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Design of a Miniature Circularly Polarized Antenna
Operating in Three Frequency Bands Using

a Polarized Ferrite Material
Sarra Jemmeli , Thierry Monediere , Eric Arnaud , and Laure Huitema , Member, IEEE

Abstract— The purpose of this article is to show the strong
potential of ferrite materials to improve antennas performances.
Indeed, the combination of circular polarization with miniatur-
ization and multiband frequency operation makes ferrites the
ideal solution to optimize antenna’s characteristics. In this work,
the complete development of a miniature antenna having dimen-
sions of (λ0/9.6) × (λ0/9.1) × (λ0/27.4) at 3.13 GHz, operating
over three frequency bands, and having a circular polarization
is detailed. The benefit of incorporating such ferrite materials
within an antenna on the radiation efficiency, the impedance
bandwidth, and the axial ratio is presented. The prototype
measurement will validate this development and the simulation
results.

Index Terms— Circular polarization, miniaturization,
multiband frequency, saturated ferrite materials.

I. INTRODUCTION

DEVELOPING antennas with high performances is a
real challenge in the modern wireless communication

systems. Indeed, many military and space applications require
miniature and multiband antennas with circular polarization,
which can also be an interesting solution in commercial fields
in order to avoid polarization losses caused by multiple paths.
However, this circularly polarized wave radiation is difficult
to achieve when this objective must be combined with the
miniaturization of the devices and a multiband operation.

In the literature, many studies focused on developing single-
feed antennas capable of operating over dual frequency bands
and with a circular polarization [1], [2]. In fact, some methods
for achieving circular polarization consist in modifying the
structure of a patch by adding slots [1]–[3] or by truncating
the corners [4]. In [1], the device presents a single-feed slotted
patch structure loaded by stubs to reduce the frequency ratio of
the two working bands. Dimensions of the radiating element
are (λ0/2.5) × (λ0/2.5) × (λ0/43.7) at 1.227 GHz. Another
circularly polarized design, studied in [2], has dimensions of
(λ0/3.3) × (λ0/3.3) × (λ0/125) at 1.575 GHz and includes
four asymmetric slits and truncating corners to improve the
operating frequency bandwidth (BW). The association of a
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dual frequency band operation with a circular polarization
can also be achieved by adding multiple feeds or a feeding
network [5], [6]. Indeed, a microstrip feeding network is
combined with a crossed-slot feed for developing a circularly
polarized stacked-patch antenna [5]. A dual-orthogonal feed
with a 90◦ phase shift is also used for achieving a circular
polarization radiation in [7]. However, these feeding methods
require power dividers or hybrid couplers, which present losses
and need a larger ground plane size to place this feeding
network, which can also affect the polarization purity.

Performances are good but antennas dimensions are too
large when the application requires the device to be miniature.
Moreover, these papers present a dual-band operation, which
is another limitation of devices presented previously. Only few
papers studied the case of triband circularly polarized anten-
nas [8], [9]. In [8], the proposed circularly polarized antenna
consists of four T-shaped slits integrated in a central patch to
generate two frequency bands at 1.3 and 3 GHz. The third band
(1.98 GHz) is generated by another radiating element (ring),
which surrounds the central patch and fed independently. The
device presents a return loss with impedance BW of 1.23%,
1.3%, and 1% at 1.3, 1.98, and 3 GHz, respectively, and the
antenna size is about (λ0/3.3) × (λ0/3.3) × (λ0/153.9) at the
first working frequency. In another research [10], a triband
circularly polarized square slot antenna is exhibited. Feeding
the antenna through a dual monopole feed makes the device
working in three large BWs: from 1.96 to 3.26, 3.61 to 6.98,
and 7.87 to 11.24 GHz. Embedding crooked T- and F-shaped
strips to the antenna configuration improved the CP quality
of the second band, whereas the axial ratio (AR) remains
higher than 3 dB on the other functional band. The concept of
multistacked patches is introduced in [11] to induce the triple
band operation (at 1.176, 1.227, and 1.575 GHz). The designed
antenna is excited through a single probe feed soldered to
the upper patch and the two other radiating elements are
fed through electromagnetic coupling. To obtain the circular
polarization behavior, the upper and the middle patch corners
are truncated, a slit in the lower patch is added, and two
symmetry I-slot in the middle radiating element are integrated.
The device shows a good AR of 1.54, 0.68, and 0.59 dB at
the working frequencies, respectively. The proposed antenna
has dimensions of (λ0/3.8) × (λ0/3.8) × (λ0/53.1) at the first
working frequency (1.176 GHz).

