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ABSTRACT: This paper proposes a miniaturized monopole antenna for sub-6 GHz 5G mobile applications by integrating a
magneto-dielectric superstrate. The Magneto dielectric material is composed of manganese-assisted CoFe2O4 ferrite-based nanoself-
assembly materials. The Gel Matrix method is utilized to synthesize MnFe2O4, CoFe2O4, and Mn-doped CoFe2O4 magneto-
dielectric ferrite nanoparticles. Structural and morphological analysis of the synthesized particles is conducted using X-ray diffraction
(XRD) and scanning electron microscopy (SEM). The magneto-dielectric (MDL) coating over the antenna is done by mixing the
ferrite powders with polyvinylidene fluoride (PVDF) polymer. The effects of the magneto dielectric layer on the monopole antenna’s
performance are assessed in terms of return loss, radiation pattern, and impedance bandwidth using a vector network analyzer and an
Anechoic Chamber. A significant improvement in the impedance bandwidth (400 MHz) is observed for the Mn-doped CoFe2O4−
PVDF coating, achieving a bandwidth of 3.00 to 3.4 GHz. The antenna exhibits miniaturization with a resonance frequency shift to
3.2 GHz, achieving a peak gain of 2.6 dBi. The results demonstrate that the Mn-doped CoFe2O4−PVDF superstrate effectively
supports antenna miniaturization for the sub-6 GHz frequency bands, such as n77 and n78, used in 5G applications.

1. INTRODUCTION
The rapid evolution of wireless communication technologies
over the past decade has ushered in a new era of connectivity,
driven largely by the advancements in 5G networks. 5G, the
fifth generation of mobile communication, promises a
paradigm shift in communication systems, offering enhanced
data speeds, ultrareliable low-latency connectivity, and massive
network capacity. With the increasing demand for mobile
devices and the explosion of data traffic, the design of antennas
capable of supporting these technologies has become a critical
area of research and development.1−4

One of the key frequency bands utilized for 5G networks is
the sub-6 GHz spectrum, which is essential for ensuring broad
coverage and high capacity in mobile communication systems.
In particular, the n77 and n78 bands, falling within the 3.3 to
3.8 GHz range, are crucial for 5G deployments in many regions
globally, including Europe, Asia, and parts of North America.
These bands are especially significant for mobile devices like

smartphones, tablets, and other connected devices, which
require compact, efficient, and high-performance antennas to
meet the stringent requirements of 5G networks.5−7

The challenge in antenna design lies in the need to balance
performance with size constraints, particularly for mobile
devices where space is limited. As a result, antenna
miniaturization techniques have gained considerable attention.
Conventional methods for antenna miniaturization often
involve altering the geometry or topological structure of the
antenna, such as reducing the length of the radiator or
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employing fractal designs. While effective, these methods may
lead to a reduction in bandwidth, efficiency, or radiation
characteristics.8−10

To overcome these limitations, researchers have turned to
alternative materials that exhibit both dielectric and magnetic
properties, known as magneto-dielectric materials. These
materials offer the potential to miniaturize antennas while
improving their performance, particularly in terms of
impedance matching, bandwidth, and radiation efficiency.
Magneto-dielectric materials have the advantage of enhancing
the effective permittivity and permeability of the antenna’s
substrate or superstrate, which can significantly affect the
antenna’s size and resonance characteristics. This is particularly
useful for applications in the sub-6 GHz frequency range for
5G communications.11,12

