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Abstract: In this paper, a low-profile HF (high-frequency) meandered dipole antenna with a ferrite-
loaded artificial magnetic conductor (AMC) is proposed. To operate in the HF band while retaining a
compact size, ferrite with high permeability is applied to the unit cell of the AMC. The operating
frequency bandwidth of the designed unit cell of the AMC is 1.89:1 (19–36 MHz). Thereafter, a
meandered dipole antenna is designed by implementing a binary genetic algorithm and is combined
with the AMC. The overall size of the designed antenna is 0.06× 0.06× 0.002 λ3 at the lowest
operating frequency. The proposed dipole antenna with a ferrite-loaded AMC is fabricated and
measured. The measured VSWR bandwidth (<3) covers 20–30 MHz on the HF band. To confirm
the performance of the antenna, a reference monopole antenna which operates on the HF band was
selected, and the measured receiving power is compared with the result of the proposed antenna
with the AMC.

Keywords: artificial magnetic conductor (AMC); ferrite; HF (high-frequency); low-profile; mean-
dered dipole antenna

1. Introduction

NVIS (near-vertical-incident-signal) communication is a method of communicating us-
ing the characteristics of radio waves reflected from the ionosphere [1]. The high-frequency
(HF) band does not pass through the ionosphere and is reflected from the ionosphere [2].
Due to these characteristics, one advantage of the HF band is that communication is
possible without satellite equipment or additional facilities on the ground, and with this
advantage, the HF band can be used on rugged terrain and for military communication.
However, the size of the antenna operating on the HF band is inevitably bulky because
the size of the antenna is inversely proportional to the operating frequency [3]. Due to
this constraint, the HF band antenna cannot easily be utilized on a moving object for
which mobility and aerodynamics are important, such as a vehicle. Therefore, various
miniaturized HF antennas have been proposed to be mounted on vehicles [4–12]. In one
study [4], the performance of a monopole antenna operating on the HF band was verified;
the height of this antenna was up to 0.18 λL (λL is the wavelength of the lowest operating
frequency in free space). A monopole antenna with a height of 0.04 λL operating on the HF
band has also been proposed [5]. In another study [6], an antenna with a height of 0.005 λL
reduced by applying a two-arm configuration was proposed. A multi-turn loop structure
was applied to a dipole antenna and an antenna with a height of 0.01 λL was introduced [7].
Also, a miniaturized antenna that combines multi-turn loops has been proposed; the height
of this antenna was 0.018 λL [8]. Researchers have also introduced an inverted-F antenna
with a height of 0.04 λL [9], but previously proposed antennas in general remain too tall
with bandwidths that are too narrow.

An artificial magnetic conductor (AMC) is applied as a means by which to realize
broadband characteristics while ensuring low-profile characteristics [13,14]. The AMC is
a type of metamaterial, and the phase of the reflected wave in a specific frequency band
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is identical to the phase of the incident wave such that low-profile characteristics of the
antenna can be realized [15]. In addition, the impedance matching of the antenna can be
improved, implying that it is possible to implement broadband characteristics [16]. The
AMC can be equivalently analyzed with the parallel circuits with the capacitance and
inductance [17]. The operating frequency and operating frequency band of the artificial
magnetic conductor are determined by the inductance and capacitance values [18]. Consid-
ering the operating frequency and the operating frequency bandwidth of the AMC, it is
advantageous for AMC to have a high inductance value [19]. The inductance value of the
AMC is determined by the height or permeability of the AMC. However, it is not practi-
cal that increasing the height of the AMC to achieve high inductance value considering
applicability. Therefore, studies have been conducted to increase the inductance value of
the AMC by loading the material [20,21]. With these characteristics, an artificial magnetic
conductor and an artificial magnetic conductor-based antenna operating on the HF band
were proposed [22].