To simplify and miniaturize the antenna geometry while
having good performances over three frequency bands, the idea
followed in this article is to use a ferrite material as substrate.
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Indeed, an eigenmode study of an open ferrite resonator is
presented in [12] and the resonance frequencies of the modes
within a ferrite circular patch antenna, computed from the
cavity model, are plotted as a function of the applied magnetic
field. This article clearly demonstrates that for a given bias
field value, these circularly polarized modes [right-handed
circular polarization (RHCP) and left-handed circular polariza-
tion (LHCP)] can resonate at different frequencies, suggesting
that a circular polarization can be obtained on three different
frequency bands. In fact, the intrinsic properties of ferrite
materials (especially anisotropy and nonreciprocal behavior)
allow the antenna to generate a circularly polarized radiation
field even when the device is excited with a single probe. This
principle has been exploited in [13] where the two first RHCP
and LHCP resonances have been generated within a ferrite
patch antenna. Moreover, ferrites are appropriate substrates
to have miniaturized antennas since they have a permeability
higher than 1 combined to a high permittivity (between
12 and 15 typically). Therefore, Andreou et al. [13] presented
a dual-band antenna (RHCP and LHCP) with a good broadside
circular polarization while being miniature (dimensions of
(λ0/4.4)×(λ0/4.4)×(λ0/21.4) at 4.6 GHz without considering
the ground plane and the magnets). In addition to reduce
the overall dimensions of an antenna, the combination of
magnetic and dielectric behavior allows the impedance BW
of an antenna to be increased compared with a pure dielectric
device [14], [15]. Numerous studies on ferrite antennas have
been reported in the literature, but measurement results are
seldom discussed. Mashhadi et al. [16] simulated a parasiti-
cally coupled stack antenna. The designed antenna includes
two-layer dielectric–ferrite substrate with a circular radiating
element excited by a proximity-coupled feed line. To enhance
the impedance BW, four parasitic patches are added on the
top of a dielectric superstrate fed through electromagnetic
coupling. The antenna operates over a wide frequency range
of 44% and the AR is lower than 3 dB along all the matched
impedance BW, whereas the antenna dimensions at the center
frequency 4.4 GHz are about (λ0/1.35)×(λ0/1.35)×(λ0/10).
While the antenna presents great performances in terms of
impedance BW and AR, neither the magnetostatic study,
which takes into account the real magnetic field, nor the
measurement results are presented.

In this article, the development of a miniature and circu-
larly polarized patch antenna operating in three frequency
bands is proposed. This device uses a ferrite substrate and
is excited with a single probe feed. The dispersive behav-
ior (frequency dependence) of the ferrite permeability is
exploited, which implies that the antenna can simultane-
ously operate on its fundamental mode at three different
frequencies.

It is the first time that such an antenna has been studied as
a whole, that is to say with the following.

1) A miniaturized triple-band device radiating right and left
circular polarizations and using ferrite material.

2) A complete magnetostatic study allowing to perfectly
know the static magnetic field used to polarize the
ferrite. This accurate knowledge is essential before any
realization and measurement.

3) A prototype measured and polarized with permanent
magnets, i.e., in a configuration suitable for a practical
use.

Section II is dedicated to a theoretical study of a patch
antenna made of a saturated ferrite material. Indeed, a modal
analysis of a ferrite circular patch antenna based on Pozar’s
studies [12] is presented. Section III details the modeling
of the antenna and correlates it to the results presented in
Section II. This section considers a ferrite antenna where an
ideal magnetic polarization is used, i.e., the internal magnetic
field (Hi) is homogenous. The antenna performances are eval-
uated through simulations using the software CST Microwave
Studio [17]. Then, a magnetostatic study of the structure with
real magnets (above and below the patch) is made in order
to characterize with a good accuracy the internal magnetic
field in the ferrite (amplitude, homogeneity, and so on). This
magnetostatic simulation is also performed in order to choose
dimensions and properties of magnets to be integrated. The
final step associates the previous magnetostatic study with an
electromagnetic simulation to determine the influence of the
nonhomogeneous field on the antenna parameters in the real
case, i.e., it allows the consideration of the real dc magnetic
field within the structure. The different radiation characteristics
such as the radiation efficiency (ηrad), the AR, the reflec-
tion coefficient (|S11|), and the impedance BW are analyzed.
Section IV deals with the presentation of the prototype and its
measurement. This section validates our development since
a miniature antenna offering a circular polarization on three
frequency bands is exhibited. The relevance of this study is
finally demonstrated by comparing the performances of this
antenna with other kind of antennas presented in the literature
in terms of dimensions, ARs, and frequency bands.

