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ABSTRACT This study proposes a low-profile, electrically small military VHF/UHF communication
ferrite-loaded antenna for an integrated mast (IM). We realized a relatively lighter weight antenna that is
advantageous for IM mounting by utilizing a minimum number of ferrite cores. The proposed antenna is
in the form of a ferrite-loaded split ring resonator-shaped grounded loop structure that exhibits exceptional
radiation performance at an electrically small size. The size of the proposed antenna with the assembled
housing for IM mounting is 970 x 429 x 47.5 [mm?>], representing a very small electrical size ka of 0.34 with
respect to the lowest operating frequency of 30.4 MHz, with a criterion VSWR of less than 3. The entire
profile is extremely thin as 0.005A. The minimum measured realized gain is -14.5 dBi, indicating an upward
trend along the matched frequency of up to 500 MHz.

INDEX TERMS Ferrite core, low-profile, electrically small antenna, split ring resonator, integrated mast.

I. INTRODUCTION

The evolution of naval warfare into electronic warfare (EW),
which synthesizes the surveillance and reconnaissance of
information to conduct engagements and joint operations
is underway. Therefore, multiple antennas that commu-
nicate, collect tactical information, and perform missions
are mounted on battleship masts. Thus far, these types
of antennas have been placed high on masts, operating
individually, as shown in Fig. la, represented by a dashed
yellow circle [1]. Although multiple antennas are grouped
in a physically narrow space, the entire system remains
heavy and requires considerable space. This arrangement
results in unwanted electromagnetic interference from scat-
tering, contradicting the recent trend of lightweight and
compact antenna designs [2], [3], [4]. Recently, an integrated
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mast (IM) as a shared aperture antenna, where multiple
antennas for radar, EW, and communication are integrated
into a single flat platform has been investigated, as shown
in Fig. 1b [5], [6]. An IM has a lower radar cross-
section (RCS) than a conventional mast. Additionally,
military communication antennas generally operate in the
VHF/UHF band (30-500 MHz) and have a pole shape of
1-3 m to operate over a wide frequency band with vertical
polarization with respect to the sea surface [7], [8], [9].
However, such a pole-type antenna causes low mobility
with an increased RCS level. Consequently, conventional
pole-type communication antennas are not suitable for
IM; however, lightweight, miniaturized, yet low-profile
antennas that show vertically polarized radiation over
an ultra-widely matched impedance frequency are highly
desired.

Thus, we propose a low-profile, relatively lighter weight,
ferrite core-loaded, wideband VHF/UHF communication
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(b)

FIGURE 1. Mast of a naval ship. (a) Conventional mast. (b) Integrated
mast.

antenna design based on a metamaterial-inspired split-ring
resonator (SRR) structure for IM. We utilize ferrite tiles
at the core of the antenna for a permeable, self-grounded
loop design enabling an efficient loop current distribution to
achieve wide frequency operation and vertical polarization
characteristics in a planar and low-profile form factor.
For further miniaturization, we modify the basic design
by inserting a grounded conductor structure between the
top and bottom of the conductor parts, which give the
proposed design the resonant property of an SRR. This
work is further developed from the VHF communication
antenna in [10] with the improvement in the overall weight
and performance. The proposed design is covered with a
polycarbonate (PC) housing for a firm assembly, resulting
in overall antenna dimensions of 970 x 429 x 47.5 [mm?],
satisfying the lowest operating frequency of 30.4 MHz with a
reference VSWR of less than 3. The electrical size ka and
profile are 0.34 and 0.005A, respectively. The design pro-
cedure and working mechanism of the proposed VHF/UHF
communication antenna are explained through full-wave
electromagnetic simulations utilizing the CST studio suite.
We conducted experiments and achieved a realized gain of
—14.5 dBi at the lowest matched frequency of 30.4 MHz
in the elevation plane while showing a generally upward
increasing trend of up to 500 MHz. Vertical polarization
characteristics were also observed over the entire frequency
band.