Among the various magneto-dielectric materials, ferrite-
based compounds have proven to be particularly effective.
Ferrites, especially those doped with elements like manganese
(Mn) or cobalt (Co), exhibit strong magnetic properties and
can be engineered to display tailored dielectric and magnetic
characteristics.13 These materials, when incorporated as
superstrates in antenna designs, can lead to significant
miniaturization of the antenna without compromising its
performance. The doping of manganese into cobalt ferrite
(CoFe2O4) results in a change in the material’s magnetic and
dielectric properties, shifting the ferromagnetic resonance
(FMR) frequency, which can be exploited for the miniatur-
ization of antennas. Moreover, CoFe2O4 and MnFe2O4
materials also offer excellent stability and high permeability
at microwave frequencies, making them ideal candidates for 5G
applications.14,15 The hollow carbon nanocages with CoFe2Se4
quantum dots (HCNsQCoFe2Se4-QDs), Self-confined method
to create hierarchical Fe−Co@TiO2 microrods, hollow
CuS⊕CoS2 nanoboxes with double shells, Co/N-doped
porous carbon (Co/NPC) composites were also used as
microwave absorbers.16−19

This study explores the integration of Mn-doped CoFe2O4
and CoFe2O4 as magneto-dielectric superstrates for monopole
antennas operating in the sub-6 GHz frequency range for 5G
mobile device applications. The main objective is to investigate
the potential of these materials to enhance antenna perform-
ance through miniaturization, improved impedance matching,
and extended bandwidth. Specifically, the research focuses on
the synthesis and characterization of Mn-doped CoFe2O4 and
CoFe2O4 nanostructures, their integration into the antenna
design, and the resulting performance improvements in terms
of resonance frequency, return loss, gain, and radiation
pattern.14,15

By synthesizing ferrite nanoparticles using the Gel Matrix
method, and coating them onto the monopole antenna, this
work seeks to demonstrate the impact of these magneto-
dielectric materials in the miniaturization of 5G antennas,
specifically targeting the n77 and n78 bands. The combination
of these advanced materials with a simple polymer-based
matrix offers an innovative approach for enhancing the
antenna’s efficiency while addressing the space limitations
typical in mobile devices.14,20,21 The remainder of this paper is
structured as follows: Section 2 outlines the synthesis and
characterization of the magneto-dielectric materials, Section 3
presents the design and characterization of the monopole
antenna with and without the magneto-dielectric superstrate,
and Section 4 discusses the conclusions drawn from the study.

2. MAGNETO-DIELECTRIC NANOSTRUCTURE
SYNTHESIS

Electromagnetic waves consist of both dielectric and magnetic
components, which require substrates or superstrates with
suitable properties for effective transmission. For antenna
applications, particularly at microwave frequencies ranging
from 500 MHz to several GHz, materials must exhibit both
high dielectric and magnetic properties. However, many
materials with high magnetic permeability exhibit paramagnetic
behavior at these frequencies due to the inability of magnetic
domains to align with the rapid phase reversals of the
electromagnetic field. The frequency at which this transition
occurs is known as the ferromagnetic resonance frequency
(Snoke limit), beyond which magnetic losses dominate.22,23

For effective antenna performance, a magneto-dielectric
material should have constant permittivity and permeability
values greater than one across the required frequency range,
along with a low loss tangent. As the frequency increases, the
permeability of materials tends to decrease, and magnetic
losses increase due to residual magnetic flux that remains after
the external magnetic field is applied. At higher frequencies, the
magnetic domains cannot align quickly enough with the
rapidly changing external field, resulting in a decrease in
magnetic properties.24−26

To address these challenges, magneto-crystalline anisotropy
plays a crucial role. This property depends on the
stoichiometry, crystal structure, and morphology of the
material, which are influenced by the synthesis method.
Materials with homogeneous magnetic permeability require
precise control over these factors. Among various synthesis
methods, the self-propagating high-temperature synthesis
(SHS) technique is favored for its high yield, phase purity,
and the ability to form compounds at low temperatures with
fine grain sizes. For the synthesis of magneto-dielectric
nanostructures like CoFe2O4, Mn-doped CoFe2O4, and
MnFe2O4, the Gel Matrix method was employed. This method
allows for precise control over the stoichiometry and
morphology of the ferrite materials, ensuring homogeneous
magnetic properties.27−29

The synthesis procedure begins with the preparation of the
precursor solution, where Cobalt(II) nitrate hexahydrate
(Co(NO3)2·6H2O) and Ferric nitrate nonahydrate (Fe-
(NO3)3·9H2O) are dissolved separately in two beakers, each
containing 25 mL of water. After the complete dissolution of
the salts, the solutions are mixed together, and citric acid
monohydrate (C6H8O7·H2O) is added as a chelating agent (3
mmol), followed by stirring for 5 min. To promote
polymerization of the metal-citrate complexes, ethylene glycol
(C2H6O2) is introduced into the solution.