In the present study, a low-profile HF meandered dipole antenna with a ferrite-loaded
AMC is proposed. First, a miniaturized unit cell of the AMC which operates on the HF band
is designed by loading a highly-permeable ferrite material. To designed the compact dipole
antenna, a meander structure is applied. Among the currents in the folded element of the
meandered dipole antenna, the currents developed in the opposite direction are offset from
each other [23]. Through this, capacitive reactance and inductance reactance are canceled
mutually, so that the meandered dipole antenna can operate at a lower frequency than a
linear dipole antenna with the same area [24]. A meandered dipole antenna optimized
by a binary genetic algorithm (GA) is designed and combined with the designed AMC.
Compared to previous studies [22], the proposed antenna shows improved VSWR (voltage
standing wave ratio) characteristics in the 20–30 MHz band, i.e., the HF band, and has
higher gain characteristics than previous antenna within the aforementioned operating
bandwidth. Therefore, it can be applied to applications such as ground vehicles, where the
antenna can be installed in a relatively large space and that require high gain characteristics
on the HF band. The proposed antenna with the AMC can operate on the HF band due
to the link between the meandered dipole antenna and the AMC. ANSYS high-frequency
structure simulator (HFSS) software is employed to conduct all simulations in this paper.
The designs of the AMC and the antenna are described in Section 2. In Section 3, the
simulated and measured results are introduced and compared. Finally, Section 4 concludes
the paper.

2. Designs of the Artificial Magnetic Conductor and Antenna
2.1. A design of the Artificial Magnetic Conductor (AMC) with the Ferrite Material

Figure 1 presents the complex permeability of the MP2106-0M0 ferrite (Laird, [25])
applied to the design of the unit cell of the proposed artificial magnetic conductor (AMC).
The complex permeability is made up of the real part (µ′) and the imaginary part (µ′′). The
permittivity value is set to 12. As shown in Figure 1, the MP2106-0M0 ferrite has high
permeability on the HF band.

The unit cell geometry of the proposed AMC is illustrated in Figure 2a. The unit
cell is composed of two substrates and the MP2106-0M0 ferrite with a side length of
WAMC = 125 mm. The two substrates are the FR-4 types with a dielectric constant of 4.3,
a thickness of hS = 1.6 mm, and a loss tangent of 0.0025. The thickness of the ferrite is
h f = 7.5 mm. One FR-4 substrate is located on top of the ferrite and the other is on the
bottom side. On the upper surface of the top FR-4 substrate, a square AMC patch with
a side length of PAMC = 124 mm is positioned. The ground plane is located on the lower
side of the bottom FR-4 substrate. Figure 2b depicts the boundary condition of the unit cell
structure during the simulation. To simulate the reflection phase of the patch on the unit
cell, a periodic boundary condition was established by setting two PEC (perfect electric
conductor) walls and two PMC (perfect magnetic conductor) walls facing each other, and a
full-wave simulation was conducted.
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Figure 1. Complex permeability of the MP2106-0M0 ferrite.

Figure 2. Geometry of the proposed unit cell of the artificial magnetic conductor (AMC):
(a) perspective-view; (b) boundary condition.
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Figure 3 shows the simulated reflection phase of the unit cell of the AMC. The operat-
ing frequency of the unit cell structure is ordinarily defined as the frequency range in which
the reflection phase varies from −90◦ to +90◦ [26]. The simulated operating frequency
ratio bandwidth is 1.89:1 (19–36 MHz). In the simulation results, it was found that due to
the high permeability value of the ferrite, which causes the high inductance value of the
unit cell, the unit cell of the AMC can operate on the HF band while retaining a compact
size of 0.007× 0.007× 0.0006 λ3

L (λL is the wavelength of the lowest operating frequency in
free space).

Figure 3. Simulated reflection phase of the proposed unit cell of the artificial magnetic conductor
(AMC).

