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Ultra-Miniature and Circularly Polarized
Ferrite Patch Antenna
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Abstract— This article describes the development, the design
and the measurement of a circularly polarized ultra-miniature
antenna. The modeled device takes advantage of the magnetic
properties of ferrite materials to achieve the desired specifica-
tions. Indeed, the antenna is operating at a frequency where the
effective permeability is greater than one and the permeability
has a negative real part, i.e., in the zone between the p and p.rr
resonances of the ferrite. The dimensions of the designed antenna
are about (1y/23.6) x (19/20.7) x (49/29.4) at 2.42 GHz and a
good circular polarization is achieved at the central operating
frequency of the device, with a boresight axial ratio (AR) of
1.6 dB. This article is based on the modal study of a ferrite cavity
which will be presented and detailed in a first step. The physical
properties of the antenna and related material (dimensions,
ferrite internal magnetic field, the saturation magnetization, etc.)
will be deduced from this modal study and from the resolution
of the wave equation inside a cylindrical ferrite cavity. All the
antenna performances in terms of impedance matching, axial-
ratio, and radiation pattern are reported and commented. This
concept is finally validated by the measurement of a prototype.

Index Terms— Circular polarization, miniaturization, satu-
rated ferrite materials.

I. INTRODUCTION

IRCULARLY polarized radiation is an important and

increasingly relevant criterion for antenna design for
many reasons. Indeed, compared to linear polarization, circular
polarization avoids the multipath fading effect and decreases
the polarization mismatch which provides a better angular
orientation flexibility between the transmitter and the receiver.
This kind of polarization is achieved when two degener-
ated orthogonal modes with equal amplitudes and in phase
quadrature are excited. This commonly occurs either by using
only one probe feeding and perturbing the device radiating
element [1], [2] or by using an anisotropic material such as
a ferrite [3], [4], [5], or by exciting the antenna through a
feeding network [6], [7].

Another important concern for improving telecommuni-
cation systems is to develop compact devices to facilitate
their integration and to reduce their bulkiness without degrad-
ing their performances. Many techniques are adopted in the
literature reducing the antennas size such as using dielec-
tric/magnetodielectric materials with high permittivity and/or
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permeability [8], [9], adding slots/slits to the patch/ground
plane [10] or using shorting pins/strips [11].

The polarization of miniature antennas is often uncontrolled
and combining circular polarization to compactness requires
the association of the above techniques. In [12], the circular
polarization is achieved by placing the alimentation cable at a
distance dx and dy from the patch center. The miniaturization
of this structure is carried out by adding two metallic shorting
strips soldered on two opposite edges of the antenna. The
measured device presents a matching bandwidth of about
8.9% (from 855 to 935 MHz) and an axial ratio (AR) lower
than 3 dB on a frequency range of 11% (from 912 MHz to
1.015 GHz). The antenna dimensions are about (Ag/5.2) x
(Ao/4.8) x (Ap/16.8) at the central frequency, considering
only the resonator. However, the ground plane affects the
antenna radiation and improves the radiation efficiency, so it
is important to consider it in the antenna size. In this case,
adding the ground plane bulkiness increases significantly the
device overall size ((49/1.2) x (A9/1.2) at the device central
frequency).

Another common technique to reduce the antenna size
while radiating circularly polarized waves is to load the patch
with cross slots as showed in [1]. The antenna resonates
at 5.28 GHz with an impedance bandwidth of 14% and an
AR lower than 3 dB along a bandwidth of 3.3%. At its
operating frequency, the radiating element presents dimensions
of (Ao/5) x (A/5). Considering the ground plane, the device
overall size is about (A/2.7) x (A9/17.9).