30,31

Next, the solution is heated to 80 °C to remove excess liquid
and induce polymerization, resulting in the formation of a gel.
The dried gel flakes are then prefired at 250 °C in a muffle
furnace, followed by annealing at 550 °C for approximately 1 h
to achieve the desired crystalline structure. Once cooled to
room temperature, the resulting powder consists of CoFe2O4,
Mn-doped CoFe2O4, and MnFe2O4 magneto-dielectric materi-
als, ready for use as coatings on fabricated antennas, such as
the 3.4 GHz antenna in this study. This synthesis method
allows for precise control over the material properties, ensuring
the resultant nanostructures exhibit the necessary magnetic
and dielectric characteristics for optimal antenna performance.
The resultant powders were characterized using XRD and SEM
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to assess the phase purity, crystal structure, and surface
morphology.32−34

3. STRUCTURAL AND ELECTROMAGNETIC
CHARACTERIZATION
3.1. Structural Characterization. The structural charac-

terization of the synthesized materials�CoFe2O4, Mn-doped
CoFe2O4, and MnFe2O4�was conducted using XRD, as
presented in Figure 1. The XRD patterns of all three materials

reveal that they exhibit a cubic crystal structure, specifically
aligning with the Fd3̅m space group (JCPDS No.: 00-022-
1086). This phase identity confirms that the materials are of
high crystalline quality, and importantly, no impurity peaks
were observed, indicating phase purity. The absence of
additional peaks confirms that the synthesis method employed
does not introduce any unintended phases, ensuring the
homogeneity of the final product.33,34

Notably, the MnFe2O4 samples demonstrate a shift in the
reflection peaks toward higher angles compared to CoFe2O4.
This shift is attributed to the substitution of Fe3+ ions by Mn2+
or Mn3+ ions in the crystal lattice, which alters the lattice
parameters. The larger ionic radius of Mn compared to Fe
results in a contraction of the lattice, thus causing the reflection
peaks to shift to higher angles. This shift serves as a clear
indication of the influence of Mn doping on the crystal
structure, affecting both the lattice spacing and the overall
crystallographic characteristics of the material.34−36

In addition to the XRD analysis, SEM was employed to
further investigate the morphology of the ferrite particles, as
shown in Figure 2. The SEM images reveal that the CoFe2O4
particles exhibit a unique self-assembled, wasp-nest-like
structure. This characteristic morphology suggests a well-

organized assembly of particles, which is essential for the
material’s performance in magneto-dielectric applications. On
the other hand, Mn doping leads to a more compact, diamond-
shaped morphology for the Mn-doped CoFe2O4 particles. This
change in shape and structure indicates that the Mn ions play a
role in controlling the particle assembly, possibly enhancing
the material’s structural integrity and its response to external
electromagnetic fields.33,37,38 The MnFe2O4 particles display a
reduced thickness in the surface assembly compared to the
CoFe2O4 and Mn-doped CoFe2O4 samples, suggesting a more
periodic dispersion of the particles. This periodic arrangement
could be beneficial for enhancing the magnetic and dielectric
properties, as the regular spacing between particles may
contribute to more uniform interactions with external fields,
promoting improved performance in antenna and sensor
applications.39,40