2.2. The Designed Antenna with the AMC

The design concept of a meandered dipole antenna is depicted in Figure 4. This
design method was introduced by Bayraktar et al. [27]. The optimization procedure begins
by dividing each dipole arm into ten segments. Each segment is assigned such that it is
on a column of the grid, denoted in green, with two adjacent segments connected by a
vertical line, denoted in red. A binary genetic algorithm (GA) is applied to derive the
optimized position of the horizontal segment which is encoded as three bits. Therefore, the
meandered dipole antenna is designed by using 30 bits in total. The binary GA is conducted
with MATLAB programming linked to HFSS through an HFSS scripting interface. The
optimization process in conducted with one hundred iterations, a population of 20, and a
mutation rate of 0.1 with the single-point crossover scheme. The horizontal segment and
vertical segment are modeled by a rectangular patches 82× 85 mm2 and 37× 215 mm2 in
size, respectively. The optimization process is conducted with the presence of the AMC.

The optimized meandered dipole antenna is illustrated in Figure 5a. The Taconic RF-35
substrate, indicated with green in Figure 5a, with a dielectric constant of 3.5, a thickness of
(ha) of 1.52 mm, and a loss tangent of 0.0018 is used to design the antenna. The side length
of the substrate of the meandered dipole antenna is set to W = 1000 mm, which is the length
of the reference monopole antenna used here (OMNI-A0245, ALARISANTENNA[28]).
Each meandered dipole element is symmetrically located on the top and bottom side of the
substrate, as indicated in grey and white, respectively. The designed meandered dipole
antenna is fed by a coaxial cable at the feeding point shown in Figure 5a. Figure 5b shows
the configuration of the designed AMC, which consists of 8× 8 unit cells. The number of
unit cells is set to constitute a surface with a side length of 1000 mm equal to the length
of the reference monopole antenna. There is a hole through which a coaxial cable for
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excitation can pass through, as indicated by the orange circle in Figure 5b. A gap as large
as rg = 1.9 mm was added to prevent short circuits of the AMC patch and coaxial cable.
The proposed antenna with the AMC is depicted in Figure 5c. The AMC is located beneath
of the antenna with a distance of a gap of 18 mm.

Figure 4. Design concept of a meandered dipole antenna.

Figure 5. Geometry of the proposed antenna with the AMC: (a) meandered dipole antenna; (b) 8× 8
AMC; (c) side-view.

3. Experimental Verification
3.1. Performance of the Designed Antenna with the AMC

A prototype of the designed antenna with the AMC is fabricated and measured to
verify the performance. Figure 6 presents a photograph of the fabricated meandered dipole
antenna with the AMC. The antenna and AMC were etched separately and then electrically
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and physically connected to each other using copper tape and instant glue, respectively.
Styrofoam is utilized to create an air gap between the substrate of the meandered dipole an-
tenna and the AMC. The overall size of the fabricated antenna is 1000× 1000× 30.22 mm3.

Figure 6. Photograph of the fabricated antenna with the AMC: (a) top-view; (b) side-view.

Figure 7 presents the simulated and measured VSWRs of the proposed antenna with
the AMC. An Agilent 8510C network analyzer was utilized to measure the VSWR. The
proposed antenna meets VSWR characteristics (<3) on the HF band of 20–30 MHz. The
discrepancy can be attributed to inaccuracies during the fabrication process, experimental
tolerances, and to the assembly process.

Figure 7. Simulated and measured VSWRs of the proposed antenna with the AMC.

To verify the effects of the AMC, the VSWR characteristics of the antenna with and
without the AMC were simulated. The comparison of the VSWRs of the antenna according
to the presence of the AMC is shown in Figure 8. When the AMC is applied, the antenna
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meets the VSWR characteristics (<3) in the 20–30 MHz band. On the other hand, the
antenna does not satisfy the VSWR characteristics in the 20–30 MHz band. Therefore, it can
be confirmed that impedance matching of the antenna is improved by applying the AMC.

Figure 8. Simulated VSWRs of the proposed antenna with and without of the AMC.

