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Abstract—With their high relative permeability, magneto-di-
electric materials show great potential in antenna miniaturization.
This paper presents an annular ring antenna with self-biased mag-
netic films loading in the gigahertz frequency range. The annular
ring antenna was realized by cascading a microstrip ring and a
tuning stub. Self-biased NiCo-ferrite films were adopted to load
an annular ring antenna on a commercially available substrate
that operates at 1.7 GHz. Novel antenna designs with self-biased
NiCo-ferrite films on one side and both sides of the substrate were
investigated. Antennas with self-biased magnetic films loading
working at 1.7 GHz showed a down shift of 2–71 MHz of the
central resonant frequency. An antenna gain enhancement of up
to 0.8 dB was observed over the non-magnetic antenna.

Index Terms—Annular ring antennas, antenna miniaturization,
magnetic films, self-biased ferrite films.

I. INTRODUCTION

T HE need for antennas with small size, light weight, and
low profile have been continuously growing in modern

wireless communication systems [1], [2]. Annular ring antennas
have been of great interest to many researchers and engineers in
recent years [3]–[7], because annular ring antennas have much
smaller circumferences compared to circular patch antennas,
and they can radiate a linearly polarized wave or a circularly
polarized wave by disturbing the symmetry of the ring. The sub-
strates of planar antennas play a very important role in achieving
desirable electrical and physical characteristics. For most cases,
antennas can be greatly miniaturized by using a substrate with
high relative permittivity [8]. However, antennas with high-per-
mittivity substrates will result in decreased bandwidth and the
excitation of surface waves leading to lower radiation efficiency.

Bulk ferrite materials [9]–[13], composites of ferrite particles
in a polymer matrix [14], metamaterials [15]–[17], etc. have been
used in antenna substrates for achieving . In [14] fer-
rite and polymer composite, antenna substrates were produced
for the purpose of antenna miniaturization by using their high
permeability. It is possible for a ferrite patch antenna to excite
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radiation patterns to realize a circularly polarized antenna [10].
A tunable resonant frequency in a patch antenna was obtained
by applying an external bias magnetic field to an yttrium iron
garnet (YIG) film [12]. It has also been reported that by applying
a biasing magnetic field to the ferrite substrate of a patch antenna,
two different radiation modes could be observed [13]. However,
these materials or composites are too lossy to be used at frequen-
cies MHz under a self-biased condition and large biasing
magnetic fields are needed for these ferrites to operate at higher
frequencies. Metamaterials with embedded metallic circuits are
good candidates for providing a high permeability in antenna
miniaturization [15]–[17]. However these metamaterials with
embedded metallic circuits need periodic metallic rings and slabs
to produce the relatively high permeability, and are not practical
in real applications in modern mobile communication systems.

In order to be practically feasible in miniature antenna appli-
cations, such as handheld wireless communication devices, it is
important for antenna substrates to comprise of magnetic mate-
rials without an external bias magnetic field. Magnetic thin films
provide a unique opportunity for achieving self-biased mag-
netic patch antenna substrates with at frequencies larger
than 1 GHz. The strong demagnetization field for magnetic thin
films, , allows for a self-biased magnetiza-
tion with high ferromagnetic resonance (FMR) frequencies up
to several GHz, making these magnetic thin films great candi-
dates for achieving self-biased magnetodielectric antenna sub-
strates working in the same frequency range. Our most recent
work on magnetic films loaded patch antennas showed signifi-
cantly enhanced antenna gain and bandwidth [18]–[20].

In this paper, we present a planar annular ring antenna with
self-biased NiCo-ferrite thin films on the top of the antenna and
both on top and beneath the ground plane, thus essentially cre-
ating a magneto-dielectric substrate/superstrate for practical ap-
plications. A large frequency shift of the central resonant fre-
quency of 2 MHz–71 MHz and an enhanced bandwidth were
obtained for the designed magnetic ring antennas over the non-
magnetic counterparts at 1.7 GHz, which shows great potential
for applications in mobile wireless communication systems. In
addition, these magnetic antennas can be made conformably at
a low cost near room temperature.