Overall, the XRD and SEM analyses provide crucial insights
into the phase purity, crystal structure, and morphological
characteristics of the synthesized materials, confirming the
successful incorporation of Mn into the ferrite matrix and
highlighting the changes in structural properties that result
from the doping process. These structural features are critical
to the materials’ electromagnetic properties and their suitability
for use in advanced magneto-dielectric applications, partic-
ularly in antenna technologies.
3.2. X-ray Photoelectron Spectroscopy. The elemental

composition and corresponding oxidation states of the
synthesized CoFe2O4 and Mn doped CoFe2O4 nanoparticles
were thoroughly investigated using XPS analysis. Figures 3 and
4 presents the core-level XPS spectra for Co 2p, Fe 2p, and O
1s in CoFe2O4 and Co 2p, Fe 2p, Mn 2p and O 1s in Mn
doped CoFe2O4 nanoparticles, offering valuable insight into
the chemical states of cobalt, iron, manganese and oxygen
within the samples. In the Co 2p spectrum (Figures 3a and
4a), two prominent peaks are observed at binding energies of
approximately 780 and 796 eV. These are assigned to Co 2p3/2

Figure 1. X-ray diffraction pattern of CoFe2O4, Mn doped CoFe2O4
and MnFe2O4 particles.

Figure 2. FESEM images of CoFe2O4 (a,b), Mn doped CoFe2O4
(c,d) and MnFe2O4 (e,f) partcles.
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and Co 2p1/2, respectively, which are characteristic of Co2+
species, confirming the presence of divalent cobalt in the
material. Similarly, the Fe 2p spectrum (Figures 1b and 2b)
displays distinct peaks near 708 and 723 eV, corresponding to
Fe 2p3/2 and Fe 2p1/2, respectively. These binding energies are
indicative of Fe3+ oxidation state, as they match well with

reported values for ferric iron. The absence of peaks associated
with Fe2+ further supports that the iron predominantly exists in
the Fe3+ state in the prepared samples. The O 1s spectra of
both CoFe2O4 (Figure 1c) and Mn doped CoFe2O4 (Figure
4d) materials reveal two main peaks centered around 530 and
532 eV, respectively. The binding energy peak at ∼530 eV is
attributed to lattice oxygen involved in metal−oxygen bonding,
confirming the formation of metal oxides. Meanwhile, the
energy peak at ∼532 eV in CoFe2O4 material is associated with
adsorbed oxygen species or surface-adsorbed water molecules,
which are commonly present due to atmospheric exposure.
Figure 4c depicts the Mn 2p spectra of Mn doped CoFe2O4
material with peaks at binding energies of 653 and 641 eV
correspond to the Mn 2p1/2 and Mn 2p3/2 spin−orbit
components, respectively. This confirms the presence of
Mn3+ in Mn doped CoFe2O4. These findings collectively
confirm the successful incorporation of Manganese in pure
CoFe2O4 synthesized material.
3.3. Electromagnetic Characterization. To characterize

the magneto-dielectric substrates, the complex S-parameters
were measured using a vector network analyzer (VNA). Prior
to testing, the synthesized material was processed into pellets
with dimensions of 2.2 mm × 1.01 mm. For the measurement
of the material’s electromagnetic properties, the transmission/
reflection-based non-resonant approach was chosen, as it
allows for the simultaneous measurement of permittivity and
permeability over a broad frequency range. This approach is
well-suited for characterizing magneto-dielectric materials as it
can capture both dielectric and magnetic responses across a
wide bandwidth.41,42

The S-parameters were analyzed to extract the complex
permittivity and permeability values. While other algorithms
may assume a permeability value of one and derive the
electromagnetic characteristics based on this assumption, the
Nicolson-Ross-Weir (NRW) technique is preferred for
magnetic materials, as it allows for the accurate extraction of
both permittivity and permeability.43,44

The reflection coefficient (Γ) is calculated using the eq 1

= ±K K 12 (1)

where K is given by equation by the eq 2

= +
K

S S
S

( ) 1
2

11
2

21
2

11 (2)

The transmission coefficient (T) is calculated by the eq 3

= +
T

S S
S S

( )
1 ( )

11 21

11 21 (3)

The permittivity and permeability are calculated by the eqs 4
and 5

= +1

(1 )
r 1 1

c0
2 2 (4)