Acquiring circularly polarized waves using dual or multi
feed configuration usually requires a feeding network creating
a 90° phase shift between the antenna excitation ports using
power dividers or hybrid couplers [13], [14]. The two-port
configuration while using the Wilkinson power divider is
described in [13]. The feeding network provides two phase
shifted signals to the patch generating the circularly polarized
waves. The antenna resonates at 2.45 GHz with a matching
bandwidth of 7% and a good circular polarization quality
on a range of 7.8%. The antenna size has been reduced
by 45.7% compared to a conventional patch antenna thanks
to the slots and slits etched on the device metallic patch.
However, the antenna global dimensions remain cumbersome
while considering the ground plane ((A9/1.7) x (A/1.2) at
2.45 GHz) due to the integration of the power divider. That’s
why, for a purpose of miniaturization, using multiple power
sources is not the ideal solution to adopt. The need of bulky
ground planes to enclose the antenna feeding elements induces
additional losses and increases the manufacturing costs.

To combine circular polarization and compactness while
using a single probe feeding, an attractive solution is to
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use ferrite materials [3], [4], [5]. Indeed, thanks to their
anisotropy and their nonreciprocal behavior, ferrites can gen-
erate, under a continuous (dc) magnetic bias field, two circular
polarized waves presenting an opposite polarization [right
circular polarization (RHCP) and left-hand circularly polarized
(LHCP)] [3], [5]. Added to that, their dispersive character
allows having for some frequency bands a permeability higher
than one which leads to the antenna overall size miniaturiza-
tion [4], [5]. In [5], we have made the first proof of concept
of an antenna generating circular polarization exploiting the
properties of ferrite materials. The antenna was miniature
((A/6.5) at 3.3 GHz, including the ground plane), tri-band
and circularly polarized. Based on these previous works,
we propose in the current article to take miniaturization a
step further by designing a highly miniaturized and circularly
polarized ferrite patch antenna excited by a single feeding
probe.

As the parameters of ferrites, especially their permeability
and effective permeability, are frequency and magnetic field
dependent, it is possible to operate a ferrite device over
different areas. The most common zones (widely studied for
circulators) are the strong and weak field areas. Pozar [3] and
Jemmeli et al. [5] present antennas operating in one or both
of these zones. Ghalibafan et al. [15] presents in an antenna
operating in a zone where the effective permeability is negative
and the permeability is between O and 1. In this article, the
antenna will be designed to operate in a zone where the ferrite
has an effective permeability greater than one and a negative
permeability.

To achieve this objective, this article is divided into three
main sections.

Section II is dedicated to the presentation of the most
important magnetic characteristics of ferrite materials. The
observation of these characteristics and their interpretation
allow the justification of the choice of the antenna operating
frequency.

Section III investigates the modal study of a ferrite cavity
extended to a new domain of resolution compared to our
previous paper [5]. Indeed, the wave equation inside the ferrite
cavity is now solved in two new permeability zones. The
first is where the permeability exhibits a negative real part,
i.e., where the effective permeability is higher than one and
the second is where the effective permeability is negative.
Solving this equation shows that there is a circularly polarized
mode in these resolution areas. We will demonstrate in this
article that designing an antenna in the first domain mentioned
above (effective permeability higher than one) implies that
the antenna can have even smaller dimensions than those
presented in the article [5].

The antenna design is detailed in Section IV then its per-
formances are investigated through an electromagnetic study
using CST Microwave studio [16]. The electromagnetic study
starts by considering the antenna modeled in the ideal case,
i.e., when the magnetic field inside the ferrite substrate is
homogenous.

A study of the antenna parameters in the real case, i.e.,
when the applied magnetic field is provided by two permanent
magnets, is carried out before launching a prototype realiza-
tion. This analyze is achieved after a magnetostatic (MS) study
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presenting the variation and the average value of the internal
magnetic field. The final step is to realize and measure the
prototype to validate the simulation results.

II. FERRITE SUBSTRATE MAGNETIC CHARACTERISTICS

Ferrite materials, under a dc biasing magnetic field, are
characterized by their permeability which presents a tensorial
form called Polder tensor by the following [3]:

w o —jk 0
(wr@l=1|jk n 0 (D
0 0 1

where the Permeability Tensor Elements Are Given by

W (wp + jo) P
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with: o = 2nf, w, is the gyrotropic pulsation defined by
W, = YoM, and wy the Larmor pulsation given by wy =
Yo H;.

