of h1. Table I lists the detailed values for the design
parameters that are optimized using the genetic algorithm [23].
As expected, the total loop lengths, determined by l1 and l2,
are approximately one effective wavelength at each resonant
frequency. In addition, the two loops have wide strip widths
of 5.5 and 6.7 mm, respectively, to maximize the electric
coupling strength and are placed in close proximity at an
interval of h2 = 4 mm (< h1) to create tighter magnetic
coupling.

Fig. 2 shows the photographs of the fabricated antenna.
A ceramic powder from Samboo Ceramics, Co. Ltd. was
pasted and sintered to make a high-dielectric ceramic substrate,
and the loops were printed on the substrate using the copper
deposition mechanism. We also fabricated a printed circuit
board to integrate the hybrid chip coupler, coplanar wave
guides, and a 50-� termination chip for quadrature phase
excitation. Then, the radiation characteristics of the fabricated

TABLE I

OPTIMIZED VALUES OF THE PROPOSED ANTENNA

Fig. 2. Photographs of the fabricated antenna. (a) Top view. (b) Bottom
view.

antenna were measured in a full-anechoic chamber to demon-
strate the suitability of the proposed feeding mechanism, which
will be discussed in the following section.

III. MEASUREMENT

Fig. 3 shows a comparison of the measured and simu-
lated reflection coefficients. To compute the simulated values,
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Fig. 3. Reflection coefficients of the proposed antenna.

Fig. 4. Bore-sight gain of the proposed antenna.

the coupler circuit with four ports (two outputs, one input,
and one isolation) was modeled using Advanced Design Soft-
ware [24], and two output ports of the chip coupler were
connected to a two-port scattering matrix obtained from the
proposed antenna. Thus, the input reflection coefficients (�in)
of the antenna connected to the feeding network can be
calculated as

�in = 1

2
{(−S11 + S22) + j (S12 + S21)} (1)

where S11, S12, S21, and S22 are the components of the two-
port scattering matrix calculated as a function of frequency
using the FEKO EM simulation software [25]. The dashed
line indicates the simulated reflection coefficients of �in, which
have values of −29.5 and −26.9 dB at 1.575 and 1.227 GHz,
respectively. The measured results are −35 dB (1.575 GHz)
and −29.4 dB (1.227 GHz), and they show a good agreement
with the simulated data.

Fig. 4 shows the measured bore-sight gains compared to the
simulated data. The dashed line indicates the simulated results,
and the measured values obtained from the full-anechoic
chamber are marked by “+” symbols. We also present the
experimental results, conducted in a semianechoic chamber,

Fig. 5. AR of the proposed antenna.

as a solid line, to provide a continuous curve according to the
frequency. The measured values are 1.5 dBic at 1.575 GHz
and 4.7 dBic at 1.227 GHz, and the gain is greater than
0 dBic between the two resonant frequency bands, from
1.17 to 1.6 GHz (430 MHz) due to the frequency-insensitive
behavior of the proposed feeding mechanism.

Fig. 5 provides a comparison between the measured and
simulated axial ratios (ARs). To calculate the measured ARs,
the orientation of a linearly polarized standard horn antenna
is rotated for vertical and horizontal polarizations, and the
received field magnitudes are considered to calculate the ratio
of the major and minor axes in the polarization ellipse [26].
The antenna is circularly polarized with measured AR val-
ues of 1.3 and 1.4 dB at 1.575 and 1.227 GHz, respec-
tively, and the simulated values are 0.5 dB (1.575 GHz) and
0.8 dB (1.227 GHz). The antenna maintains the AR values
below 3 dB in a wide frequency range, which implies that the
antenna is capable of preventing a significant gain reduction
caused by the distorted polarization properties in a small array.

Fig. 6(a) and (b) shows the measured and simulated
radiation patterns in the zx and zy planes at 1.575 GHz.
In the zx plane, the measured half power beamwidth (HPBW)
is 75.1°, and the maximum gain is observed at θ = 4.8°
with a value of 1.7 dBic. The HPBW of the pattern in the
zy-plane is 68.7°, and a maximum value of 1.6 dBic is
located at θ = −4.6°. Fig. 7(a) and (b) presents the radiation
patterns at 1.227 GHz, and the measured patterns show slightly
broader HPBWs of 102.8° and 109.8° in the zx and zy planes,
respectively. The maximum gain values of 4.8 and 4.7 dBic
are observed at θ = 4.8° and θ = 0°, which demonstrates that
the proposed feeding structure does not exhibit serious pattern
distortions in the upper hemisphere.