=
( )r

r

0
2

1 1

c
2 2 (5)

where 1
2 is calculated by the eq 6

Figure 3. XPS spectra of Co 2p (a), Fe 2p (b) and O 1s (c) for pure
CoFe2O4.
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where: λ0 is the free space wavelength, λc is the cutoff
wavelength of the transmission line section, L is the length of
the sample, Λ is a related constant for the measurement.
A key consideration in these measurements is that quarter-

wavelength samples are typically used at the frequency of
measurement, as the NRW algorithm tends to diverge at
frequencies corresponding to multiples of half the sample’s
wavelength. This ensures accurate results, especially at high
frequencies where the material’s electromagnetic properties are
most relevant for practical applications. This method provides
a reliable and efficient way to determine the material’s
electromagnetic characteristics, including its complex permit-
tivity and permeability, which are essential for evaluating the
material’s performance in antenna and other magneto-
dielectric applications.20,45

Figure 5 shows the complex permittivity and permeability
measured for Mn doped Co2Fe2O4 MDL material. Its evident
from the result that the material possess both magnetic electric
properties. The permeability of the Mn doped Co2Fe2O4 MDL
material has a μ″ and μ′ vales are around 1.5 and 0.25 in the
band. Ther permittivity and permeabilty are near constant

across the frequency and also the imaginary parts (ε′ and μ′)
are negligible. The zinc substituted nickel ferrite materials has
as permittivity value (ε″) around 2.2 and permeability value
(μ″) round 2.2 over the frequency band off 0.5−2.0 GHz.38
The NiMnxFe2−xO4 with 0.4 level Mn-substitution has
permittivity value (ε″) of 3.8 and permeability value (μ″) of
2.5.46

4. ANTENNA DESIGN AND CHARACTERIZATION
4.1. Antenna without Superstrate. A monopole micro-

strip antenna was designed to operate in the 3.2 GHz−3.6
GHz frequency range for 5G sub-6 GHz applications, such as
smartphones and tablets. The antenna uses a microstrip feed
line on an FR-4 substrate with a thickness of 1.6 mm. Copper
conductors, with a thickness of 52 μm, form the ground plane
and antenna. The layout and dimensions of the antenna are
shown in Figure 6, and the design was simulated using ADS
software. The simulation results confirm that the antenna
achieves the desired impedance bandwidth.47,48

The fabricated antenna, designed for a center frequency of
3.4 GHz, is shown in Figure 7. The antenna’s performance was
validated using a Keysight Vector Network Analyzer (N9923A-
4 GHz). The simulated and measured return loss results,
shown in Figure 5, indicate good agreement, demonstrating

Figure 4. XPS spectra of Co 2p (a), Fe 2p (b), Mn 2p (c) and O 1s (d) for Mn doped CoFe2O4.
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that the antenna effectively covers the 3.2−3.6 GHz frequency
range for 5G applications.16,49

4.2. Magneto-Dielectric Superstrate Coating. The
antenna was coated with a magneto-dielectric material
consisting of CoFe2O4, Co0.6Mn0.4Fe2O4, and MnFe2O4,
combined with PVDF (polyvinylidene difluoride) and NMP
(N-methyl-2-pyrrolidone) as solvents. The coating process
involved mixing 200 mg of CoFe2O4, 20 mg of PVDF, and a
few drops of NMP. The coating was applied using the doctor
blade method and dried after heating, as detailed in previous
work on MnFe2O4 and Mn-doped CoFe2O4 coatings.