II. ANTENNA CONFIGURATION AND CHARACTERISTICS OF

NICO-FERRITE FILM

A. Antenna Configuration

Fig. 1(a) and (b) show the schematic view and photograph, re-
spectively, of the annular ring antenna. This antenna consisted of
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Fig. 1. Geometry of the proposed annular ring antenna. (a) Top view and side
view.� � �� mm,� � ���� mm,� � ����mm,� � ����mm and
� � ���� mm. (b) Photograph of the fabricated annular ring antenna without
films.

a microstrip ring and a tuning stub. Both the microstrip ring and
the tuning stub were realized by patterned copper cladding on
the top surface of the underlying dielectric substrate. The feed
point was located at the junction of the tuning stub and the mi-
crostrip ring with a distance of 0.5 mm to the outer edge of the
ring. The radius of the outer ring is 12.4 mm, the radius of the
inner ring is 11.4 mm, the length of the tuning stub is 6.22 mm,
and the width of the tuning stub is 1 mm. We adopted Rogers
RT/duroid 6010, with a relative permittivity of 10.2 and a thick-
ness of 1.27 mm, as the substrate in both simulations and fab-
rication. The proposed annular ring antenna was designed and
simulated with the help of High Frequency Structure Simulator
(HFSS 10.0).

B. The Characteristics of NiCo-Ferrite Films

Microwave ferrite ceramics show relatively high perme-
ability of and high permittivity , as well
as low loss at RF/microwave frequencies. These characteristics
are highly desirable for the miniaturization of many different
RF/microwave devices, including antennas. The operating fre-
quencies of bulk microwave magnetic materials are limited to
less than 600 MHz due to the excessive magnetic loss tangents
associated with various loss mechanisms, with FMR being one
of the major loss mechanisms. The FMR frequency is therefore
the upper frequency limit for antenna substrates for achieving

.
Our recent work on microwave magnetic thin films, in-

cluding metallic magnetic films and ferrite films, indicates that

Fig. 2. (a) Hysteresis loop of the NiCo-ferrite film. (b) X-ray diffraction for the
NiCo-ferrite film.

these magnetic thin films can readily operate in the gigahertz
frequency range under a self-bias condition [21], [22], and have
been widely used in RF/microwave devices, including antennas
[18]–[20]. In this work, we used self-biased spinel NiCo-ferrite
films fabricated by a low-cost spin-spray deposition process
[23], a wet chemical synthesis process at a low-tempera-
ture of 90 C. NiCo-ferrite films with the composition of
Ni Co Fe O were deposited onto a thin transparency.
The thickness of ferrite film was about 2 m. The in-plane and
out-of-plane magnetic hysteresis loops of the NiCo-ferrite films
were measured with a vibrating sample magnetometer (VSM)
with the external magnetic field applied in the film plane, out of
the film plane, respectively. The hysteresis loops indicate the
dependence of magnetization on the applied magnetic field

. As shown in Fig. 2(a), the in-plane hysteresis loop shows
an in-plane coercivity of 165 Oe as well as the self-biased mag-
netization of the film under zero applied magnetic fields. There
is a huge difference between the in-plane hysteresis and the
out-plane hysteresis, indicating that the magnetization stays in
the film plane under zero bias magnetic field. The NiCo-ferrite
film showed an in-plane homogeneous magnetization with an
in-plane relative permeability of . The in-plane resistivity
of the NiCo-ferrite film was measured to be cm.

An X-ray diffraction (XRD) technique was used to reveal the
microstructure of NiCo-ferrite films with a copper Ka X-ray
source. The X-ray diffraction pattern is shown in Fig. 2(b). It is
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clear from the XRD data that the NiCo-ferrite film has a single
phase spinel structure without preferential orientation.

The governing equation for magnetodynamics is the Landau-
Lifshitz-Gilbert (L-L-G) equation [24], [25]. The in-plane sus-
ceptibility spectra of the magnetic films can be expressed by the
equation [26]

(1)

where is the Gilbert damping constant,
and ( is the

applied field, is the in-plane anisotropy field, is the
saturation magnetization and is the gyromagnetic ratio). The
relative permittivity of the NiCo-ferrite film is about 13 and the
relative permeability is about 10 at the frequency of 2 GHz,
similar to what was reported in [23].