Il. DESIGN CONSTRAINTS AND STRATEGY

A. Q-FACTOR ANALYSIS ACCORDING TO THE FORM
FACTOR OF A RADIATING SOURCE

In [11], the radiating quality factor (Q) was calculated based
on the source type and structure to examine the Q bounds
for arbitrarily shaped radiators. They defined the aspect ratio
(AR) of an electrically small perfect electric conductor (PEC)
structure as the height-to-width ratio. An AR less than one
indicates a low-profile case or a bar-shaped dipole, whereas
an AR above one implies a pole-type dipole. A comparison
of the Q values according to the AR of the radiator (Figs. 9
and 10 in [11]), it is found that the magnetic dipole shows a
relatively lower Q than the electric dipole in the low-profile
region. However, in regions with AR greater than 1, Q is
inverted, indicating that a magnetic dipole is more appropriate
for a lower-Q planar design.
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FIGURE 2. Radiation source on a conducting surface with the associated
electric field. (a) Electric current source. (b) Magnetic current source.

Furthermore, the current source can effectively radiate
when an electric and a magnetic source are located above
the PEC ground like in Figs. 2a and 2b, respectively. The
magnetic source in Fig. 2b shows the longitudinal electric
field distribution, enabling a vertical polarization operation.

B. CHARACTERISTIC MODE ANALYSIS

Characteristic mode analysis (CMA) is the numerical expan-
sion of currents and electric fields scattered or radiated
by an arbitrary object, providing physical insight into the
source-free structure of radiation. It has been widely used in
designing antennas considering installation platforms [12],
[13], [14], [15], [16] because it can be used to determine
the efficient excitation source type and radiation mode of the
antenna.
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FIGURE 3. Modal significance of the bar-shape conductor structure.

(a) Geometry of the conductor structure (W = 900, L = 370, and H =

50 [mm)]). The ground plane is not shown. (b) Modal significance.

(c) Surface current distribution of Mode 1. (d) Surface current distribution
of Mode 2.

The CMA was performed as shown in Fig. 3. A low-
profile bar-shaped PEC structure with an AR (H /W) below
0.2 was located above a sufficiently large PEC ground
as shown in Fig. 3a because the communication antenna
will be placed as a part of the IM. The CMA simulations
were performed without additional excitation. The modal
significance (MS)—a parameter that indicates the modes that
can most efficiently resonate for a given structure—ranging
from O to 1 can be obtained from this analysis. The mode
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resonates and radiates most effectively when MS equals 1.
As shown in Fig. 3b, where the MSs of the conductor in
Fig. 3a are plotted, modes 1 and 2 show values close to
1 starting from 30 MHz. The corresponding modal current
distributions of each mode are presented in Figs. 3¢ and 3d,
respectively, where the black arrows indicate the direction
of the electric field. Mode 1 in Fig. 3c indicates the desired
current distribution and electric field in the 6 direction,
whereas Mode 2 in Fig. 3d indicates a dominant current flow
in the ¢ direction. Therefore, this shape of the conductor bar
could be promising for a low-profile antenna design with
vertical polarization for IM as long as it is properly fed for
exciting Mode 1.

However, the magnetic dipole experiences twice higher
radiating Q than an electric dipole of the same electrical
size [17], [18]. To resolve this problem, ferrite has been
utilized as a resonant core to design efficient wideband loop
antennas [19], [20]. Conventional studies on these ferrite
applications primarily utilized low-loss ferrite to improve the
radiation efficiency of a loop antenna [21], [22]. However,
the magnetic loss must not be a relevant constraint in
designing an efficient loop from the calculation of the
radiation efficiency of an antenna by considering the complex
permeability of ferrite with no approximation [23]. Thus,
in contrast to the conventional concepts, a highly efficient
loop antenna can be designed using a high-loss ferrite core.