In addition, Polder modeled the magnetic losses through
the damping factor « = (yAH/2f;) with AH is the ferrite
linewidth.

The permeability tensor components therefore depend on
the frequency f, the ferrite internal magnetic field H; and the
saturation magnetization M, [3].

For a better estimation of the ferrite antennas behavior
another parameter must be introduced which is the effective
permeability expressed by the following [3]:
M2 _ k2

Mefp = 3)

The Polder tensor elements and the effective permeability
are used to define the antenna working zones. For a purpose
of miniaturization, the device operating frequency should
be in the area where the material presents a high effective
permeability. To determine the appropriate operating frequency
range, the u and sy real and imaginary parts are plotted in
Fig. 1.

According to Fig. 1, five areas could be distinguished. The
first one (area 1) is called strong field area, where the device
working frequency is below the gyromagnetic resonance.
In this area, the effective permeability is slightly greater than
unity. The second area is the gyromagnetic resonance in which
the material has high magnetic losses. The third area, where
the effective permeability is significantly higher than unity,
is situated between the gyromagnetic resonance (resonance
of ) and the p.rr resonance. The fourth area is where the
effective permeability is negative. The last area (weak field
area) is the one where the effective permeability switches from
negative to positive.

These resonance frequencies depend on both the properties
of the ferrite and the strength of the internal field, their choice
therefore adjusts the operating frequency of the antenna. In our
previous work [5], we studied both areas 1 and 5 to achieve
a tri-band, miniature and circularly polarized antenna. In the
example shown in Fig. 1 (which will be chosen in this
work), the antenna will be further miniature if its operating
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Fig. 1. and pepr real and imaginary parts versus the frequency for Y39
ferrite with 47 My = 800 Gauss, &, = 14.6, 1g6 = 2 x 1074, AH,pp = 4 Oe,
and H; = 580 Oe.

frequency is where the effective permeability is high, i.e.,
around 2.4 GHz.

Section III will focus on the modal study of a cylindrical
cavity of a ferrite having the characteristics presented in Fig. 1.

III. FERRITE ANTENNA MODAL STUDY

The modal study of a ferrite patch antenna should be
reminded before undertaking the modeling process. This aims
to predict our antenna working frequency and its geometrical
and magnetic specifications.

Therefore, a cylindrical ferrite patch antenna is assimilated
to a cylindrical resonant cavity as shown in Fig. 2 [3].

The cavity sides are assumed to be perfect magnetic walls
and its upper and lower faces are considered as perfect
electrical walls.

The cavity wave equation for the fundamental mode is
given by (4). The application of the boundary conditions to
this equation leads to (5) and (6). The working frequencies
for perr > 0 are then deduced by solving (5) [3] and for
Merr < 0 (6) [15] is therefore solved. For this purpose,
we implemented a MATLAB code [17]

CE,  19E, 1 82Ez+k215 =0 4)
2 pdp  p? 32 o
k
Ty(ka) £ n——1J,(ka) = 0 )
kan
I (k
n(a)_(l) 1+Y=o (6)
I,(ka) \ka I
with: k = w(e|perr )2

n represents the order of the Bessel function and also the
variation of the mode along 6. Its sign defines the mode
polarization. Indeed, for positive signs n = +1; +2;, ..., the
wave is LHCP. As for the negative signs n = —1; —2;,...,
they correspond to a RHCP.

In Fig. 3 we plotted the evolution of the working frequencies
versus the internal magnetic field. To better define the antenna
working areas we represented them as reported in Fig. 1. From
this plot we can notice the appearance of RHCP and LHCP
modes on both sides of the gyromagnetic resonance. If we
focus on the area between the u and (s resonances, we can
notice that for an internal magnetic field of 580 Oe, a mode
appears at 2.4 GHz. On this mode the permeability is equal to
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Fig. 2. Modal study of a cylindrical ferrite patch antenna, with H;pp is the
applied magnetic field.
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Fig. 3. Evolution of the analytically predicted frequencies versus the internal
field of a ferrite (Y39) patch antenna, with @ = 4 mm and n = %1.