IV. ANALYSIS

Fig. 8 shows the magnetic field distributions observed at
121 × 81 points in the cross section at x = −3 mm
(−20 mm ≤ y ≤ 20 mm, 0 mm ≤ z ≤ 30 mm). Strong
magnetic fields are confined between the lower loop and
the ground with a maximum field strength of 46.6 A/m
at 1.227 GHz, which implies that the lower loop operates
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Fig. 6. 2-D patterns of the proposed antenna at 1.575 GHz. (a) zx plane.
(b) zy plane.

as the dominant radiating element in the GPS L2 band.
At 1.575 GHz, the upper loop is excited by the EM fields
generated by the lower loop, and the two loops are tightly
linked through the high-dielectric substrate with a maximum
strength of 52.1 A/m.

To analyze the operating principles of the antenna from a
circuit standpoint, an equivalent circuit model is developed
using a data fitting method, as shown in Fig. 9(a). The
circuit describes the input impedance at output port 1, while
terminating the other port, denoted by output port 2, with
50-� impedance due to the symmetricity of the structure. The
lower loop is expressed by a parallel circuit of RL2, L L2,
and CL2, and the circuit is connected to the inductance L F

representing the via pin at output port 1. Another parallel
circuit, composed of RP , L P , and CP , is inserted to describe a
parasitic resonance at a higher frequency point above 2 GHz.
The lumped elements of the upper loop are specified as
RL1, L L1, and CL1 and coupled to the circuits of the lower

Fig. 7. 2-D patterns of the proposed antenna at 1.227 GHz. (a) zx plane.
(b) zy plane.

loop through the series coupling capacitance CC and the
inductive coupling coefficient k. The values of CC and k
can be adjusted by the substrate thickness h2 and the widths
w1 and w2. Detailed values of the lumped elements are listed
in Table II, and the input impedance of the equivalent circuit
is compared to that of the EM simulation in Fig. 9(b). The
results demonstrate that the operating principle of the proposed
electromagnetically coupled feed is well described by the
series coupling capacitance CC and the inductive coupling
coefficient k. Note that a larger value of the loop width
decreases the ratio of the electric and magnetic couplings,
expressed as k/Cc in Table II, since the electric coupling
becomes stronger due to the increased capacitance between
the upper and lower loops. In contrast, the strength of the
magnetic coupling becomes relatively stronger than that of
the electric coupling, when the vertical distance between the
loops gets larger.
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Fig. 8. H-field distribution at a cross section in the zy plane. (a) 1.575 GHz.
(b) 1.227 GHz.

TABLE II

VALUES OF THE LUMPED ELEMENTS

Fig. 10(a) presents a comparison of reactance variations
in accordance with the ratios of the electric and magnetic
coupling strengths. The dashed line is calculated from the
equivalent circuit in Fig. 9(a) after removing the coupling
capacitance CC , and only the inductive coupling coefficient k
is varied to match the resonant frequency. The dotted line

Fig. 9. Equivalent circuit model and its input impedance. (a) Circuit model.
(b) Input impedance.

indicates the response when the value of k becomes zero, and
the value of CC is adjusted to maintain the same resonant
point. Then, the FSR is defined to use as a figure of merit
to evaluate the sensitiveness of the reactance curves, which is
defined as follows:

FSR = lim
� f →0
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where � f is the frequency interval, and �X is the reactance
variation with respect to � f . The FSR indicates the slope
of the reactance curve at each frequency point, and a small
FSR implies that a low-frequency shift may occur even in the
presence of the strong mutual coupling effect. The proposed
feeding mechanism shows a relatively small FSR with an
average value of 1 �/MHz; however, the maximum FSRs of
the dashed and dotted lines are significantly increased from
2.2 to 3.9 �/MHz and 10 �/MHz, respectively, as shown
in Fig. 10(b). This FSR increase is more significant for
the standard linearly polarized loop antenna, for example,
the maximum FSR is raised to 31.5 �/MHz near its resonant
frequency of 1.575 GHz. Note that the loop antenna used in
this comparison is fed by a coaxial probe, and the microstrip
loop having a width of 2.3 mm and a total length of 56 mm
is printed on the same ceramic substrate with a thickness
of 10 mm. Thus, the ratio of the electric and magnetic coupling
strengths should be carefully considered as an important
design parameter to maintain frequency-insensitive reactance
variations.

Fig. 11(a) and (b) shows variations in the simulated bore-
sight gain of the stand-alone antenna according to different
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Fig. 10. Reactance and FSRs according to the feeding mechanism.
(a) Reactance variations. (b) FSRs.

values of w1 and w2. The value of w1 is increased from
4.9 to 7.3 mm at an interval of 0.6 mm, and w2 is changed
from 4.3 to 6.7 mm at an interval of 0.4 mm. The resonance
of the lower loop is not affected by the strip widths because
the total length of the loop is maintained as approximately one
effective wavelength. By contrast, the resonant frequency of
the upper loop moves toward the higher frequency band, since
the strength of the electric coupling is changed by the values
of w1 and w2.

