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Multi-Band Circularly Polarized Ferrite Antenna
Operating with Negative Effective Permeability

J. Leon Valdes, T. Monédiére, E. Arnaud, S. Jemmeli, and L. Huitema

Abstract—This paper presents the development of an antenna
device operating with a right-hand circular polarization (RHCP)
for Global Navigation Satellite Systems (GNSS) applications,
operating in the frequency bands L1 (1.5756 GHz), L2 (1.227 GHz)
and E6 (1.278 GHz). The antenna exploits the potential of biased
ferrite materials to naturally generate a circular polarization. In
addition, to achieve a right-hand circular polarization over a wide
frequency band, the antenna uses a carefully selected and
polarized ferrite material to ensure that the device operates where
the effective permeability of the ferrite has a negative real part. It
also allows the reduction of antenna dimensions due to the high
permittivity of ferrites. All performances in terms of impedance
matching and radiation pattern are reported and the concept is
validated by the prototype measurements.

Index Terms—Circular polarization, ferrite materials, multi-
band antenna, negative effective permeability.

. INTRODUCTION

URRENTLY there is a growing need to develop more

compact antennas that can operate on several frequency
bands for multi-standard wireless communication systems. In
addition, circular polarization radiation provides a valuable
solution in various fields. It overcomes misalignments between
transmitters and receivers, mitigates the effects of deflections,
propagation and ground reflections in satellite applications and
reduces polarization losses caused by multipaths [1]. The
technical challenge of this work is to combine compactness,
circular polarization radiation and multi-band operation in the
same device.

In order to obtain circular polarization within an antenna, a
classical technique consists of using a feeding line (single or
multiple) to excite two orthogonal linearly polarized modes
with a phase difference of 90° [2], [3]. Other techniques rely on
the integration of disturbance zones on the antenna [1], [4], [5],
[6].

These approaches can enable dual-band operation, but often
present constraints in terms of bandwidth and size [7], [8].
Interesting antennas in terms of bandwidth and axial ratio have
been proposed, but feeding them through a coupler increases

This paragraph of the first footnote will contain the date on which you
submitted your paper for review.

T. Monédiere is with XLIM Research Institute, University of Limoges,
87000, FR (e-mail: thierry.monediere@unilim.fr).

E. Arnaud is with XLIM Research Institute, University of Limoges, 87000,
FR (e-mail: eric.arnaud@unilim.fr).

the footprint and losses [9]. Other papers have focused on
broadband designs, but have also encountered size limitations
[10], [11]. Finally, a method based on spherical mode
development shows an antenna operating on the L1 and L2
bands by using an antenna array loaded by optimized
impedances, the array remains miniature while exhibiting
satisfactory performance [12].

A good alternative is to develop ferrite-based antennas
because these materials, when polarized by a continuous (DC)
magnetic field, exhibit specific properties, including anisotropy
and non-reciprocal behavior, which enable circularly polarized
waves (RHCP and LHCP) to be generated naturally [13], [14],
[15], [16]. In addition, their permeability often greater than 1
associated with a high permittivity (typically between 12 and
16), make ferrites ideal substrates for the miniaturization of
antennas [17], [18].

Notably, previous works [19], [20], [21], [22], [23] have
proven that a ferrite-based patch antenna could generate good
quality circular polarization while being miniature. Based on
this work, ferrite materials show great potential for meeting the
challenges of compactness, multi-band operation and circular
polarization. However, a few drawbacks stand out:

- It is not possible to select operating frequencies
independently of each other [18].

- When multi-band, the circular polarization generated
changes (right or left) depending on the mode excited (TM.11 or
TMi11)

- Impedance matching bandwidths are too low to be
compatible with GNSS applications

These three points are linked to the fact that these proposed
antennas operate in particular zones for ferrite material. Indeed,
ferrite permeability parameters depend on frequency and DC
magnetic field, enabling ferrite devices to be operated in
different zones. Working in both zones at the same time was
demonstrated in [24], revealing that an antenna can operate on
three different (non-independent) frequency bands while
radiating RHCP and LHCP polarizations simultaneously. These
three frequencies correspond to the natural modes of the ferrite,
governed by the internal static magnetic field and the radius of
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the ferrite resonator.