For the proposed design, we chose the self-grounded loop
in Fig. 4 as a starting point to encounter the findings from
the Q-factor and CMA analyses, which should provide a loop
current distribution similar to a magnetic dipole source on the
ground plane. Additionally, a ferrite core was filled inside
the loop for miniaturization and wideband operation of the
antenna. In practice, the antenna can be fed using a coaxial
cable from the bottom of the ground (z < 0) without requiring
a balun.

FIGURE 4. Self-grounded loop antenna.

IIl. ANTENNA DESIGN

A. WIDEBAND, ELECTRICALLY SMALL ANTENNA DESIGN
USING A FERRITE CORE

For the ferrite tiles, we chose the M28 series tile from Laird
as the antenna core, as it can provide high permeability in
the frequency range of 30-600 MHz [24]. The dimension
of a single tile is 53 x 53 x 2.5 [mm’] and is placed in
a space of 901 x 318 [mm?] under the upper conductor,
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creating a self-grounded loop antenna, as shown in Figs. 5a
and 5b, in which the top and side views of the antenna are
shown, with the conductor and ferrite represented by white
and grey colors, respectively. Next, we varied the height of
the tile layer by 50, 30, and 10 mm, as shown in Fig. 5b,
and the VSWR according to the height of the tile is shown
in Fig. S5c. The lowest operating frequency shifted upward
with a thinner ferrite core profile. The number of ferrite
tiles utilized and electrical size of the antenna are inversely
proportional; thus, a smaller design could be obtained with a
larger number of ferrites. However, because we intended to
utilize considerably few ferrite tiles for lighter IM designs,
further study of the conductor part of the antenna is required
to reduce the lowest operating frequency. Note that, the
number of tiles and their weight are 408 pieces and 14.3 kg,
respectively, with a ferrite core height of 10 mm. Aluminum
was utilized as the conductor.
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FIGURE 5. VSWR simulation results according to the ferrite core height.
(a) Basic model of the proposed antenna (W = 901, L =318 [mm]).

(b) Side view of the antenna with respect to the ferrite core height.

(c) VSWR simulation results.

B. IMPEDANCE MATCHING STRUCTURE: SPLIT-RING
RESONATOR

The operating frequency can be lowered by adding capaci-
tance to the antenna structure. Consequently, we inserted a
grounded conductor (marked by a dashed box in Fig. 6a)
between the upper conductor and ground, as shown in Fig. 6a.
From the side view of the antenna, the entire structure with
the added conductor resembles a half-cut of the well-known
SRR. Using a method of image, a schematic of the current
distribution owing to the inserted conductor could be added,
as shown in Fig. 6b.
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FIGURE 6. Impedance matching enhancement. (a) Antenna with an
additional inserted conductor. (b) Conceptual image of the current
distribution owing to the additional inserted conductor. (c) Surface
current distribution of upper conductor at 60MHz. (d) Surface current
distribution of inserted conductor at 60MHz. (e) VSWR of the antenna.

The surface current distributions of each upper and inserted
conductor at 60 MHz are shown in Figs. 6¢c and 6d, where
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the opposite current direction in the upper and inserted
conductors is clearly observed, like those in the neighbor
conductors of an SRR that are flipped with respect to
each other. The current distribution from the side view of
the antenna is visualized inset to Fig. 6e for the clarity
of understanding. In Fig. 6e, the VSWRs of the modified
design with the inserted conductor, that is, the SRR-shaped
antenna, are indicated by a red solid line. The lowest
operating frequency shifted downward (represented by a
green arrow) owing to the improved loop current distribution
from the metamaterial inspired SRR unit cell configuration
[25, see Fig. 8]. Some outstanding problems, such as the
unmatched region (marked by a red dashed circle) and
practical fabrication are discussed in the next section.
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FIGURE 7. Final design of the proposed antenna. (a) Top view of the
upper conductor. (b) Top view of the inserted conductor. (c) Front view.
(d) Side view.