C. Loading Effects of Magnetic Materials

Applying a superstrate is an effective gain enhancement
method for microstrip antennas [27]. Instead of the conven-
tional dielectric material, magnetic materials are adopted as a
practical means to coat above the annular ring antenna in this
paper. For a rectangular patch antenna with the dominant mode
of , the resonant frequency of the antenna is a function
of its dimension and given by [1]

(2)

where is the relative permeability and is the relative per-
mittivity of the substrate, is the speed of light in free space,

is the effective length of the rectangular patch [1]. Magne-
todielectric materials loaded as superstrates can not only im-
prove the antenna gain, but also miniaturize the antenna by the
same factor using moderate values of permittivity and perme-
ability of [28]–[30]. The magnetic films also
lead to better wave impedance match between the antenna sub-
strate and air (since ), thus mitigating the negative
impact on antenna efficiency from wave impedance mismatch
between the substrate and air. The wave impedance mismatch
at the substrate/free space interface is reduced by the addition
of NiCo-ferrite layer with a relative permittivity of
and a permeability of . If the wave impedances are
matched on both sides of the interface, maximum transmission
occurs, whereas little energy will be transmitted when the wave
impedances are significantly different at the interface. The band-
width for planar microwave antennas with a mag-
neto-dielectric substrate can be described as [28]

(3)

where is the thickness of the substrate, and is the wave-
length at the resonant frequency. Clearly the incorporation of a
self-biased microwave ferrite film in antenna substrates leads to
an increased permeability of antenna substrates, and thus, a re-
duced radiation frequency and an enhanced bandwidth.

The impedance behavior of the annular ring antenna can be
approximated with the behavior of an equivalent resonant cir-

Fig. 3. Equivalent circuit of the annular ring antenna.

cuit [1], [29]. As shown in Fig. 3, the value of capacitor will
increase if we load the antenna with dielectric material, which
in turn will shift the resonance frequency. One has to adjust the
inductor to get the resonant frequency in this resonant circuit.
If we load the antenna with inductive material (i.e., NiCo-ferrite
films), the equivalent value of will increase. We can then de-
crease the equivalent capacitor for a certain frequency. The
benefit of the inductive loading can be explained with the vari-
ation of stored energy, as shown in (4)

(4)

In the above equation, is the current through the inductor of
, and is the voltage of the capacitor . For the annular ring

antenna, the source voltage is a constant, thus an increase in
leads to increased stored energy. If magnetic ferrite films were
loaded over the ring antenna, the equivalent value of will be
increased, thus we can decrease the equivalent capacitor for a
certain frequency. Furthermore, as indicated in (4), the stored
energy will be decreased and more energy will be radiated into
the free space.

D. The Lossy Effects of NiCo-Ferrite Films on the Antenna
Bandwidth

The self-biased spinel NiCo-ferrite films possess a high rela-
tive permeability and can be fabricated by a low-cost spin-spray
deposition process. The effects of the magnetic loss tangent of
the ferrite films could not be neglected when several layers of
NiCo-ferrite film were stacked together as a superstrate loading.
The relationship between the antenna bandwidth and the lossy
effects of substrate and NiCo-ferrite films could be expressed by
the maximum achievable fractional bandwidth (FBW), which is
given by [31], [32]

(5)

where is the total quality factor of the designed antenna
and is given by

(6)

where
is the antenna radiation quality factor.

is the quality factor due to the surface wave. For the ferrite
films loading, the antenna acts as a source of surface waves in
the material and the amount of the energy radiate to the excita-
tion of surface wave depends on the thickness of the superstate.

is the quality factor due to the dielectric losses, and
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Fig. 4. (a) Annular ring antenna with ferrite films above the ring. (b) Measured
reflection coefficient with � � �� �� �� �� �� �m.

, here is the effective dielectric loss tangent
of the composite structure of the Rogers material and the ferrite
films.

is the quality factor due to the magnetic losses, and
, here is the effective magnetic loss tangent

of the composite structure of the Rogers material and the ferrite
films. The thickness of the ferrite film is only several microns,
which is less than one percent of the total thickness of the sub-
strate. The effective magnetic loss tangent would therefore not
be a dominant factor to the antenna fractional bandwidth.

is the quality factor due to the copper losses.
With (5) and (6), we can see that the antenna fractional band-

width is tightly linked to the material losses (both dielectric
and magnetic losses). High material losses lead to large antenna
fractional bandwidth but at the cost of the radiation efficiency
at the same time. The self-biased spinel NiCo-ferrite film is a
low-loss thin film at gigahertz frequencies with a very small
thickness fraction, which leads to enhanced antenna bandwidth
and improved antenna gain.