II. INFLUENCE OF FERRITE MATERIALS PROPRIETIES

ON ANTENNA’S PERFORMANCES

A. Saturated Ferrite Materials Characteristics

The most significant parameter of ferrites is their per-
meability tensor. It describes their nonreciprocal behavior
when they are biased with a continuous (dc) magnetic field.
When the dc magnetic field is strong enough to saturate the
ferrite, its permeability tensor is described by (1) called Polder
tensor [18]

[μr (ω)] =
⎡
⎣

μ − jκ 0
jκ μ 0
0 0 1

⎤
⎦ (1)

where the elements of the permeability tensor are given by

μ = 1 + ωmω0

ω2
0 − ω2

= μ� − jμ��

κ = ωmω

ω2
0 − ω2

= κ � − jκ.�� (2)

With ω = 2λ f , ωm the gyrotropic frequency defined by
ωm = γμ0 Ms , and ω0 the Larmor frequency given by

ω0 = γμ0 Hi + jωα.

The permeability tensor elements depend on the frequency f ,
the internal magnetic field of the ferrite Hi , and the saturation
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Fig. 1. Polder’s parameters versus frequency for Y39 ferrite with
Hi = 1400Oe.

magnetization Ms [18]. In addition, the Polder tensor takes
into account the magnetic losses which are modeled by the
damping factor α = (γ	H)/(2 fd), where 	H is the ferrite
linewidth.

Another important parameter that defines the operating
zones of ferrite antennas is the effective permeability, which
is expressed by the following equation:

μe f f = μ2 − κ2

μ
. (3)

The evolution of the Polder tensor elements as a function of the
frequency (Fig. 1) shows that two areas can be distinguished:
the strong field area and the weak field area. The strong field
area occurs when the operating frequency is lower than the
gyromagnetic resonance, which takes place when the preces-
sion frequency reaches the Larmor frequency, while the weak
field area is for frequencies higher than this resonance. Around
the gyromagnetic resonance, magnetic losses are too high for
an antenna to operate. Therefore, the proposed antenna will
operate outside this resonance and will be optimized for having
its working modes both in the weak and in the strong field
zones in order to provide a multiband operation. In the strong
field area (Fig. 1), ferrite materials show a high permeability
and permittivity while having low losses, which are desirable
to miniaturize the antenna’s dimensions.

The ability to use ferrites for antennas development has
been theoretically addressed by Pozar in [12]. He showed the
presence of resonant modes by considering a circular patch
antenna as a ferrite resonator. However, this study was only
theoretical and the matching of the modes was not studied.

In this article, the modal analysis presented by Pozar will
be applied to a concrete case where the objectives will be
driven by demonstrating the proof of concept of a multiband
ferrite antenna. For that, we will start from the modal analysis
of a circular ferrite resonator, which will be presented in
Section III.

B. Eigen Mode Approach of Saturated Ferrite Materials in
an Antenna

Without applying any external bias field, magnetic materi-
als have the same characteristics as conventional dielectrics.

Fig. 2. Boundary conditions within the circular cavity model of radius a.

Fig. 3. Evolution of resonance frequencies versus the internal magnetic field
strength for a = 5 mm, with 4λ Ms = 800 Gauss and εr = 14.4.

Therefore, the radiation field generated by a patch antenna
excited with only one feeding probe has a linear polarization.
However, under a dc magnetization, the radiated polarization
will be changed from linear to circular [thanks to the tensor
permeability described by (1)]. In addition, for a given applied
magnetic field, the antenna can present several circular polar-
izations at different frequencies, i.e., RHCP and LHCP which
implies that the antenna operates over several frequency bands.