C. FINAL DESIGN OF THE PROPOSED ANTENNA

The final optimized design of the proposed ferrite-cored SRR
-shaped antenna is shown in Fig. 7. The proposed antenna is
composed of the upper and inserted conductors as well as the
ground. They are shown in the light-grey color. Underneath
these conductors is a ferrite core, which is held in place by
a PC-based dielectric housing (¢, = 3.4), shown in light
blue. The PC housing was designed to rigorously support
the ferrite cores such that the prototype is stable during
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TABLE 1. Design parameters and values of the proposed antenna.

Parameter Value Parameter Value

/4 970 x7 153

L 429 vl 500

x1 700 y2 354

x2 117 hl 47.5

x3 308 h2 30.5

x4 106 h3 16

x5 159 h4 10

x6 263

Note: All units are in millimeters.

outdoor measurements. The shape of the upper conductor in
Fig. 7a was optimized to improve the impedance-matching
characteristic across the entire operating frequency band
and was fed by a coaxial cable from beneath the ground,
as shown in Figs. 7c and 7d. The inserted conductor was
triangularly shaped and was grounded on the opposite side
of the feed, as shown in Fig. 7b and 7d. As shown in Fig. 7d,
the inserted conductor should create a loop current with the
ground in a direction opposite to the current flow over the
upper conductor and ground plane. The overall structure
resembles a grounded SRR, which allowed more capacitance
and denser current distribution to the antenna. The ferrite
cores and M28 series tiles from Laird used in the simulation
were stacked at a height of 10 mm on the ground plane. A total
of 408 ferrite tiles were placed in a rectangular dimension of
a 901 x 318 [mm?] space with a total weight of 14.3 kg. The
dimensions of the antennas are listed in Table 1. The overall
height of the antenna (k) is 47.5 mm, denoting 0.0054 at
the lowest operating frequency with an electrical size ka
of 0.34.

The computed boresight realized gain and VSWR of the
final design, considering the assembly parts like in Fig. 9, are
plotted in Fig. 8a, when it is placed on a centerof a3 m x 3 m
ground plane. The lowest operating frequency was 30.8 MHz
with a criterion of VSWR less than 3, and the lowest gain
was —10 dBi at that frequency while exhibiting an upward-
increasing trend. In Figs. 8b—8g, |Eg| over |E¢| is plotted
from 30 to 500 MHz, validating the vertical polarization
radiation characteristic when the antenna is placed on the
ground plane.

IV. EXPERIMENTAL VALIDATION

The optimized proposed VHF/UHF communication antenna
model and its prototype configuration, including the bolts
and PC housing, are shown in Fig. 9. The conductor parts,
including the upper, inserted conductors, and the ground are
made of aluminum; the ferrite core above the ground was
connected to a PC housing using conductor bolts. The N-type
feeder was fixed using a dielectric bracket made of the same
PC substrate as the ferrite housing. Because each end of
the upper and inserted conductors placed above the ferrite
core was in the air, they were supported by Rohacell 71HF
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FIGURE 8. Simulation results of the proposed antenna. (a) VSWR and the
realized gain. (b) Polarization characteristic (|E;| / |E4|) at 30 MHz.

(c) Polarization characteristic (|E; | / |E4|) at 60 MHz. (d) Polarization
characteristic (|Ey | / |E,|) at 90 MHz. (e) Polarization characteristic

(|Eg| / |E4 ) at 100 MHz. (f) Polarization characteristic (|Ey| / |Ey|)

at 300 MHz. (g) Polarization characteristic (|Eg | / |E, |) at 500 MHz.

(12) Dielectric bolt (PEEK)
(11) Upper conductor (Aluminum)

] | (10) Rohacell foam

(9) Supporter (PC)
(8) Inserted conductor (Aluminum)

(7) Rohacell foam
(6) Supporter (PC)

o | (6) Metal bolt (Aluminum)
.. | @) Housing (PC)

(3) Fertite core

(2) Ground (Aluminum)
(1) N-type connector

FIGURE 9. Configuration and properties of the built antenna prototype.