Simulated radiation patterns of the proposed antenna with the AMC at 20 MHz,
25 MHz, and 30 MHz are illustrated in Figure 9. Due to the AMC effects, the main beam
direction is formed on the +z-axis. Furthermore, it can be seen that the distance between
the antenna and the AMC is closer than λL/4 (λL is the wavelength of the lowest operating
frequency in free space), which is the required distance between the antenna and a general
reflector at which the performance of the antenna does not deteriorate. Despite the AMC
works as reflector, the size of the AMC is significantly small related to the wavelength of the
operating frequency of the antenna. Therefore, the back radiation is inevitably occurred.

Figure 9. Simulated radiation patterns of the meandered dipole antenna with the AMC : (a) 20 MHz;
(b) 25 MHz; (c) 30 MHz.
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The realized gain of the proposed antenna with the AMC at the +z-axis is shown
in Figure 10. The realized gain varies from −22.2 dBi to −16 dBi within the operating
frequency bandwidth. Consequently, it can be confirmed that the gain characteristics of
the proposed antenna with the AMC are higher within the 20–30 MHz band compared to
those of the reference commercial antenna [28], for which the corresponding values are
approximately −24 dBi and −17.5 dBi at 20 MHz and 30 MHz. As a result, the proposed
antenna with the AMC is shown to have reasonable gain characteristics.

Figure 10. Simulated realized gain on the +z-axis of the meandered dipole antenna with the AMC.

3.2. Experimental Results of the Designed Antenna with the AMC

In order to verify the performance of the designed antenna, the receiving power capa-
bilities of the proposed antenna with the AMC and the reference monopole antenna [28]
are measured and compared. Figure 11 shows the receiving power measurement setup.
The distance between the receiving antennas (the proposed antenna with the AMC and
the reference monopole antenna) and the transmitting antenna (MP1DXTR80, SUPER
ANTENNA [29]) used in this experiment is 130 m. The receiving antennas are located on
the rooftop of a ground vehicle. The receiving power of the reference monopole antenna
was measured with a 1000× 1000 mm2 ground plane. The ground plane was implemented
using copper tape on top of Styrofoam. The proposed antenna with the AMC was also on
Styrofoam to protect it and the ground vehicle. The transmitting power was generated by
a signal generator (E4438C, Keysight) and the receiving power was analyzed by a signal
analyzer (FSV signal and spectrum analyzer, Rohde & Schwarz).

Figure 12 shows the measured receiving power results of the proposed antenna with
the AMC and the reference monopole antenna. The transmitted power was set to 17 dBm
and the power was transmitted from 20 MHz to 30 MHz at 2 MHz intervals. From these
results, it can be confirmed that the received power of the proposed antenna with the AMC
is higher than that of the reference monopole antenna on the HF band of 20–30 MHz.
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Figure 11. Receiving power measurement setup.

Figure 12. Measured receiving power levels of the proposed antenna with the AMC and the reference
monopole antenna.

4. Conclusions

A low-profile HF meandered dipole antenna with a ferrite-loaded AMC was proposed
in this paper. By implementing ferrite given its high permeability on the HF band to the
unit cell of the AMC, the unit cell structure can operate on the HF band while maintaining
a compact size. The meandered dipole antenna was designed through optimization of a
binary GA and combined with the 8× 8 AMC. The VSWR bandwidth (<3) of the proposed
antenna with the AMC covers the range of 20–30 MHz, which is within the HF band. In
addition, due to the influence of the AMC, the proposed antenna has directional radiation
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patterns and maintains its performance capabilities despite the distance between the
antenna and the AMC being closer than that of the antenna and a general reflector. As a
result, the proposed antenna with the AMC is compact in the size of 0.06× 0.06× 0.002 λ3

L
(λL is the wavelength of the lowest operating frequency in free space). The performance of
the proposed antenna with the AMC is confirmed by measurements. From these results, it
can be indicated that the designed antenna can be used in applications operating on the
HF band that require a low profile and a compact antenna, such as ground vehicle.
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