In this paper, a tri-band circularly polarized antenna is
developed using a ferrite material operating in a region where
the real part of the effective permeability (u.r) is negative. In
this region, only one mode (the natural mode of the ferrite) is
excited to produce a single type of circular polarization. The
device is excited by a single microstrip line, and the patch is
etched on a single ferrite substrate magnetized by a permanent
magnet. It operates in the L1 (1.5756 GHz), L2 (1.227 GHz)
and E6 (1.278 GHz) frequency bands for GPS and Galileo
applications, and features RHCP radiation at all operating
frequencies. These frequencies are achieved through a
matching circuit in the feeding line and an etched slot on the
patch. The paper is divided in five main sections.

Section Il is dedicated to the presentation of the most
significant parameters of ferrites, i.e. its permeability tensor and
the effective permeability.

Section 11 is dedicated to the modal study of a ferrite cavity
while focusing on the domain where the real part of the
effective permeability is negative.

Section 1V is an electromagnetic validation of the modal
study presented in Section Ill. This section will show that the
resonator antenna has a good circular polarization on a wide
frequency band without being matched on the whole frequency
band. An impedance matching circuit is implemented to enable
the antenna to operate on the three frequency bands L1, L2 and
E6. This section will first consider the antenna modeled in an
ideal case, i.e. when the magnetic field inside the ferrite
substrate is homogeneous and then in a real case when the
inhomogeneous applied magnetic field is provided by a
permanent magnet with a magnetostatic/electromagnetic co-
simulation.

Finally, Section V will present the prototyping of such an
antenna, with experimental performances discussed and
compared with the state of the art.

Il. FERRITE SUBSTRATE CHARACTERISTICS

The anisotropic and non-reciprocal behavior of saturated
ferrites under a DC biasing magnetic field is characterized by
their permeability tensor, also known as the Polder tensor (1)
[17], [25]:
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With: w = 2xnf, w,, is the gyrotropic angular frequency
defined by w,, = yuoM,, w, is the Larmor pulsation given by
wo = YUoH; and the magnetic losses are modelled through the

damping factor given by a = VZA—fH with AH the ferrite line width.

Therefore, 4 and k depend on the internal magnetic field in
the ferrite H;, the saturation magnetization M; and the frequency
f.

The effective permeability expressed by equation (3) is
another important parameter that must be introduced for a clear
understanding of this paper [26]:

”2 _ kZ
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The Polder tensor elements and the effective permeability are
used to define the antenna working zones already defined and
studied in detail in [20]. In the example shown in Fig. 1, the
Y36 ferrite, whose properties are summarized in Table I, is
polarized with an internal field of 200 Oe. Plotting the real and
imaginary parts of L reveals the gyromagnetic resonance f, =
yH; (560 MHz in this example). Around this resonance
frequency, the magnetic losses of the material are high.
According to Fig. 1, four zones can be distinguished. The first
(Zone 1) is called strong field area, where the device working
frequency is below the gyromagnetic resonance. Zones 2, 3 and
4 are located in the weak field area. The Zone 2 is positioned
between [ and L.ff resonances, i.e. where the effective
permeability is significantly higher than unity. The zone 3 is
where the real part of the effective permeability is negative. The
last zone (Zone 4) is where effective permeability becomes
positive again.
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Fig. 1. Frequency evolution of p and p.ff for Y36 ferrite with an internal
field H; of 200 Oe.

TABLE |
FERRITE PROPERTIES

Ferrite Y36
4nMs 290 G
AHeff 4 Oe
AH 25 Oe
& 14
tand 0.0002

In [24] we have demonstrated an antenna operating in both
Zones 1 and 4 to exhibit a multi-band antenna. In [20], an ultra-
miniature working in Zone 2 has been developed. In the present
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paper, we will focus the study on the last non-exploited zone,
the Zone 3. This is an interesting area because it allows circular
polarization to be obtained over a wide band.

As resonance frequencies of W and peff depend on the
properties of the ferrite and the strength of the internal field,
their choices have been adjusted so that the antenna's target
operating frequencies (L1, L2 and E6) lie within Zone 3, where
the real part of the effective permeability is negative.