50,51 The
magneto dielectric material is coated with a thickness of 0.02
mm.
The cross-sectional view of the antenna with the magneto-

dielectric superstrate and the antenna with the coating is
shown in Figure 8. The performance of the coated antenna was
analyzed by measuring its return loss and radiation pattern.
4.3. Return Loss and Performance with Magneto-

Dielectric Superstrate. The return loss for antennas with
magneto-dielectric coatings was measured and presented in
Figure 9. The uncoated antenna resonates at 3.4 GHz, while
the superstrate coatings cause shifts in the resonant frequency:
CoFe2O4 shifts it to 3.15 GHz, Co0.6Mn0.4Fe2O4 shifts it to
3.18 GHz, and MnFe2O4 shows no shift. The results indicate
that CoFe2O4 and Co0.6Mn0.4Fe2O4 lower the resonant
frequency by 250 and 220 MHz, respectively, implying
miniaturization due to increased electrical length.52

The uncoated antenna has an impedance bandwidth of 360
MHz, while the superstrate coatings affect this bandwidth.
MnFe2O4 reduces the bandwidth, CoFe2O4 provides a
bandwidth of 352 MHz, and Co0.6Mn0.4Fe2O4 provides an
enhanced bandwidth of 400 MHz. Among all superstrates,
Co0.6Mn0.4Fe2O4 offers the best performance, with improved
bandwidth and miniaturization. Multiple layers of coating are
applied to the antenna, and its return loss is checked. The
results are not enhanced by the numerous coating layers.
4.4. Radiation Pattern and Gain. The radiation patterns

of the antenna with and without the superstrate coatings were
measured in an anechoic chamber, as shown in Figure 10. The
results demonstrate that the coating does not affect the
antenna’s radiation pattern or efficiency, and the radiation is
near omnidirectional in both azimuth and elevation planes.

Figure 5.Measured permittivity and permeabiltiy of Co0.6Mn0.4Fe2O4.

Figure 6. Layout of monopole antenna with dimensions (in mm) before magneto-dielectric coating.
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This makes the antenna suitable for hand-held devices
operating in the sub-6 GHz band, especially at 3.2−3.4 GHz.
The peak gain of the antenna with superstrate coatings is

shown in Figure 11. The antenna with the MnFe2O4
superstrate provides a peak gain of 2.19 dBi, while the antenna
with CoFe2O4 offers 2.6 dBi, and the Co0.6Mn0.4Fe2O4
superstrate antenna provides 2.4 dBi. Due to the material’s
dielectric and magnetic losses, the coating of the magneto-
dielectric material has caused a slight decrease in gain values
when compared to the traditional printed monopole. However,
the significant increase in bandwidth may be advantageous for
5G applications.Thus, the Co0.6Mn0.4Fe2O4 superstrate delivers

the best performance, with a larger bandwidth, better gain, and
a reduction in the antenna size by 12%.53,54

4.5. Comparison of Magneto-Dielectric Materials.
Table 1 presents a comparison of various magneto-dielectric
materials that have been explored for use as substrates or
superstrates in antenna designs. These materials play a critical
role in enhancing antenna performance by improving factors
such as bandwidth, miniaturization, and resonant frequency
tuning. Among the materials listed in the table, Mn-doped
CoFe2O4 stands out as the most promising candidate for
improving antenna performance, especially for 5G applications
in the sub-6 GHz frequency range, which includes the n77 and
n78 frequency bands.

4.5.1. Magneto-Dielectric Materials and Their Perform-
ance.

• NiMnxFe2−xO4 Nano Composite: This material, with a
frequency band of 722 MHz, provides a relatively
narrow bandwidth of 90 MHz. However, it offers a 15%
miniaturization of the antenna size. This material is
beneficial when there are space constraints, but its
limited bandwidth makes it less suitable for high-
performance applications like 5G, which require broader
frequency coverage for faster data rates.55

• BaLaxFe12−xO19: This material operates within the
frequency band of 2149 MHz and provides a bandwidth
of 166 MHz. Although it offers a reasonably good
bandwidth, there is no available data regarding its
miniaturization performance. The lack of miniaturization
details makes it difficult to assess its suitability for
compact devices like smartphones and other portable
electronics. Furthermore, the bandwidth is still smaller
compared to other materials like Mn-doped CoFe2O4.
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• Ni1−xZnxFe2O4: This material operates at 1500 MHz
and provides a bandwidth of 100 MHz. It offers the
highest miniaturization performance among the materi-
als listed, at 20%, meaning it can effectively reduce the
physical size of antennas. However, its relatively low
bandwidth limits its use in applications that require
wideband coverage, such as 5G systems, where larger
bandwidths are necessary to accommodate high-speed
communication.56

Figure 7. Return loss of simulated and measured results of prototype antenna.