Fig. 12 shows a comparison of the FSR according to
the connection points of via pins. The proposed antenna,
represented by the solid line, maintains a low FSR from
1.1 to 1.6 GHz with a mean value of 1.2 �/MHz. The average
FSR is drastically increased to 8.0 �/MHz with a peak value
of 185.5 �/MHz at 1.34 GHz, when two via pins are connected
to the upper loop. Thus, the connection points of the via pins
are also an important design parameter to lower the FSR to
prevent significant reactance variations.

To verify the advantage of the frequency-insensitive reac-
tance variations, we extended our research to a seven-element
circular array, as shown in Fig. 13. The array consists of seven
identical antennas, and each antenna is designed to have the
optimized parameters listed in Table I. The microstrip loops

Fig. 11. Variations of bore-sight gains in accordance with the design para-
meters. (a) Bore-sight gains according to w1. (b) Bore-sight gains according
to w2.

Fig. 12. FSRs according to feeding layers.

are printed on a circular ceramic substrate with a diameter
of 127 mm, and the interelement spacing between antennas is
39.9 mm (0.16λ at 1.227 GHz). Fig. 14 shows a comparison of
the measured and simulated bore-sight gains, when only Ant. 1
is excited while the ports of other antennas are terminated by
50-� loads. The measured bore-sight gains are −2.5 dBic at
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Fig. 13. Photograph of the fabricated array. (a) Top view. (b) Bottom view.

Fig. 14. Bore-sight gain for an active element pattern of Ant. 1.

both 1.575 and 1.227 GHz, and the minimum gain between
two resonant frequency bands is observed at 1.353 GHz
with a value of −5.8 dBic. The maximum gain deviation
within the frequency range from 1.2 to 1.6 GHz is 4.8 dB

Fig. 15. Simulated and measured mutual coupling between Ant.1 and
Ant. 2 of the seven-element array.

Fig. 16. Simulated and measured AR values of the seven-element array.

(maximum of −1.2 dBic at 1.23 GHz, minimum of −6 dBic
at 1.35 GHz), which is drastically reduced by more than
20 dB compared to the seven-element array with conventional
rectangular patch antennas whose operating principles are well
known, as in [27]. The results demonstrate that the frequency-
insensitive behavior of the proposed feed prevents a significant
gain reduction between two resonant frequency bands, which
is suitable for an extremely small array.

Fig. 15 presents the measured and simulated mutual cou-
pling between Ant. 1 and Ant. 2 of the seven-element circular
array. The measured results are specified by a solid line,
and the coupling strengths at 1.575 and 1.227 GHz are
−18.1 and −15.2 dB. The simulated data indicated by a
dashed line show a similar trend with the measurement, and
their values are −18.4 and −19.5 dB at 1.575 and 1.227 GHz,
respectively. These values are relatively low compared to those
for the conventional patch antenna array presented in the
previous paragraph; for instance, the mutual coupling strength
at 1.227 GHz is reduced by 2.7 dB due to the use of loop
resonators accompanied by the proposed feeding mechanism.

Fig. 16 compares the measured and simulated ARs at Ant. 1
of the seven-element array. The measured data are presented
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Fig. 17. Variations of the mutual coupling and the FSRs according to the
interelement spacing d.

by “+” markers and the simulated values are specified by
the dashed line. Due to the existence of the mutual coupling
between antennas, the AR values at 1.575 and 1.227 GHz
are raised to 6.5 and 4.2 dB for the measurement and
6.1 and 5.8 dB for the simulation, respectively.

To further verify the relation between the FSR and the
mutual coupling, we calculate variations of the mutual cou-
pling and the FSRs between two identical antennas accord-
ing to the interelement spacing d from 15 mm (0.06λ) to
60 mm (0.25λ), as presented in Fig. 17. At each spacing,
the FSRs and the coupling strengths are averaged using sim-
ulated values obtained at 1.227 and 1.575 GHz. As expected,
the mutual coupling tends to increase from −30.3 to −14.5 dB
as the interelement spacing decreases; however, the average
FSRs are maintained to be less than 1 �/MHz in the entire
range of d . This implies that the proposed antenna is capable
of maintaining its frequency-insensitive behavior regardless of
strong mutual coupling.

V. CONCLUSION

The design for a microstrip loop antenna with an electro-
magnetically coupled feed was proposed to achieve frequency-
insensitive reactance variations. The strengths of the electric
and magnetic couplings were adjusted to lower the FSR by
varying the widths and the vertical placement of the microstrip
loops. The feasibility of the proposed feeding mechanism
was verified by measuring antenna characteristics, and the
operating principle was interpreted by modeling the equiva-
lent circuit. The stand-alone antenna had bore-sight gains of
1.5 and 4.7 dBic at 1.575 and 1.227 GHz, respectively, and
the gain deviation between 1.2 and 1.6 GHz was drastically
reduced to 4.8 dB for the extremely small seven-element array.
The results demonstrate that the proposed antenna is suitable
for maintaining an FSR of less than 3.2 �/MHz in the presence
of strong mutual coupling.
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