I11. PROPAGATING MODES IN A CYLINDRICAL FERRITE
SUBSTRATE

In order to predict the operating frequency of the antenna as
well as the geometric and magnetic specifications, a modal
study of a cylindrical ferrite patch antenna is carried out before
the modeling process with simulation tools. A cylindrical ferrite
metallized in top and bottom faces could be modeled as a
cylindrical resonant cavity as shown in Fig. 2 [26]. The cavity
sides are assumed to be perfect magnetic walls and its upper and
lower faces are considered perfect electrical walls.

a

| W

Il  Perfect magnetic wall Il rerfect electric wall

Fig. 2. Cylindrical ferrite patch antenna. H‘a’ is the applied magnetic field.

As already explained and detailed in [20], the application of
the boundary conditions to the wave equation given by (4) leads
to the determination of the working frequencies for p.ff > 0 by
solving the equation (5) [26] and for pff < 0 by solving the
equation (6) [20],[22].
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Jn: Bessel functions
In: Modified Bessel functions
n represents the order of the Bessel function and also the
variation of the mode along 6. Its sign defines the mode
polarization: in positive signs (n = +1; +2; ...) the wave is left-
hand circularly polarized (LHCP) and in negative signs (n =-1;
-2; ...) is aright-hand circular polarization (RHCP). Applying a
magnetic field in the negative z direction (—HZ) as shown in
Fig. 2, and plotting in Fig. 3 the evolution of the frequencies
versus the internal magnetic field (H;), it can be noticed the
appearance of RHCP and LHCP modes on both sides of the

gyromagnetic resonance. The order of appearance of the LHCP
or RHCP modes depends on the direction of the applied

magnetic field H,. Reversing the internal field allows switching
between RHCP and LHCP polarizations. For an internal
magnetic field of 200 Oe applied in -z direction, an LHCP mode
appears at 0.46 GHz in zone 1, and an RHCP mode at 0.79 GHz
in Zone 2, at 1.27 GHz in RHCP corresponding to zone 3 and
in zone 4 at 2 GHz in LHCP.

g
o
T

2. LHCP(TM,y) Zone 1

RHCP (TM ;)

Frequency (GHz)

LHCP (TM, ) |
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Fig. 3. Evolution of resonance frequencies as a function of the internal field
applied in the -z direction. Resolution of propagation equations in the
different study areas for modes order n = +1.

A closer look at the existing modes in Zone 2 reveals a
critical limitation to achieving good circular polarization over a
wide frequency band. If we use the analytical calculation (Fig.
4) to trace the higher-order modes in the radial direction (a), we
observe that these modes appear, in Zone 2, at frequencies very
close to those of the fundamental mode. It is worth noting that
in our specific design, the fundamental TM-11 mode appears at
0.79 GHz (generating RHCP), while a higher-order mode
(TM:12) appears at 0.83 GHz, corresponding to LHCP. These
modes are very close to each other and have opposite circular
polarizations. This explains the narrow axial ratio bandwidth in
Zone 2, as the presence of this higher-order mode disrupts the
desired RHCP operation.

In contrast, in the current Zone 3 (w. < 0), no higher-order
radial modes are excited within the band of interest. This
suggests that it is possible to achieve a good axial ratio over a
wide frequency band.

RHCP (TM.,,) RHCP (TM.,,)

Frequency (GHz)

LHCP (TM, ;) |

0 100 200 300 400 500 600 700 800 900
H; (Oe)

Fig. 4. An analytical study of the ferrite resonator taking into account higher-
order radial modes.

Fig. 5 shows the evolution of E, (normalized) component
along the cavity of radius 16 mm for each frequency of the
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modes appearing in the different zones for an internal magnetic
field of 200 Oe applied along the -z direction. For all modes,
the field is maximum at the periphery of the ferrite and
minimum at its center. This plot confirms that these are modes
of order n = =1, with different RHCP and LHCP polarizations.
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Fig. 5. Evolution of the normalized Ez component as a function of the cavity
radius of the modes appearing in strong and weak fields for a Hi = -200 Oe.

Focusing on the zone where LLff is negative, a single
polarization is observed with an RHCP mode appearing at 1.27
GHez. It exhibits a very strong (E;) field at the edges of the cavity
and undergoes a rapid evanescence as it moves away from the
side walls. This suggests that it could only be excited if the
feeding point is placed close to the resonator wall. This will be
confirmed by electromagnetic simulation in the next section.