Figure 8. Cross sectional view of antenna with magneto-dielectric
(MDL) coating and antenna with magneto-dielectric (MDL) coating.

Figure 9. Measured return loss of monopole antenna with and
without magneto-dielectric superstrates.
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• Ni0.5Zn0.3Co0.2Fe2O4: This material, operating at 900
MHz, offers a 150 MHz bandwidth but lacks data on its
miniaturization performance. While it offers a reasonable
bandwidth, the absence of miniaturization information
means it cannot be fully evaluated for applications where
compactness is essential, such as in hand-held devices or
wearable technology.57,58

4.5.2. Mn-Doped CoFe2O4 (Proposed Material). The Mn-
doped CoFe2O4 material, proposed in this study, operates at a
frequency band of 3300 MHz, which is highly relevant for 5G
sub-6 GHz bands like n77 and n78. This material provides an
impressive bandwidth of 400 MHz, which is significantly larger
than the other materials, making it highly suitable for high-
speed, wideband communication systems. Bandwidth is crucial

for 5G antennas as it enables them to accommodate multiple
frequency channels and provide faster data rates. Additionally,
Mn-doped CoFe2O4 offers a 12% miniaturization, which is
substantial but not as high as the 20% offered by
Ni1−xZnxFe2O4. Nonetheless, the combination of a large
bandwidth and moderate miniaturization makes Mn-doped
CoFe2O4 an ideal choice for 5G antennas.

59

4.5.3. Why Mn-Doped CoFe2O4 Stands Out? The key
advantage of Mn-doped CoFe2O4 lies in its balance of
performance. It offers a large bandwidth that supports high-
speed communication, which is crucial for 5G networks, while
still enabling size reduction for compact antenna designs. This
combination makes it particularly suitable for smartphones and
other mobile devices that need efficient, high-performance
antennas operating in the sub-6 GHz range. Its ability to tune
the resonant frequency and provide a wider bandwidth ensures
that it can handle the high data rates and reliable connectivity
required by 5G technologies.3

The comparison of magneto-dielectric materials clearly
shows that Mn-doped CoFe2O4 offers superior performance
in terms of both bandwidth and miniaturization. While
materials like NiMnxFe2−xO4 nano composite and
Ni1−xZnxFe2O4 provide good miniaturization, they fall short
in bandwidth, making them less suitable for high-frequency 5G
applications. On the other hand, Mn-doped CoFe2O4 provides
the optimal balance, making it a strong candidate for use in 5G
smartphones operating in the sub-6 GHz frequency range. It
offers improved bandwidth, miniaturization, and resonant
frequency tuning, which are essential for enhancing antenna
performance in modern wireless communication systems.62

Figure 10. Anechoic chamber (a), radiation pattern with and without
magnetic dielectric coating azimuth (b) and elevation (c) plane.

Figure 11. Gain plot of antenna with superstrate coating.

Table 1. Comparison of Performance of Magneto Dielectric
Material Supported Antenna

magneto-dielectric material
frequency
band bandwidth

miniaturization
(%)

NiMnxFe2−xO4 nano
composite50

722 MHz 90 MHz 15

BaLaxFe12−xO19
60 2149 MHz 166 MHz not available

Ni1‑xZnxFe2O4
33 1500 MHz 100 MHz 20

Ni0.5Zn0.3Co0.2Fe2O4
61 900 MHz 150 MHz not available

Mn-doped CoFe2O4
(proposed)