E. Experimental Results for Single-Sided Ferrite Films
Loading

To investigate the loading effects of magnetodielectric ma-
terials as antenna’s superstrate, five annular ring antennas with
ferrite films were designed and fabricated as follows. First, one
layer of ferrite thin film with thickness of 2 m was introduced
above the microstrip ring, as indicated in Fig. 4(a), in which

m. In addition, magnetic antennas with several
layers of the NiCo-ferrite film loading on one side were de-
signed with the thickness of ferrite films varied with

m, and shown in Fig. 4(a). In order to compare the

Fig. 5. Measured resonant frequency and antenna gain with single-sided ferrite
films loading.

results with the non-magnetic antenna, the measured reflection
coefficient of five magnetic antennas along with that of non-
magnetic ring antenna were plotted and analyzed. The reflec-
tion coefficient curves in Fig. 4(b) were measured with all the
geometrical dimensions of the antenna unchanged, except the
ferrite film thickness.

From Fig. 4(b) we can see that the central resonant frequency
of the non-magnetic antenna is about 1.72 GHz, and the dB
bandwidth is 5 MHz. When a ferrite film with thickness of 2 m
is added above the ring; the resonant frequency shifts down to
1.70 GHz. This indicates a frequency down shift of 20 MHz
relative to the non-magnetic antenna. When the thickness of the
ferrite film is 4 m, the resonance shifts down to 1.675 GHz, a
frequency shift of 45 MHz, or is equivalent to five times of the
antenna bandwidth of non-magnetic ring antenna. The resonant
frequencies are 1.667 GHz, 1.664 GHz, and 1.649 GHz, when
the thicknesses of the ferrite film are 6, 8, 10 m, respectively.
The antenna gains are 0.57 dB, 1.23 dB, 1.4 dB, 0.87 dB and
0.57 dB, respectively, for the antenna loaded with 2, 4, 6, 8 and
10 m thick ferrite film. Clearly, ferrite films loading can lead
to miniaturized antennas by downward shift of the resonance
frequency. A summary of the variation of resonant frequency
and antenna gain with ferrite films loading is shown in Fig. 5.

The antenna gain and the radiation patterns of E-plane and
H-plane were measured in the anechoic chamber and plotted in
Fig. 6(a) and (b), respectively. In order to compare the experi-
mental results with the numerical results, the simulated E-plane
and H-plane of the annular ring antenna are also given in the
same figure. The gain comparison technique was used to deter-
mine the gain of the antenna. As shown in Fig. 6(a), when the
thickness of ferrite films is 4 m or 6 m, the upper half pattern
is almost the same, while the bottom half pattern shrank. This
can also be observed in Fig. 6(b). This shows that as an inductive
loading acts as a superstrate, more energy will be radiated into
forward free space. A maximum antenna gain of 1.4 dBi was ob-
tained when the thickness of ferrite films was 6 m and coated
above the ring. All the measured gains were plotted in Fig. 5.
However when the thickness is more than 6 m, the antenna
gain begins to decrease. From the radiation patterns of E-plane,
we can see that more energy may be radiated between the el-
evation angles of 60 –120 and 240 –300 . The main reason
for this may be that with an increase in the thickness of ferrite
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Fig. 6. Normalized radiation patterns of annular ring antennas loaded with fer-
rite films. Simulated results with � � � �m only and measured results with
� � �� �� �� �� �� �� �m, respectively. (a) E-plane. (b) H-plane.

films, the surface wave may radiate more energy, which resulted
in decreased antenna gain.

The designed annular ring antenna is a linear polarization an-
tenna. From the measured radiation patterns [Fig. 6(a) and (b)]
we can clearly see that the radiation patterns are approximately
the same shape, which indicates that self-biased NiCo-ferrite
films can not excite two near degenerate orthogonal modes with
equal amplitude and 90 degree phase difference. However, by
applying a biasing magnetic field to the ferrite substrate of an
antenna, one may get a circular polarization antenna.

F. Experimental Results for Double-Sided Ferrite Films
Loading

As the radiation pattern of E-plane of the ring antenna is very
similar to the shape of the digit “8”, which means the ring an-
tenna will radiate into both forward and backward directions
at the same time, it is necessary to investigate the magnetic
antenna with ferrite films on both sides. For this purpose, we
designed magnetic antennas with ferrite films loaded on both
sides of the antenna, with one layer under the ground plane
( m) and one to four layers of ferrite films above
the ring ( and 8 m, respectively), as shown in

Fig. 7. (a) Annular ring antenna with several layers of ferrite film above the
ring and one layer of ferrite film under the ground plane. (b) Measured reflection
coefficient with � � �� �� �� � �m; � � � �m.