To further understand this phenomenon, a circular patch
antenna is considered as a circular cavity model of radius a.
By assuming that the cavity walls are perfect electric walls on
its bottom and top faces and a perfect magnetic wall on its
lateral face (see Fig. 2), the wave equation for the fundamental
T M11 modes can be written as follows [12]:

∂2 Ez

∂ρ2
+ 1

ρ

∂ Ez

∂ρ
+ 1

ρ2

∂2 Ez

∂φ2
+ k2 Ez = 0. (4)

−−→
Happ is the applied magnet field produced by the permanent
magnets.

Considering these boundary conditions, the resonance fre-
quencies of the cavity eigenmodes can be deduced by solving
the following equation:

J �
1(ka) + n × κ

kaμ
J1(ka) = 0. (5)

With J1 the Bessel function, J �
1 the derivative of the Bessel

function, and k the propagation constant given by the following
equation:

k = ω
√

εμef f . (6)

The above equations were implemented in a MATLAB [19]
code to numerically solve (5). Fig. 3 shows the resonance
frequencies of this modal study, plotted versus the internal
magnetic field. In Fig. 3, two areas can be distinguished,
below and above the region where real parts of μ and μeff

are negative. In each of these two areas, two modes RHCP
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Fig. 4. (a) Side and (b) front views of the designed antenna.

(n = −1) and LHCP (n = +1) appear implying that a multi-
band operation can be achieved if the antenna is successfully
matched on these modes. It appears in [12] that Hϕ and Hr

have the same amplitude with a phase quadrature which means
that we have a circular polarization.

Solving (5) shows that, for a chosen magnetic field of
1400Oe, three RHCP and LHCP modes appear in the strong
and the weak field area. The ferrite material properties and the
internal magnetic field strength specify the working frequen-
cies of these modes which mean that the three working bands
cannot be tuned separately.

RHCP and LHCP polarities could be switched by reversing
the direction of the applied static magnetic field. In the study
detailed in this paragraph, the antenna under investigation
presented a circular shape since the analytical equations are
easier to implement with Bessel’s equations. However, the next
antenna modeled, realized, and measured will be a rectangular
patch. There are two main reasons for that.

1) First, the antenna will be easier to manufacture.
2) Second, the use of a rectangular structure gives more

degrees of freedom (x , y) on the position of the feeding
probe. This is very useful to optimize the matching and
the AR for each working frequency band.

Since the aiming antenna is miniature, a matching criterion
of −6 dB is chosen.

III. SIMULATIONS

A. Ideal Case Study: Homogenous Biasing Field

The geometry of the designed antenna is depicted in Fig. 4.
The device is a rectangular patch antenna on a ferrite material
substrate Y39 (Yttrium–Aluminum) and fed through a single
coaxial probe. The rectangular patch antenna dimensions are
l = 10 mm, w = 10.5 mm, and h = 4 mm, i.e., close to
the diameter of the circular antenna analytically studied in
paragraph II.

The Y39 material presents a relative permittivity
εr = 14.4 with an accuracy of 5%, a dielectric loss
tangent tan δ = 2 × 10−4, a saturation magnetization
4λ Ms = 800 Gauss, and an effective resonance linewidth
	Hef f = 4Oe. This parameter (	Hef f ) allows to take into
account magnetic losses in the computation. In this case,
the ferrite substrate is biased with a homogenous magnetic
field of 1400Oe, chosen in order to obtain three resonance
frequencies around 3, 4, and 7 GHz (deduced from the study
presented in Fig. 3).

Fig. 5. Real and imaginary part of the input impedance.

Fig. 6. |S11| parameter and AR of the ferrite-based patch antenna considering
a uniform Hi = 1400Oe.

This antenna is simulated in both strong field and weak
field areas. Fig. 5 plots the frequency dependence of the input
impedance Zin . This figure highlights resonance frequencies
of the structure that can be compared with the previous modal
study presented in Fig. 3. As expected, three modes exist
within the structure with a small frequency shift compared
with Fig. 3, which can be explained by the rectangular
structure considered in this case.