20 which allows a further miniaturization. From Fig. 3 we also
notice an RHCP mode in the strong field area (area 1). This
mode is very close to the gyromagnetic resonance where the
ferrite material presents very strong magnetic losses. For this
purpose, we will neglect this mode and focus on developing
an antenna working in the third area.

This theoretical analysis will be considered to retrieve
the desired antenna properties while performing the EM
simulations.

Following this modal study, we have adopted a rectangular
configuration to have more degrees of freedom in optimiz-
ing the feeding probe position and also the ratio between
the longitudinal and transverse components of the ferrite
substrate.

IV. MODELING STEPS OF A FERRITE PATCH ANTENNA
A. Antenna Configuration

The most compact technique for feeding a patch antenna
is to use a coaxial cable. However, this kind of excitation is
rather complicated to implement in this case since the ferrite
substrate drilling affects the internal field homogeneity [5].
To overcome this problem, the solution was to place the
feeding probe outside the substrate, as shown in Fig. 4.

The ferrite substrate (Y39), with dimensions L, = 6 mm,
L, =5.25 mm (a = 4 mm: the radius of the smallest sphere
surrounding the ferrite) and » = 3.5 mm, is inserted in a
20 x 20 mm? square ground plane. This aims to improve
the antenna elements alignment during the experimental real-
ization. To ensure a better soldering of the probe feed to the
antenna structure, metalized Rogers (RO4003C) substrates are
used to constitute the ground plane and the antenna top-hat.
The central core of the coaxial cable is soldered to the
top-hat while its shield is soldered to the ground plane. Other
manufacturing constraints are also taken into consideration
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Fig. 4. Designed antenna configuration.

during the modeling phase. Indeed, in order to guarantee a
good assembly during the prototype realization, we “notched”
the top-hat in order to properly solder the feeding cable to
the structure. In addition, we have considered the effect of the
optical RF converter that will be used later to measure the
antenna performances in the anechoic chamber.

B. Antenna Behavior Under a Homogenous Internal
Magnetic Field

The first step in the modeling process of a ferrite antenna
is to consider its response under a homogenous bias field [5],
constant along the whole substrate. For the proposed design,
illustrated in Fig. 4, the internal magnetic field is fixed
at 580 Oe.

The |S1;| and the AR are depicted in Fig. 5. The current
figure shows that the antenna operates around 2.415 GHz with
a good impedance matching, with a reflection coefficient lower
than —10 dB on a frequency range of 1%. The antenna
performances will be also evaluated for a |S;;|< —6 dB,
which is a common matching criterion used for miniature
antennas. Considering this criterion, the antenna is matched
on an impedance bandwidth of 1.7%. The AR plot highlights
the good circular polarization quality since the boresight AR
is equal to 1.9 dB at the central frequency and remains under
3.9 dB on the device matching band at —6 dB. When the |S};|
is lower than —10 dB the maximum AR value is about 2.9 dB.
The circular polarization with an AR of 3 dB is achieved on
a frequency range of 2%.

The circular polarization, obtained by integrating a ferrite
material and the TM_;; mode excitation, can also be shown
by the E-field distributions for different phases as presented
in Fig. 6.

To evaluate the antenna bulkiness, the device dimensions
are calculated as a function of the wavelength at the operating
central frequency. The resonator presents a size of (1¢/23.7) x
(20/20.7) x (A¢/29.5) at 2.415 GHz which confirms that
the antenna is ultra-miniature with a miniaturization factor of
n = (ew)’? =17 According to Wheeler theory [18], the
device overall size must consider the ground plane and the
permanent magnets by considering the radius of the smallest
sphere enclosing the antenna. In this case, this radius equals
(A0/8.8) at 2.415 GHz.