Fig. 7(a). In order to compare the results with the non-magnetic
antenna, the measured reflection coefficient of five antennas
were plotted and analyzed. The reflection coefficient curves in
Fig. 7(b) were measured under the condition that all the geomet-
rical dimensions of the antenna were kept unchanged, and only
the ferrite films were added at different positions.

When one layer of ferrite film was added above the microstrip
ring and one under the ground plane at the same time, the res-
onant frequency moved down to 1.70 GHz with a reflection
coefficient magnitude of dB. When two layers of ferrite
film were added above the ring and one layer under the ground
plane, the resonance shifted down to 1.695 GHz with the min-
imum reflection coefficient of about dB, a frequency shift
of 25 MHz compared to the non-magnetic substrate. The band-
width was 7 MHz with the addition of the ferrite film, an in-
crease of 40% relative to non-magnetic antenna’s bandwidth.
As shown in Fig. 7(b), the ferrite film loading led to an en-
hanced bandwidth and an improved matching. It is notable that
as we have analyzed in the Section II, the bandwidth improve-
ment could be partially attributed to the lossy effects of the fer-
rite films (i.e., the loss tangent of the magnetic material. Also the
antenna gain of this case is 1.23 dB. The addition of the three
layers of ferrite film above the ring and one layer underneath the
ground plane tunes the resonance down to 1.671 GHz. The res-
onant frequency shift is 49 MHz compared with the non-mag-
netic antenna. The antenna gain of magnetic antenna with top 3
layers and bottom 1 layer of ferrite film is 1.33 dB. Adding four
layers of ferrite film above the patch shifts the resonance down
to 1.664 GHz, with the reflection coefficient of dB. We
observe a central frequency shift of about 56 MHz.

Both sides (top and bottom) of ferrite films loading effects are
summarized in Fig. 8. From this figure we can see that with a
2 m thick layer of ferrite film beneath the antenna, the resonant
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Fig. 8. Measured resonant frequency and antenna gain with double-sided fer-
rite films loading.

Fig. 9. Normalized radiation patterns of annular ring antennas loaded with fer-
rite films. (a) E-plane. (b) H-plane.

frequency decreased drastically with the increase of ferrite films
loaded on top. Furthermore, an interesting phenomenon is that
an enhanced bandwidth are observed with both sides loading,
and the maximum antenna bandwidth was obtained in the case
of top 2 and bottom 1, which showed a 40% enhanced dB
bandwidth over the non-magnetic counterparts.

The normalized radiation patterns of E-plane and H-plane are
plotted in Fig. 9(a) and (b), respectively. As shown in the figure
of the E-plane, when is 2 m and are 4 m and
6 m, the bottom half patterns are a little bit smaller than that

of without films, which means more energy will be radiated into
free space. The measured antenna gains are also summarized in
Fig. 8. The measured antenna gain increases first and with the
increase of the thickness of ferrite films. Then the gain decreases
when the thickness is more than 6 m. The main reason for this
phenomenon may be the problem of surface waves and the lossy
effects of the ferrite film, which may have resulted in decreased
antenna gain when the thickness is more than 6 m.

III. CONCLUSION

NiCo-ferrite films were successfully introduced into antenna
substrates, leading to miniaturized magnetic annular ring an-
tennas with enhanced performances at 1.7 GHz. These spin-
spray deposited NiCo-ferrite films are not as lossy as bulk fer-
rites materials, due to the strong demagnetization field of the
magnetic thin films as well as the large in-plane anisotropy field
of the magnetic films in the range of hundreds of Oe. These
magnetic antennas show a great promise for achieving miniatur-
ized microstrip antennas on magneto-dielectric superstrate/sub-
strate with enhanced bandwidths, improved gains, and high effi-
ciencies. In addition, these magnetic antennas can be made con-
formably at a low cost with low-temperature physical vapor de-
position method, making these ring antennas with ferrite films
very promising for real applications. Measurements on mag-
netic antennas demonstrated that the central resonant frequency
could be varied downward over a range of 50% to 1420% of the
antenna bandwidth , which indicates the self-bi-
ased magnetic films do lead to minimized antennas by shifting
down the resonance frequency. A maximum enhancement of an-
tenna gain up to 0.8 dBi was obtained with ferrite films loading
over the non-magnetic antenna. Antennas with self-biased fer-
rite films loading show significant improvement in antenna effi-
ciency, gain and omnidirectional performance in gigahertz fre-
quency range.
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