The position of the feeding probe is optimized in order
to match the antenna on the three T M±11 modes within the
structure. Dimensions of the patch (l, w) are also optimized
particularly to improve the AR. Fig. 6 is showing the |S11|
parameter plotted versus the frequency for both strong and
weak fields. According to this figure, in the strong field
area, two counter-rotating modes T M−11 and T M+11 are
excited within the antenna. The first one is an RHCP and
appears at 3.07 GHz and the second mode is an LHCP
at 3.69 GHz. The |S11| plot shows that it is lower than
−6 dB (the fixed criterion) over a frequency range of 60 MHz
(BW = 2%) for the first working band (RHCP) and of 40 MHz
(BW = 1.1%) for the second band (LHCP). These narrow
BWs are explained by the fact that the antenna is miniature
for these frequencies. In fact, the device dimensions are
(λ0/9.8) × (λ0/9.3) × (λ0/24.4) on the first RHCP mode and
about (λ0/8.1)×(λ0/7.7)×(λ0/20.3) on the LHCP mode. For
the weak field area, a second RHCP mode appears at 7 GHz.
The antenna is well matched with a |S11| < −6 dB on a BW
of 1.5%. For this frequency, the antenna dimensions are about
(λ0/4.3) × (λ0/4) × (λ0/10.6).
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Fig. 7. (a) 3-D radiation pattern for the first RHCP mode at 3.07 GHz
(radiation patterns are the same on the two other frequency bands) and
(b) radiation characteristics of the first mode.

In order to evaluate the circular polarization quality of this
antenna, the boresight AR is also plotted in Fig. 6. Thanks
to the optimization of dimensions, the feeding probe position,
and the choice of the applied static magnetic field, it appears
that the boresight AR is very low for the three matching bands.
Indeed, it is lower than 1, 1.26, and 3.2 dB for the three bands,
respectively. For the third band, it is not as low as for the two
first frequency bands since the height of the ferrite is quite
high at this frequency.

For a better description of the radiation properties of the
studied antenna, the 3-D radiation pattern of the first mode is
shown at 3.07 GHz in Fig. 7(a). The radiation pattern has a
boresight direction as a classical patch antenna and it has the
same shape for the two other working frequencies. The first
RHCP mode radiation characteristics are reported in Fig. 7(b).

The antenna radiates more than 70% of the accepted power
on its two first operating bands, i.e., where |S11| is lower
than −6 dB. More particularly, the radiation efficiency reaches
80% at the central frequency of the first matching band, which
is a good value considering that the antenna is miniature at
this frequency. For the third mode, the radiation efficiency is
higher than 80%.

Under a uniform “ideal” magnetic bias field of 1400Oe, the
designed antenna presents three circularly polarized modes and
the device is miniature over the strong field area. The next step
consists in simulating the antenna performances in the case of
a “real” magnetic polarization. Indeed, the external magnetic
field is provided by two permanent magnets. The geometry
and characteristics of magnets have to be adjusted to provide
an internal magnetic field of 1400Oe in order to obtain perfor-
mances close to the ones presented in this paragraph. There-
fore, next paragraphs will present the magnetostatic simulation
and its combination with the electromagnetic simulations.

B. Magnetostatic Study

In order to characterize the internal magnetic field behavior
into the ferrite substrate, we proceed to a magnetostatic
study for the antenna structure designed above. The fer-
rite is magnetized using two commercial permanent mag-
nets [20]. The upper one is Samarium Cobalt (Br1 = 1.1 T,
t1 = 2 mm, μr1 = 1.15) having the same surface as the
radiating element (l = 10 mm, w = 10.5 mm). The sec-
ond one is cylindrical with 9 mm of radius. This magnet
is Neodymium (Br2 = 1.35 T, t2 = 3.6 mm, μr2 = 1.2)

Fig. 8. (a) Side and (b) front views of the final designed antenna.

Fig. 9. (a) 3-D internal magnetic field distribution. (b) Evolution of
the internal magnetic field in the middle of the ferrite material along
x- and y-axes.

placed under the ground plane. Two Steel-1010 plates are
added to homogenize the internal field within the ferrite. The
first Steel plate is placed between the radiating element and
the upper magnet and the second one between the ground
plane and the lower magnet. Other manufacturing constraints
are introduced (soldering, the magnet hole diameter, and so
on) to model the real operation of the patch antenna. The
device elements dimensions (Steel plates, the patch, and the
ground plane thickness) are then adjusted to keep an internal
field of 1400Oe. The final design of the antenna is given
in Fig. 8.