Therefore, to achieve a single polarization over a wide
frequency band, it can be interesting to work in Zone 3.
However, the configuration of the electric field and its
amplitude suggest that there will be a challenge to excite this
mode and match it in the case of an antenna. The next part will
start from this theoretical analysis to retrieve the desired
antenna properties through electromagnetic simulations.

IV. MODELING THE FERRITE PATCH ANTENNA

The first antenna design step considers the ferrite substrate
with a homogeneous internal magnetic field while the second
step uses magnetostatic (MS) and electromagnetic (EM) co-
simulation considering the real field delivered by the magnet
that will be used to bias and saturate the ferrite material.

A. Modeling the Ferrite Antenna with an Ideal Homogeneous
Magnetic Field
1) Resonant Frequencies

Given the observations made in the previous section (strong
field amplitude on the side wall of the resonator), we choose to
excite the ferrite resonator using a microstrip line. This can be
achieved by surrounding the ferrite resonator with a dielectric
material. Alumina is chosen because it has a dielectric
permittivity close to that of ferrite. The proposed device,
depicted in Fig. 6, is composed of a cylindrical ferrite with a
diameter of 34 mm and 3 mm of thickness, surrounded by a
rectangular alumina (Al>O3) substrate (er= 9.6 and tand = 2x10°
4) of 84 mm x 94 mm. A circular metallic patch is placed on top
of the ferrite with the same radius. This patch is edge-fed by a
microstrip line and the lower metallization, over the entire
surface of the substrate, acts as a ground plane. This antenna is

fed by a coaxial connector on the edge of the board. The first
step in the modeling process of a ferrite antenna is to consider
its response under a homogeneous bias magnetic field, along
the whole ferrite substrate. A first simulation is done using an
internal field in the ferrite Hi = 200 Oe applied along the -z
direction.

Fig. 6. Proposed antenna device topology.

The input impedance Zii, presented in Fig. 7, has its
reference plane at the ferrite-dielectric interface. It shows that a
mode appears in the frequency band where the real part of the
effective permeability is negative. Fig. 8 confirms that the
excited mode is a TM.11 with a high intensity on the edge.

Fig. 9 shows the corresponding |Sii| parameter and an
operation around 1.27 GHz. As there is only one mode in this
working zone (unlike the other zones that have already been
published [20]), the RHCP polarization is not disturbed by the
presence of other modes, resulting in an axial ratio (AR) of less
than 3 dB over a frequency band wide enough to cover all the
desired frequency bands L1, L2 and E6. In this case, the cavity
mode is excited and centered around the E6 band
(approximately 1.27 GHz), resulting in a good radiation
efficiency, reaching up to 82 % at 1.28 GHz. This represents a
promising solution for producing broadband or multiband
antennas with the same circular polarization, on condition that
they can be matched.
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Fig. 7. Evolution of the real and imaginay part of the input impedance Z;.
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Fig. 8. Mapping of the E field at 1.27 GHz.
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Fig. 9. |S11] and AR in EM simulation with an uniform H; in the ferrite.

To obtain the antenna matching on the desired frequency
bands, an ideal LC impedance matching circuit on the feeding
line can be integrated to transform the previous Zi; (Fig. 7) to
50 Q on the L2 and E6 frequency bands (Fig. 10 (a)). Optimized
values for the capacitance C1, and inductances L1 and L2 are
1.55 pF, 100 nH and 23 nH respectively. The corresponding
[S11]| parameter is plotted Fig. 10 (b). In order to avoid future
losses linked to the integration of capacitances and inductances
which could possibly disrupt and deteriorate the antenna
radiation efficiency, an equivalent circuit was designed and
optimized. This circuit is made up of a meander line as shown
in Fig. 11 and is developed due to well-known studies in the
literature [27], [28], [29].

L2
Port pr— (N
L1 % Cl:JE { [

L2 E6
T T T T

@

L I I I I I I |
1.2 1.21 1.22 1.23 1.24 1.25 1.26 1.27 1.28 1.29 1.3
(b) Frequency (GHz)

Fig. 10. (a) Antenna matching circuit to obtain the L2 and E6 bands. (b) The
antenna |Sy;| parameter with a LC circuit integrated in the feeding line.