The normalized circularly polarized radiation patterns are
exhibited in Fig. 7. From this illustration it appears that the
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Fig. 6. E-field distributions of a patch antenna made with a ferrite material
for (a) phase = 0°, (b) phase = 45°, (c) phase = 90°, and (d) phase = 135°.
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Fig. 7. Normalized circularly polarized radiation patterns at the antenna
working frequency (2.41 GHz) for a uniform H; and for the cutting planes:
¢ = 0° and ¢ = 90°.

device presents a conventional patch antenna radiation which
is maximum on the device main axis.

On this mode, the antenna radiates more than 4.8% of the
received power and on all the matching band, where the |Sy|
is under —6 dB. At 2.415 GHz, the radiation efficiency is
about 6% and the maximum realized gain equals —9.5 dBi.

In order to determine the reasons of obtaining such a low
radiation efficiency, we carried out further simulations.

Commonly, the deterioration of ferrite antennas efficiencies
is associated with the material magnetic losses [19]. Therefore,
we characterized the effect of these losses on the efficiency
through a parametric study of the magnetic loss tangent
tg 8,. We made a simplifying assumption by considering
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Fig. 8. Study of the magnetic loss tangent influence on the ferrite antenna

radiation efficiency.

the ferrite as an isotropic magneto-dielectric material with
permittivity &, = 14.6 and permeability wu, = 20, which
corresponds to the real part of the u.rs at the resonant mode
frequency. We focused on the magnetic losses of the material
by neglecting the dielectric and metallic losses by assigning a
zero to the dielectric loss tangent of the material and replacing
the metallic plates constituting the patch and ground plane
with perfect electrical conductors (PECs). The magnetic loss
tangent is given by the ratio between the imaginary and real
parts of the material permeability. For this purpose, we picked
Re(terr) and Im(u.rr) at the antenna working frequency
and calculate their ratio. At 2.415 GHz, Re(u.rr) = 20 and
Im(perr) = 1.3 which gives a ratio of 0.07. We consider this
ratio and take other values of tg §, to better discern their
influence on the antenna radiation.

Fig. 8 shows the evolution of the radiation efficiency as
a function of the frequency for different values of tg §,.
From these plots, we can note that a radiation efficiency of
100% is obtained when the magnetic loss tangent is equal
to zero, which is a logical value since the antenna has no
loss in this case. As this parameter increases, the efficiency
decreases. We can observe, from the plot relating to tg 6, =
0.07 that the radiation efficiency is about 5% at 2.415 GHz.
Therefore, we can conclude that working in the area between
the gyromagnetic resonance and the resonance of the .rf
allows, certainly, to improve the compactness of the antenna
but deteriorates its radiation efficiency due to the strong
magnetic losses.

To compare the miniaturization factor of our device with
the fundamental limits, we calculate its quality factor from its
input impedance [see (7)] and compare it to the quality factors
of Collin (8) [20] and Hansen (9) [21], [22]

— a)() /
Qantenne = ZR((U()) |Z (0)0)|
L w . / X (o))
= / Ri(wo)? + (x (o + 2 ) )
1 1
Ocollin = W + a 3
1+ 2(ka)*
QHansen = & (9)

(ka)* (1 + (ka)?)

where a is the minimum radius of the sphere enclosing the
antenna and k is the wavenumber k = 27r/A. The sphere can
consider either only the resonator (in this case ¢ = 5.2 mm)
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TABLE I

POSITIONING OF THE ULTRA-MINIATURE ANTENNA PERFORMANCES
WITH RESPECT TO THE FUNDAMENTAL LIMITS

a=5.2mm a=14.1mm
ka 0.261 0.708

Qantenne 2 1

QCollin 59.8 4.2

QHansen 59.6 3.7
Quntenne /1 Hrad 400
QOcoliin /Mrad 1115 79
QHansen /ﬂmd 1112 70

as reported in many papers, or the overall size of the device
including the ground plane and magnets (a = 14.1 mm). The
results of these calculations are presented in Table I.