The magnetostatic fields are calculated in 3-D within the
whole structure. The internal field distribution is extracted and
Fig. 9(a) presents an example of 3-D cartography of the dc
magnetic field. According to this figure, the internal magnetic
field is quite uniform in the middle of the ferrite substrate.
The evolution of Hi along the x- and y-axes in the middle
of the ferrite material is evaluated in Fig. 9(b). On these
graphs, we notice that the field varies between 1380Oe and
1430Oe, i.e., close to the target value of 1400Oe. Since the
most difficult step in the current design is to maintain a
uniform magnetic field throughout the substrate, the idea was
to homogenize as much as possible the internal magnetic field
in the middle of the ferrite substrate. However, this involved an
increasing of the field on the top of the substrate. In addition,
drilling the ferrite and the lower magnet to insert the feeding
probe led to the decreasing of the internal field near the
hole. In order to overcome the inhomogeneity problems that
could affect the device operation, the antenna parameters were
adjusted.

The next step is to simulate the electromagnetic perfor-
mances of this antenna structure by integrating these mag-
netostatic results, i.e., simulating the antenna in the real case.
The antenna behavior, under the influence of a real biasing
field, will be investigated.
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Fig. 10. |S11| parameter and AR versus frequency for inhomogeneous Hi .

C. Magnetostatic-Electromagnetic Cosimulation of the
Antenna

We combine the previous magnetostatic analysis with an
electromagnetic study to simulate the patch antenna with
the real magnets, i.e., when the internal magnetic field is
not completely homogeneous but the one from the previous
magnetostatic study.

Fig. 10 shows the evolution of the |S11| parameter and the
AR, respectively.

Compared with the previous ideal case, there is a slight fre-
quency shift, since operating bands are centered at 3.13 GHz
for the first RHCP mode, 3.7 GHz for the LHCP mode, and
7.1 GHz for the second RHCP mode.

The antenna presents a good boresight circular polarization,
since it is lower than 1.5, 1.56, and 3.4 dB for the three
matching bands, considering a |S11| < −6 dB as a criterion
(this criterion is usual for miniature antennas).

The radiation pattern shape remains the same as the one of
a classical patch and already presented in Fig. 7(a). Radiation
efficiencies are very close to the ideal case, i.e., higher than
70% at 3.13 and 3.7 GHz and higher than 80% at 7.1 GHz.

The simulated results of the designed antenna for a biasing
magnetic field generated by two permanent magnets show
a good concordance with those obtained when the applied
magnetic field is homogenous. That means that the magnets
have been correctly chosen in terms of remanent flux density
(Br1 and Br2) and dimensions. Finally, the antenna operates
over three frequency bands in the strong and the weak field
areas, with a circular polarization while being miniature. Since
the antenna is compact in the strong field area, a compromise
has been made in order to optimize the device performances
in this area which explain the degradation of the antenna
characteristics on the third mode where the antenna is not
miniature. The next step consists in the validation of this
development by the realization and the measurement of a
prototype.

IV. MEASUREMENT

Once the antenna behavior has been simulated, the next step
is to validate the performances with a prototype measurement
[see Fig. 11(a) and (b)]. The different antenna elements are
aligned and adjusted by a support structure made of Rohacell

Fig. 11. (a) Side and (b) front views of the prototype. (c) Top and (d) bottom
views of the prototype with Rohacell supporting structure. (e) Antenna under
measurement.

material, as shown in Fig. 11(c) and (d). The antenna is
measured in the anechoic chamber and an optical RF converter
is used to reduce any perturbations of the measurement cable
[Fig. 11(e)]. However, this measurement device remains large
compared with the very low dimensions of the ground plane.
This implies that a parasitic current flows over this device
and creates disturbances on the antenna radiation. However,
the measurement with this device remains better than with
a classical RF cable since it is ended by an optical fiber,
i.e., that avoids the surface current on the cable [21]. Indeed,
the RF measurement cable involves a strong disturbance of the
antenna’s radiation and especially when the antenna (including
the ground plane) is miniature.

The |S11| parameter of the antenna is measured and plotted
in Fig. 12. The three operating frequency bands are at 3.3,
3.9, and 7.54 GHz, respectively. Therefore, there is a fre-
quency shift of almost 6% for the three central frequencies
with the simulation, which can be explained by the fact
that the permittivity of the ferrite material is given with an
accuracy of 5%.