Etching a slot on the radiating element will allow matching
the antenna on the L1 band (Fig. 11). The dimensions of the slot
and matching circuit are Ls = 16 mm, Ws = 0.5 mm, Lg1 = 5.6
mm, W1 = 0.3 mm, Lg, = 14.8 mm, W, =0.15 mm, Wg = 0.25
mm. The use of slots on patch antennas to increase bandwidth
or enable multi-band operation has been extensively
documented in the literature [30], [31], [32]. In this work, the
slot is strategically etched near the edge of the radiating patch.
As shown in Fig. 5, in the region where pff < 0, the Ez
component is particularly strong along the cavity edge and
decays toward the center. This field profile guided the shape of
the slot arc and its peripheral placement. Its dimensions were
optimized to excite a second resonance at the L1 band

frequency (~1.575 GHz), resulting in a dual-band RHCP
response. Therefore, this will make it possible to achieve a tri-
band antenna with the same RHCP in all frequency bands.

.....

Fig. 11. Final antenna device configuration.

The |S1u1| and the axial ratio (AR) are plotted in Fig. 12. The
antenna operates around 1.23 GHz, 1.282 GHz and 1.575 GHz
with a good impedance matching on all frequency bands. The
axial ratio plot highlights the good RHCP quality since the
boresight AR remains under 3 dB on the device matching
bands. These exceptional performance characteristics,
however, come at the expense of radiation efficiency. The
creation of these two additional resonances is enabled by the
introduction of the meandered line which leads to a 20 %
efficiency reduction compared to the previously mentioned
peak efficiency of 82 %. In addition, the etched slot contributes
to a further 12 % loss in efficiency on the lower frequency band.
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Fig. 12. The |S1;1| parameter and axial ratio (AR) versus the frequency under
a uniform bias magnetic field of 200 Oe.

2) Radiation patterns

The circular polarization of the TM.;; excitation mode,
obtained by the ferrite material integrated in the antenna device,
can also be shown by the E-field distributions for different
phases as presented in Fig. 13 at 1.23 GHz. Similar E-field
distributions can be observed with other frequency bands.
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The circularly polarized realized gains are exhibited in Fig.
14. From this illustration it appears that the device presents a
conventional patch antenna radiation pattern which is
maximum on the z- axis, the device main axis. The maximum
realized gains are equal to 0 dBic, 1 dBic and 0.75 dBic for the
L2, E6 and L1 bands respectively.

vim
30000
10000

4000

1000
400

100

(c) (d)
Fig. 13. E-field distributions of the ferrite antenna device at 1.23 GHz for
(a) phase = 0°, (b) phase = 45°, (c) phase = 90° and (d) phase = 135°.
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Fig. 14. Simulated radiation patterns for the proposed antenna in the three
frequency bands, for an uniform H; and for the cutting planes : ¢ = 0° and
¢ =90°.

3) Radiation efficiency analysis

The antenna radiates 30 % of the received power for all the
matching bands, where the |S1:| is under -10 dB. To find out why
the radiation efficiency is low, we carried out further simulations.

One reason for the degraded efficiency of ferrite antennas is
associated with the magnetic losses of the material [33].
However, the degradation in the efficiency of a miniature antenna
is often linked to metal losses. As in the case presented here we
are associating a ferrite material with miniaturization. Fig. 15
shows the contributions of each of the losses by plotting the
evolution of the radiation efficiency as a function of the
frequency for the different losses.

100 — L -

80 - 3

———
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40 -
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Fig. 15. Study of the influence of the conductivity in metal parts, the
magnetic, metallic and dielectric losses on the ferrite antenna radiation
efficiency.

The red plot in Fig. 15 considers only the magnetic losses of
the device, that is to say, without the metallic and dielectric
losses. The black plot of Fig. 15 is when the antenna has no loss
and as expected a radiation efficiency of 100 % is obtained. In
this case, a simplifying assumption considering the ferrite as an
isotropic magneto-dielectric material has been made. The
magnetic losses of the material were set to 0 as well as its
dielectric loss tangent. Moreover, metallic plates constituting the
patch, lines and ground plane were replaced with perfect
electrical conductors (PEC).