Considering only the device resonator, the antenna perfor-
mances are better than the Collin and Hansen quality factors
limits. However, the ground plane should be also considered
in the device dimensions calculation. In this case, the ratio
between the antenna quality factor and the radiation efficiency
is higher than those of Hansen and Collin. However, this
compromise between miniaturization and radiation efficiency
remains acceptable since the antenna has a circularly polarized
radiation.

C. Magnetostatic Study: Evaluation of the Internal Field
Homogeneity

In the practical case, the ferrite substrate is polarized with
permanent magnets. Before simulating the antenna behavior in
this real case, it is necessary to evaluate the uniformity of the
dc biasing field and to define the geometrical and magnetic
characteristics of the magnets. For this reason, an MS study
must be performed.

The first chosen magnet is a ceramic (C8, with B, =
0.43 T), presenting the same L, and L, dimensions as the
substrate and a thickness of 2.8 mm. It is placed on the top
of the radiating element as shown in Fig. 9 (magnet 1). The
second magnet (Samarium Cobalt Sm2Col7, with B,, = 1 T),
located under the ground plane, is rectangular with dimensions
of 18 x 18 mm? and a thickness of 3.2 mm. To ameliorate the
field homogeneity, two steel plates was added to the structure.
The first one is inserted between the patch and the magnet
1 and the second one is placed between the ground plane and
the magnet 2.

To evaluate the applied magnetic field, we first consider
only the magnets. The simulated applied magnetic field is
represented in Fig. 10(a). From this figure, it appears that this
field has an average value of 1100 Oe and decreases to 900 Oe
near the hole of the lower magnet. Considering the ferrite
demagnetization effects (H; = H,p, — NM,, with N is the
demagnetization factor which is almost equal to one for our
ferrite substrate) we can deduce the internal magnetic field
presented in Fig. 10(b).

Indeed, the simulated field inside the ferrite material along
x and y axis is given in Fig. 10(b). A quite homogenous field
is achieved, according to this figure, with an average value
of 570 Oe. A slight perturbation of the field uniformity can
be noticed in the vicinity of the feeding probe. This is due to
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Fig. 9. Simulated antenna final design considering a nonhomogenous internal
magnetic field provided by permanent magnets.
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the fact that the lower magnet was drilled to insert the coaxial
cable.

D. Antenna Behavior Under a Nonhomogenous Internal
Magnetic Field

The MS simulation is combined to the electromagnetic
analysis in order to estimate the antenna performances when
the internal field is nonuniform.

The co-simulation results in terms of |Sj;| parameter and
AR are plotted in Fig. 11. The mode is retrieved at 2.43 GHz.
A slight frequency shift is noticed compared to the ideal case
study due to the internal field nonhomogeneity. Indeed, in the
area between the p and p.pr resonances a slight variation
of the internal magnetic field leads to a strong variation of
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(b) Rohacell support measurement
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Fig. 12. (a) Designed prototype configuration. (b) Antenna under measure-
ment in the anechoic chamber.

the p.rr and thus of the antenna performances. Therefore,
the optimization of the parameters of our antenna is carried
out meticulously and slight discrepancy between the ideal and
real case study might appear. But, the antenna still presents a
good matching at —6 dB on a bandwidth of 4.5%. The S|
is under —10 dB on a frequency range of 1.4%. The circular
polarization quality is also good since the AR is lower than
3 dB on the whole matching band whether at —10 or —6 dB.
At the operating central frequency, the AR is around 2.05 dB.

The antenna radiation pattern is quite identical to the one
of a classic patch antenna. In terms of radiation efficiency, the
antenna radiates 4.5% of the accepted power at 2.43 GHz and
the realized gain is about —11.5 dBi.

From this co-simulation analysis, the antenna performances
of the ideal case study were basically retrieved by properly
adjusting the magnetic biasing field and the feeding probe
position.

The next step consists in experimentally validating the
simulated results through a prototype measurement.

E. Prototype Measurements

A prototype measurement is carried out in order to validate
the concept of an ultra-miniature and circularly polarized
ferrite patch antenna.