On the first mode, |S11| is lower than −6 dB on a frequency
range of 110 MHz, corresponding to an impedance BW
of 3.3%. The frequency range of the second mode also equals
110 MHz, which corresponds to an impedance BW of 2.8%.
For the weak field operation, the impedance BW is about 1.5%,
corresponding to 110 MHz around 7.54 GHz.

According to the AR plot reported in Fig. 12, the antenna
presents a good boresight circular polarization, since it is lower
than 2.6 dB for the two first working bands and 3.9 dB for
the third matching bands (<3 dB at 7.54 GHz), i.e., where the
|S11| parameter is lower than −6 dB.
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Fig. 12. |S11| parameter and AR of the measured antenna.

Fig. 13. Normalized circularly polarized radiation patterns at (a) 3.3, (b) 3.9,
and (c) 7.54 GHz for the cutting planes ϕ = 0◦ and ϕ = 90◦ .

Fig. 13 shows the simulated and measured normalized right
and left polarization at the frequencies 3.3, 3.9, and 7.54 GHz
for two cutting planes (ϕ = 0◦ and ϕ = 90◦). The measured
radiation patterns are basically identical to the simulated ones
validating the polarity of each mode. It can be seen that the
first and the third modes present an RHCP and the second one
has an LHCP.

Fig. 14. Measured intrinsic gain versus the frequency.

Fig. 15. Measured radiation efficiency over the strong field and weak field
area.

The measured intrinsic gain versus the frequency is reported
in Fig. 14. It can be observed that the antenna can attain a gain
of 1.8, 2.6, and 3.7 dBic at the three center frequencies.

Moreover, the radiation efficiency on the strong and weak
field region is illustrated in Fig. 15.

We can notice that the antenna radiates 79% of the accepted
power on the first RHCP mode, which is a good value
considering that the antenna is miniature at these frequencies.
This radiation efficiency is higher than 75% on the LHCP
mode, which is a lower value due to the fact that 3.7 GHz
is closer to the gyromagnetic resonance area presenting high
magnetic losses. For the second RHCP mode, i.e., in the weak
field region, the radiation efficiency is higher than 95%. For
this mode, the antenna presents a better radiation efficiency
because the device is not as miniature as on the strong field
area modes.

Simulations are, therefore, validated and these perfor-
mances can be compared with results existing in the literature
in Table I. The antennas dimensions are calculated consider-
ing the radius of the smallest sphere containing the device
(noted r in Fig. 16) [22]. Therefore, this dimension takes into
account all the elements that constitute the overall radiating
system, in this case the magnets as well as the ground plane.
An electrically small antenna is defined as an antenna with the
dimension r is lower than λ0/2λ [22].

According to the comparative table reported above, it can
be deduced that the proposed antenna operates over three
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TABLE I

COMPARISON BETWEEN THE PROPOSED AND SOME PUBLISHED ANTENNA

Fig. 16. Sphere circumscribing the antenna.

frequency bands and presents a lower AR and good radiation
efficiencies at the center working frequencies (at 3.3, 3.7,
and 7.54 GHz). Moreover, the device is much more compact
than the reported designs with an r dimension equal to
14.1 mm corresponding to λ0/6,5 at 3.3 GHz, the first working
frequency, i.e., lower than λ0/2λ .

V. CONCLUSION

The purpose of this article was to demonstrate, for the first
time, a miniature circularly polarized triband antenna using
a ferrite material. Indeed, the goal was to take advantage of
the magnetic properties of ferrite materials to design a patch
antenna using only one excitation probe and capable of gen-
erating circular polarization. Modal study of such a structure,
considered as a resonator, shows that the dispersive nature
of the ferrite permeability implies that the fundamental mode
appears at three different frequencies. The exploitation of this
phenomenon has thus enabled the antenna to operate over

several frequency bands while radiating circular polarization,
without the need to add a feeding network.

Moreover, ferrites are appropriate substrates to have minia-
turized antennas since they have a high permittivity combined
to an effective permeability higher than 1. The designed
antenna is, therefore, miniature ((λ0/6.5) at 3.3 GHz) and has
circular polarization on three frequency bands. The antenna
has been manufactured and the measured performances are
convincing since the demonstration of a triband ferrite antenna
has been done with very good AR considering that the antenna
is miniature. The comparison of the performances obtained
with those in the literature shows that the use of ferrite
materials is very interesting in the field of miniature antennas.
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