The blue and green curves consider all the losses and also show
the influence of the metal's conductivity value. Therefore,
metallic losses cause more than 40 % reduction in efficiency in
the worst case, i.e. when the metallic conductivity is 1*107 S/m.
Indeed, electrical currents flowing through the meander line can
cause part of the RF signal power to be lost in the metal. As
shown in Fig. 13, a high concentration of E-field existing around
this feeding line affects also the efficiency of the antenna. The
low conductivity of 1*107 S/m for metallic parts in the device has
been considered since this value corresponds to the real
conductivity of the metallization that will be used in the
manufacturing process of the device in our laboratory's clean
room. This variation of conductivity adds a loss of 15 % in the
efficiency of the antenna.

Therefore, we can conclude that working in the zone with the
real part of pff is negative allows to improve the AR bandwidth
of an antenna with a radiation efficiency that could be improved
by the development of optimized manufacturing process.

B. Ferrite Antenna Behavior under an
Internal Magnetic Field

In the real case (for the realization of the experimental device),

Inhomogeneous
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this kind of ferrite substrate is biased by permanent magnets to
be considered in simulation. Before simulating the antenna
behavior in this practical case, it is necessary to define the
geometrical and magnetic characteristics of the magnets to
evaluate the needed DC biasing field for the ferrite. For this
reason, a magnetostatic study must be performed.

The chosen magnet shown in Fig. 16 is a Samarium Cobalt
(SmCo5), with a B, = 0.88 T, located under the ground plane,
with a diameter of 60 mm and a thickness of 3.2 mm. To improve
the field homogeneity, a steel plate was added between the
ground plane and the magnet. Whether the homogeneity of the
internal static magnetic field H; on the ferrite can be improved
even more, by using a second magnet placed on top, as is
commonly found in the literature [17], [20], [24], here the etched
slot on the patch for the L1 band, prevents this type of
configuration with two magnets. Consequently, H; in the ferrite
will be less uniform than commonly used models.

Excitation line (Au)

Patch (Au) Meander

> \

[ reme [
A,/30 Connector
DT s e )

Fig. 16. Side cut of the simulated antenna final design considering a non-
homogeneous internal magnetic field provided by permanent magnets.

Considering all the antenna components, including the magnet
and steel plate, the total dimension of the device antenna is % X

:—‘; X :—g (ground plane length x width x total height) at 1.23 GHz.

Magnetostatic and electromagnetic simulations are combined
to estimate the antenna's performance, considering the actual H;
values obtained with the magnets. These MS-EM co-simulation
results, in terms of [S11| parameter and AR in the boresight
direction (¢ = 0° and 6 = 0°), are plotted in Fig. 17 as a function

of frequency, with H;oriented along the negative z axis.
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Fig. 17. The |Sy,| parametes and the AR of MS-EM co-simulation for a non-
uniform bias magnetic field.

The antenna has an RHCP in the three operating bands (L1, L2
and E6), with an AR < 3 dB which covers all of the matching
frequency bands of the antenna.

The slight differences between ideal and real case studies, in
terms of AR and |S11| parameter behavior and frequency shifts
are mostly due to the Hi inhomogeneity. In the zone where pff <
0, a slight variation of H; leads to a variation of p.ff (Fig. 1) and
thus of the antenna performances. These differences (between
ideal and real case studies) are more visible in terms of radiation
pattern (gain and efficiency). The realized gain is about -2.3 dBi,
0.19 dBi and 0.2 dBi at the central frequencies for the L2, E6 and
L1 bands respectively.

In summary, from this MS-EM co-simulation analysis, the
antenna performances of the ideal case study could be basically
retrieved by properly adjusting the magnetic biasing field from
the magnets. The next step consists in validating the simulated
results through a prototype measurement.

V. REALIZATION OF THE PROTOTYPE AND MEASUREMENT
RESULTS

After the simulations, performance validation will be carried
out by measuring a prototype. A bare alumina - ferrite substrate
was metallized on both sides using microfabrication techniques
available in the clean room of the XLIM Research Institute. The
metallic parts of the antenna (main patch, feeding line and ground
plane) were fabricated using a Ti/Au (30/300 nm) layer obtained
by electron-beam evaporation, completed by an electrolysis to
achieve a gold layer of 15 um thick. The etching of the upper face
of the antenna (main patch and feeding line) was carried out by
an LPKF laser machine. Then the SMA connector is fixed by a
silver conductive glue. For assembling the antenna elements, the
steel plate and the magnet were aligned with the ground plane
and ferrite through a Rohacell support (Fig. 18).