The realized device is shown in Fig. 12. The first step in
the antenna elements assembling process is to align the lower
steel plate and the magnet with the ground plane through a first
Rohacell support. Then the coaxial cable outer shield is fixed
by a conductive glue to the ground plane. The next step is to
add the ferrite substrate and the radiating element on which
the coaxial cable center conductor is soldered. The upper steel
plate and magnet are then placed on the top of the structure and
their alignment is adjusted through a second Rohacell support.
The antenna is measured using an RF optical converter to
minimize the radiation perturbation [23].

The co-simulated and measured |S;;| parameter and the
boresight AR are illustrated in Fig. 13. According to this
figure, it appears that the measured antenna presents a mode
at 2.42 GHz on which a good impedance bandwidth (|S};|<
—6 dB) can be noticed on a frequency range of 7.5%. The
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function of frequency.
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Fig. 15. Measured and simulated normalized circularly polarized radiation

patterns at the antenna working frequency for the cutting planes ¢ = 0° and
@ = 90°.

measured |S;;| is under —10 dB on a bandwidth of 4%.
In terms of circular polarization quality, the measured AR is
under 3 dB on a range of 5.3%. On the antenna matching
band at —6 dB the AR remains under 3.7 dB. When the |S1:]
is under —10 dB, the AR is lower than 2.7 dB and at the
operating central frequency the AR is about 1.6 dB.

The measured total efficiency at the antenna operating fre-
quency is about 4.2% and the realized gain is about —9.6 dBi.
Their curves as a function of frequency are presented in
Fig. 14.

The measured and simulated normalized circularly polarized
radiation patterns at the antenna working frequency, for two
cutting planes ¢ = 0° and ¢ = 90°, are exhibited in Fig. 15.
It is obvious that the measured radiation pattern is identical to
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TABLE 11
COMPARATIVE STUDY OF THE CO-SIMULATED AND
MEASURED ANTENNA PERFORMANCES

MS/EM
co-simulation

Measurements

Working frequency (fw) 2.43GHz 2.42GHz
AR (9=0°, 6=0°) at fi 2.05dB 1.6dB
AR (1S1:]<-6dB) <3dB <3.7dB
Hrad atﬂ 4.5% 4.2%

the simulated one. According to this figure, the device radiates
an RHCP mode.

For a better estimation of the concordance between the
measured and co-simulated antenna behavior, we listed in the
Table II antenna performances in both cases.

According to this table, comparing the two working fre-
quencies shows a good agreement between measurement and
co-simulation. Indeed, a minor error rate, of 0.4%, is obtained.
This slight frequency shift is probably due to possible nonuni-
formities of the magnetic field delivered by the ordered
magnets. Indeed, as previously discussed, it is difficult to
perfectly estimate the field provided by these magnets during
the simulation and measurement processes.

As for the circular polarization quality, in both cases the
antenna has a boresight AR lower than 3 dB (2.05 dB in
co-simulation and 1.6 dB in measurement) at the working
frequency. On the antenna matching band (|S;;|< —6 dB),
a slight deterioration of the measured AR is noticed (<3.7 dB).
However, it remains acceptable for an ultra-miniature antenna.
It is less than 3 dB between 2.35 and 2.48 GHz.

Regarding the radiation efficiency, it is about 4.5% in
co-simulation and 4.2% in measurement. As we have demon-
strated previously, these low 1,,; are due to the ferrite
high magnetic losses in the region between the @ and p.rr
resonances.

Ensuring perfect homogeneity of the internal field is a
real challenge for ferrite antennas. Despite the difficulties
to reproduce in simulation the real field provided by the
magnets, we can conclude from this comparative study that
we have succeeded in matching simulation and measurements.
Thanks to the prototype realization precision and to the good
optimization of the different antenna parameters, the concept
of ultra-miniature antenna with a circularly polarized wave is
validated.