3300 MHz 400 MHz 12
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5. RESULTS AND DISCUSSION
The performance of the antenna with the CoFe2O4 superstrate
shows a significant improvement in its impedance bandwidth.
The antenna achieves a −10 dB bandwidth of 400 MHz,
spanning from 3.00 to 3.4 GHz. This wide bandwidth indicates
that the antenna can effectively cover a substantial portion of
the 5G sub-6 GHz frequency band, which is crucial for efficient
communication in devices such as smartphones and tablets.
The enhanced bandwidth is a result of the CoFe2O4
superstrate’s impact on the antenna’s resonant characteristics,
making it more adaptable to the required frequency ranges for
modern wireless communications.63−65

When Mn-doped CoFe2O4 is used as the superstrate, the
antenna’s performance is further enhanced. This modification
shifts the antenna’s resonance frequency to 3.2 GHz, which is a
favorable adjustment for the antenna’s operation within the
desired 5G frequency range. The shift in the resonance
frequency by the Mn-doped material indicates a lowering of
the resonant frequency, a phenomenon that can be attributed
to the material’s unique magnetic and dielectric properties,
which effectively increase the electrical length of the antenna.
This change in the electrical length leads to antenna
miniaturization, allowing for more compact designs, which is
a significant advantage in mobile devices where space is a
constraint. Additionally, the Mn-doped CoFe2O4 superstrate
results in a peak gain of 2.6 dBi, a noticeable improvement in
antenna efficiency. The gain is a critical parameter that
indicates the antenna’s ability to focus and direct electro-
magnetic energy, improving its performance for signal
transmission and reception. A gain of 2.6 dBi is substantial
for mobile communication applications, where higher gain is
desired for better signal strength and coverage.2,13,66

The combination of Mn-doped CoFe2O4 and polyvinylidene
fluoride (PVDF) as a superstrate material provides a
synergistic effect that enhances both impedance matching
and radiation characteristics of the antenna. The PVDF
material, known for its flexibility and stability, works effectively
with the Mn-doped CoFe2O4 to ensure that the antenna
maintains excellent impedance matching across the frequency
band. This results in minimal signal reflection, which is crucial
for efficient energy transfer between the antenna and the rest
of the communication system. In summary, the use of Mn-
doped CoFe2O4−PVDF superstrate enhances the antenna’s
overall performance by improving impedance bandwidth,
resonant frequency tuning, miniaturization, and peak gain.
These characteristics make the antenna highly suitable for 5G
applications, providing both compactness and high perform-
ance, which are essential for the next generation of mobile
communication systems. The successful integration of these
materials offers a promising pathway for designing antennas
that meet the stringent requirements of modern wireless
technologies, particularly for hand-held devices operating
within the sub-6 GHz frequency range.67,68

6. CONCLUSION
In this study, the performance of a monopole microstrip
antenna designed for 5G sub-6 GHz applications was
significantly enhanced through the use of magneto-dielectric
superstrates. Specifically, the CoFe2O4 and Mn-doped
CoFe2O4 superstrates, when coated on the antenna, led to
notable improvements in key performance metrics, including
impedance bandwidth, resonant frequency, gain, and minia-

turization. The antenna with the Mn-doped CoFe2O4 super-
strate achieved a −10 dB bandwidth of 400 MHz, covering a
wide range of the required frequency spectrum. The addition
of the Mn-doped CoFe2O4 superstrate shifted the resonance
frequency to 3.2 GHz and achieved a peak gain of 2.6 dBi,
further demonstrating the material’s effectiveness in optimizing
the antenna for 5G communications.
The combination of Mn-doped CoFe2O4 with PVDF

provided an ideal balance between electromagnetic character-
istics and mechanical properties, ensuring efficient impedance
matching, radiation efficiency, and the desired antenna
miniaturization. The results underscore the potential of using
magneto-dielectric materials in antenna design to meet the
growing demands of 5G mobile devices, offering significant
benefits in terms of performance and size reduction.
Overall, this work highlights the advantages of integrating

magneto-dielectric materials like Mn-doped CoFe2O4 for
enhancing antenna design in next-generation wireless commu-
nication systems. These findings suggest that such materials
can play a critical role in the development of compact, high-
performance antennas that are capable of operating efficiently
in the sub-6 GHz bands, which are essential for the future of
5G technologies.
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