Alumina

-
haf-e“
|Ro!

\

Fig. 18. The bare ferrite and alumina substrate, the fabricated antenna after
metallization and laser etching and the antenna mounted inside the Rohacell
support.

The measurements of the proposed antenna were carried out
within the CISTEME measurement platform using an SG 24
Stargate, as shown in Fig. 19. The radiation pattern of the antenna
under test (AUT) was measured in a transmit configuration using
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a dedicated Rohacell support to minimize external perturbations
and measurement artifacts.

Fig. 19. SG 24 Stargate measurement setup used for the characterization of
the fabricated antenna (antenna under test — AUT).

The co-simulated and measured |Si;| parameters and the
boresight AR as a function of frequency are plotted in Fig. 20.
The three operating bands are around 1.225 GHz, 1.279 GHz and
1.573 GHz respectively with a good agreement between the
measured and simulated parameters. The boresight AR of the
antenna is of the order of 1.2 dB to 1.4 dB on the L2 and E6 bands
and below 1.6 dB on the upper band L1.
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Fig. 20. Measurement results and MS-EM co-simulation of |Sy;| parameters
and AR for the three operating frequencies.

Fig. 21 shows the measured AR of the right polarization (main
polarization) at the frequencies 1.225 GHz, 1.279 GHz and 1.573
GHz for different cutting planes (¢ = 0°, ¢ = 45°, ¢ = 90° and ¢
= 135°). These measurement results demonstrate the good
radiation in right hand circular polarization of the fabricated
device. The antenna reveals an AR < 3 dB with an angular

aperture in the theta plane between -100° and 110° for the
frequency bands L2 and E6 in the different ¢ cutting planes. Even
in the worst case for the L1 band, the angular aperture in the theta
plane remains between -68° and 75° with an AR < 3 dB.
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Fig. 21. Axial ratio of the right hand circular polarization (RHCP) at 1.225
GHz, 1.279 GHz and 1.573 GHz for different Phi cutting planes.

To provide a comprehensive evaluation of the antenna’s
performance, the measured boresight realized gain is plotted as a
function of frequency (Fig. 22). For clarity, the measured |S1i]
parameter is also included in the same plot. The measured results
demonstrate realized gains ranging from —4.1 dBic to —1.8 dBic
in the L2 band, from —4.1 dBic to 1 dBic in the E6 band, and
from —1.8 dBic to 1 dBic in the L1 band. Across all frequency
bands, the minimum gain of —4.1 dBic occurs at the lower edge
of the L2 band and at the peak frequency of the E6 band. The
measured radiation efficiency of the antenna exhibits a trend
consistent with that of the realized gain, as illustrated in Fig. 22.

The efficiency reaches peak values of 28 % in the L2 and E6
bands, and 26 % in the L1 band. These efficiency values are
quite close to those obtained in the EM simulation (blue plot of
Fig. 15). For a better estimation of the concordance between
measurement and the MS-EM co-simulation antenna behavior,
Table 1l summarizes the performances obtained in terms of gain,
radiation efficiency and boresight AR on the central frequency of
|S11] parameters for the three bands.

From this comparative study, even if ensuring a perfect
homogeneity of the H; in ferrite antennas is a real challenge, it
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has been possible to successfully align simulation and
measurements. Due to the prototype realization and despite the
difficulties to reproduce in simulation the real field provided by
the magnets, the concept of a tri-band antenna operating in a
Meff < 0 zone with an RHCP wave is validated for GPS and

Galileo applications.
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Fig. 22. Measured realized gain of the antenna as a function of frequency.

TABLE Il
SUMMARY OF THE MEASURED PERFORMANCES OF THE FABRICATED
ANTENNA DEVICE

Frequency 1.225 GHz 1.279 GHz 1573 GHz
AR (9 =0°6=0°) 1.26 dB 1.33dB 14dB
Radiation efficiency 10 % 24 % 24 %
Realized gain -3 dBic 0.2 dBic 0.9 dBic
S'm”'age;r:ea"zed 2.3dBic 0.19 dBic 0.2 dBic

VI. COMPARISON WITH THE LITERATURE

The performances of some existing antennas in the literature
operating in the pff < 0 zone and multiband antennas for GNSS
applications are compared in the Table 111 with the ones presented
in this paper. It is worth noting that some of the ferrite antennas
listed in Table 111 ([21], [22], [23]) are only simulated under the
ideal condition of a uniform magnetic field in the ferrite, without
the use of biasing magnets, and lack experimental validation.