(er = 1.075) at positions (7) and (10) as well as the
PC supporter in (6) and (9). Dielectric bolts were used
in the assembly to minimize their effects on the radiation
properties of the antenna. Finally, the conductor and foam
were assembled orderly.
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FIGURE 10. Built prototype and VSWR measurement results. (a) Top view
of the inserted conductor part and ferrite core with PC housing. (b) Top

view of the prototype. (c) Front view of the prototype. (d) Measured
results of VSWR.

The photographs of the built prototype and VSWR
measurement results are shown in Fig. 10. As shown in
Fig. 10a, the triangular inserted conductor was on top of the
ferrite core bonded to the transparent PC housing and was
supported by the Rohacell foam supporter. Subsequently, the
upper conductor and its support structure were sequentially
combined and assembled using dielectric bolts. The com-
pleted prototype is shown in Figs. 10b and 10c. The measured
VSWR results for the prototype are shown in Fig. 10d. The
simulated result from Fig. 8a is replotted with a black dashed
line as a reference. As shown in this graph, the measured
VSWR results of the prototype, represented by the red solid
line, generally agree with the simulation results, satisfying
the lowest matched frequency of 30.4 MHz with a VSWR
criterion of less than 3.

We performed outdoor measurements on the realized gain,
radiation pattern and axial ratio as shown in Figs. 11aand 11b
because the working frequency of the antenna is as low
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as 30 MHz. The measurement setup is the same as those
used in [10]. The built prototype was located at the center
of a perforated 3 m x 3 m steel plate under the same
conditions as the simulation environment. It was then lifted
to a 17 m-high tower, high enough to minimize the effect
of reflections from the earth ground surface. The proposed
antenna was utilized as the receiving (Rx) antenna during the
measurements. A horizontally polarized log-periodic dipole
array antenna was utilized as the transmitting (Tx) antenna.
The distance between the Tx and Rx antennas was 250 m.
The proposed antenna was rotated by 90° from Fig. 11a
for polarization matching with the Tx antenna, as shown
in Fig. 11b. A horizontal polarization was utilized during
the measurements such that potential interference from the
vertically stood measurement tower can be prevented.
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©
FIGURE 11. Realized gain measurement results. (a) Prototype placed on a
3mx3m ground plane for measurements. (b) Prototype on top of a

measurement tower. (c) Simulated and measured results of the realized
gain.

The measured realized gain obtained in this manner is
shown in Fig. 1lc. The measured realized gain satisfied
—14.5 dBi at 30.4 MHz, slightly lower than the simulation
that is replotted from Fig. 8a for comparison. The deviation
might be caused by a slight imperfect polarization match
between the Tx and Rx antennas owing to the weight of the
prototype and the windy nature of the outdoor measurement.
However, the simulated and measured results significantly
agree, showing an upward-sloping graph as the frequency
increases.

The results of the measured, normalized radiation pattern
in an elevation plane according to the frequency, which
exhibits characteristics similar to those of the simulations
are shown in Figs. 12a—12f. In Fig. 12g, the axial ratio
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FIGURE 12. Simulated and measured radiation characteristics.

(a) Radiation pattern at 30 MHz. (b) Radiation pattern at

60 MHz. (c) Radiation pattern at 90 MHz. (d) Radiation pattern

at 100 MHz. (e) Radiation pattern at 300 MHz. (f) Radiation pattern
at 500 MHz. (g) Axial ratio (|Ey| / |E; |). The radiation patterns are
normalized.

of |Egl|/ |E¢| in the direction of maximum gain is plotted.
Based on the result, |Ey| is at least 21 dB higher than |E¢|
over a wide frequency band, making it suitable for vertical
polarization operation.