F. Comparison With the Literature

The comparison of the performances of our antenna
with existing antennas in the literature is presented in
Table III [24], [25], [26], [27], [28], [29], [30], [31]. The
dimensions given in the third column are the overall dimen-
sions including the ground plane which contributes to the
radiation of the antenna (improvement of the realized gain,
of the impedance bandwidth,) and often used for measure-
ments. The last column shows the values of a (already defined
previously), the minimum radius of the sphere surrounding
the antenna (including the ground plane dimensions). Our
antenna has the highest miniaturization rate combined with the
highest AR bandwidth, except for [31] where the dimensions
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TABLE IIT
COMPARISON WITH COMPACT CP ANTENNAS IN THE PREVIOUS LITERATURE
Di i A3 Di i A3 i i
Ref. imensions (4p) imensions (1) Substrate Impedgnce AR bandwidth | Efficiency Realized gain | a (sphere
w/o ground plane | w/ ground plane bandwidth (dB) radius)
0.177x 0.177 x 0.27x0.27x | Megtrong6 o o o
[24] 0.025 0.025 (e=4.02) 4.6% 1.46% 72% 2.98 0.19 2o
[25] 0.16x0.16 x 0.06 01490)((;)6.49 x Air 0.7% 0.3% 71.7% 6.2 0.34 20
[26] | 0.26 x 0.26 x 0.05 0'360"005'32 x Air 7.2% 1.1% NA 3.8 0.25 %o
Rogers
[27] 0.27x 0.27x 0.27x 027X | p0a003C 1.88% 0.67% NA 3.7 0.19 %o
0.0137 0.0137 (&=3.38)
Taconic
[28] 0.09 x 0.09 x 0.525x0.325x | pcpR 1.1% 0.3% NA 3.03 0.37 ho
0.016 0.016 (&=10)
Rogers
[29] 0.33x0.33x0.04 0'330)((;)4'33 x RO4003C 7.5% 2.7% NA 3.95 0.24 2o
: (£-3.38)
0.135x0.135x 0.45x0.45x . o o o
[30] 0.045 0.045 Air 3.1% 0.8% 86.5% 5.51 0.32 %o
0.078 x 0.075 x 0.078 x 0.075 x RO6010 28.7% -24.7
31 30% NA >
[31] 0.007 0.007 (=10.2) ’ No measurement No measurement 0.06 30
This | 0.04x0.05x 0.16x0.16x | Ferrite Y39 . . .
work 0.034 0.076 (6~14.6) 4% 5:3% 4.2% 906 0-11 %0

are smaller and the AR bandwidth is larger. This is at the
expense of the antenna gain which has 15.6 dB less than our
antenna. Furthermore, in [31], the results presented for the
AR, the realized gain and the efficiency are simply obtained
by simulation and are therefore not experimentally validated.

V. CONCLUSION

The present article describes the interest of incorporating
ferrite materials within a patch antenna to generate circu-
lar polarization and reducing the device overall size. This
article proposes an improvement of our previous work in
terms of miniaturization. To achieve this ultra-miniaturization
objective, the modal study presented in this current article
focuses on areas that have not been previously discussed:
where the permeability exhibits a negative real part (and an
effective permeability higher than one) and where the effective
permeability is negative. Based on this theoretical approach
we have shown that working in the area between the © and
Mery Tesonances implies a further reduction of the antenna
size. This zone has been neglected in several works since a
slight variation of the magnetic field lead to a high variation
of the effective permeability which deteriorates the antenna
performances. Taking into consideration the eigen mode study
we demonstrated in our work that it is possible to design a
patch antenna working in this zone. All the device modeling
steps have been detailed. Indeed, we started our work by
predicting the antenna performances in the ideal case, i.e.,
when the internal magnetic field is homogenous. Then, the
ferrite substrate is polarized through two permanent magnets.
Therefore, the next step consists in an MS study to estimate
the magnetic field produced by these magnets. Finally, the
last step combined these two analyses to perform a MS/EM

co-simulation to characterize the device behavior in the real
case study. To validate the simulation results a prototype
has been realized and measured in the anechoic chamber.
The comparison of the measured and simulated performances
showed a good agreement validating the concept of an ultra-
miniature ((19/8.8) at 2.43 GHz) circularly polarized ferrite
antenna.
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