The listed dimensions in the third column include the ground
plane which contributes to the radiation performances of the
antenna like an improvement of the realized gain or the
impedance bandwidth. This work offers a more compact device
compared to conventional antennas (without ferrite substrate) for
the same GNSS applications ([34], [35], [36]) or to other ferrite
antennas operating in the peff <0 zone [21], [22]. In cases where
the impedance bandwidths are wider than this work, the devices
use low permittivity and much bulkier substrates [34] or several
radiating elements [22], which could also explain larger gain
values. It should also be noted that the measured 3-dB AR

beamwidth is wider in this work than for other ferrite devices in
the peff <0 zone ([21], [22], [23]).

In [24], a different approach is adopted by exploiting the
eigenmodes of a cavity filled with a dispersive ferrite material.
These eigenmodes reappear at multiple frequencies, enabling
multi-band circularly polarized operation through direct
excitation with a coaxial probe. The efficiency and gain
measurements in [24] are referenced at the output of the coaxial
line, just before the antenna input, ensuring direct excitation and
good matching at cavity resonances, resulting in higher measured
realized gains. While this method leads to efficient and multi-
band operation, the resonant frequencies are inherently coupled
through the cavity geometry and material dispersion, limiting the
ability to independently target closely spaced GNSS bands such
as L1, L2, and E6. Furthermore, this approach results in the
simultaneous presence of both RHCP and LHCP polarizations,
which is not acceptable for GNSS applications that require
consistent and pure RHCP across all operating bands.

VII. CONCLUSION

The present article exploits the potential of ferrite material to
produce a compact multiband antenna for GNSS applications,
with a small footprint, radiating a right-handed circular
polarization over three frequency bands with a single feed point
and a single ferrite substrate.

Based on a theoretical approach and MS-EM co-simulations,
we have demonstrated that working in the zone where the real
part of the effective permeability is negative provides a wide
frequency band of an AR lower than 3 dB. The antenna was
manufactured and the measured performances demonstrate
proper operation of the device on this ferrite working Zone (lff
< 0) rarely studied in the literature. In fact, this zone is often
neglected since a slight variation of the magnetic field leads to
a variation of the effective permeability which may affect the
antenna response.

All the device development has been detailed, starting with a
prediction of the antenna performances in the ideal case, i.e.
considering a homogeneous internal magnetic field. Then, the
ferrite substrate was biased by a permanent magnet and a
magnetostatic study was carried out to estimate the magnetic
field produced by this magnet and the non-homogeneous
internal magnetic field in the ferrite. Finally, a prototype has
been realized and the comparison of the measured and
simulated results showed a good agreement validating the
concept of a tri-band antenna for the first time with a ferrite
substrate with the same circular polarization (RHCP) on the
three operating frequency bands.
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TABLE Il
COMPARISON WITH CP ANTENNAS IN THE PREVIOUS LITERATURE
Reference Operating frequency Dimension 3-dB AR Maximum realized gain ~ Measured Type of Number of
(GHz) Beamwidth (°) on the bandwidth (dBic) results polarization patches
[21] 3.9 Ao X 2o X o 200 5 No LHCP 1
09 09 72
[22] 422 Ro Ao o 90 7 No LHCP 1
14 14 40
[23] 41 Ao ot 2o 180 7.9 No LHCP 6
26 26 44
RHCP, LHCP,
[24] 33,39,74 X NA 18 2.6 3.7 RHCP 1
1.165-1.19, 1.195-1.24, Ao NA
[34] 1.37-1.395, 1.565-1.585 ) 135 (L2)  (E6) (L1) NA
Ao _ Ao 3 2
35 1.15-1.29; 1.5-1.615 — X — 120 NA
[35) 34 % (L2)  (E6) (L)
Ao Ao NA 2
36 1.227;1.525-1.61 — X — AR > 3dB NA
(361 2 %% (L2)  (€6) (L)
. Ao
This work 1.225,1.279, 1.573 — 210 1
30 (L2) (E6) (L)
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