Lastly, Table 2 compares the operating frequency band,
size, weight, and minimum realized gain of the proposed
antenna with the ferrite utilized antennas in the literature.
Compared to the previous design [10], the proposed antenna
is matched from a lower frequency thus having smaller ka by
about 17% while showing improved radiation performance
over wider frequencies including the UHF band. The realized
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TABLE 2. Comparison between previously reported ferrite core-loaded
antennas and this research.

Frequency Size Min.
Ref. band (WXL?H) ka reah; od
[MHz] [mm’]/ gain
Weight [kg] [dBi]
[10] 36.8-300 975%434%62 0.41 -13
51.0
[23] 30-300 1020x100%40 0.32 -25
[26] 60-300 430x610%50 0.47 -15
9.07
[27] 90-300 636x112x8.0 0.61 -15
1.45
This work 30.4-500 970%429x47.5 0.34 -14.5
23.0

Note: The values are from the measured results. The electrical size has been
calculated with respect to the lowest matched frequency (VSWR<3).

gain of the proposed antenna at 36.8 MHz is -10.8 dBi
whereas that of [10] at 30 MHz is -17.0 dBi, from the
measurement. In addition, the weight of the utilized ferrite
is reduced from 42 kg (1,225 tiles [10]) to 14.3 kg (408 tiles)
making the total weight reduced by 18 kg. Note that other
parts of the antenna weights about 9 kg, and the ground part
(2) in Fig. 9 takes the majority. Therefore, this work achieves
a successful improvement with a lighter and electrically
smaller design. The proposed antenna also operates at lower
frequencies than [26] and [27] and satisfies smaller electrical
size ka. The minimum realized gain satisfies -14.5 dBi
at 30.4 MHz, which is the highest among the references
in the comparison table and shows an upward trend with
increasing frequency. Although the electrical size is slightly
larger than [23], this work represents an improved minimum
realized gain in the matched band. In terms of weight, the
proposed antenna is heavier compared to [26] and [27];
however, it is worth mentioning that the weight increases
by about 6.3 times when the lowest matched frequency is
lowered from 90 MHz [27] to 60 MHz [26], but only by
2.5 times when it is down to 30.4 MHz of this work. Overall,
the proposed antenna has a much higher realized gain and
relatively light weight at such a lower matched frequency,
thus it can be expected to exhibit superior performance in
antenna operation with the IM.

V. CONCLUSION

This study presented a low-profile, electrically small ferrite-
core-loaded wideband VHF/UHF band antenna. Several
constraints in the design of communication antennas for
IM mounting exist, such as a low-profile form factor,
vertical polarization, wideband, and lightweight. This study
addressed these issues by utilizing magnetic dipole sources,
ferrite cores, and optimized conductor structures. The con-
ductor shape and placement of the ferrite cores were carefully
chosen and investigated. By adding an inserted conductor, the
operating frequency was shifted downward; the shape and
current distribution of the antenna became similar to those
of an SRR. Therefore, the overall structure of the proposed
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antenna could be recognized as a single, physically large
SRR unit cell and could be classified as a metamaterial-
inspired antenna. The functional mechanism and radiation
characteristics of the proposed antenna were also analyzed.
A robust prototype was built and its performance was suc-
cessfully demonstrated through experiments. According to
the measurement results, the proposed antenna was matched
at 30.4 MHz with a realized gain of —14.5 dBi. The ferrite
tiles of the antenna weighed 14.3 kg, and the antenna satisfied
the electrical size ka of 0.34 with an extremely thin height
of 0.005A. The proposed low-profile but electrically small
antenna showed superior radiation performance compared
with previously published antennas with ferrite cores [10],
[23], [26], and [27]. This study presented the design,
analysis, and experimental demonstration of a grounded SRR
metamaterial-inspired wideband VHF/UHF communication
antenna loaded with a relatively lighter weight ferrite core.
The proposed antenna design is expected to be applicable in
designing military communication antennas suitable for IM
mounting.
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