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Manipulation of the Radiation Characteristics
of a Patch Antenna by Small Ferrite Disks
Inserted 1n Its Cavity Domain

Michael Sigalov, Reuven Shavit, Senior Member, IEEE, Roman Joffe, and E. O. Kamenetskii

Abstract—TIn this paper, it is shown how the radiation character-
istics of a patch antenna can be manipulated by a small number of
normally magnetized ferrite disks inserted in the resonant region
of the patch. It is shown that a one- and dual-band circular polar-
ized microstrip antenna can be obtained by taking advantage of
the interaction of the antenna cavity field with the magnetized fer-
rite disks. The scattering and radiation parameters of the antenna
are investigated. The dependence of the axial ratio and the return
loss of the antenna on the position and the number of ferrite disks
underneath the patch are analyzed. Experimental and simulation
results are in good agreement.

Index Terms—Circular polarization, ferrite, microstrip antenna.

I. INTRODUCTION

HE inherent anisotropy and nonreciprocal properties of

ferrite materials make them very attractive for use in
different types of antenna applications. The low-loss dielectric
properties of ferrite materials allow the electromagnetic (EM)
waves to penetrate into the ferrite and results in an effective
interaction between the electromagnetic waves and the ferrite
magnetization. The topic of patch antennas printed on ferrite
substrate is well documented in the literature [1]-[15]. In
[1]-3], it is shown how variation of the external magnetic bias
of the ferrite substrate on which patch antennas are printed can
be used to control their operating frequency, and in [4]-[8], it
is shown how it can control the beam steering of the radiation
pattern and its radar cross section. In [9] and [10], it is described
how high and magnetically tunable permeability of the ferrite
substrate can be used to reduce the antenna dimensions. Several
papers have also considered the possibility of creating mag-
netically switchable right and left circularly polarized patch
antennas printed on a magnetized ferromagnetic substrate [11],
[12] or using a ferrite post underneath the patch [13], [14]. In
[15], the authors had shown that insertion of a small normally
magnetized ferrite disk into the cavity region of a patch antenna
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leads to very specific topological-phase characteristics. It was
demonstrated that the power flow lines of the microwave-cavity
fields interacting with a ferrite sample, in the proximity of its
ferromagnetic resonance (FMR), may form whirlpool-like EM
vortices. In [16] and [17], it is shown that if a microwave
resonator contains enclosed gyrotropic-medium samples, the
electromagnetic-field eigen functions could be complex, and
the EM fields in the resonance region under the patch antenna
do not exhibit a standing wave behavior. Accordingly, the EM
fields have a propagation wave behavior, and vortices of power
flow are generated in the cavity region of the patch antenna
[15].

In this work, it is proposed to use small particles of ferrite
materials embedded into the cavity region of the patch antenna,
instead of use of full ferrite substrate, to manipulate its radiation
characteristics. This concept offers a more flexible design, sim-
plicity, and significant cost reduction. Moreover, it is demon-
strated numerically and experimentally that the far-field char-
acteristics of the patch antenna can be manipulated by the fer-
rite disks embedded in the cavity region. In Section II, a brief
description of the basic properties of the EM field propagation
in ferrite materials is described, and the methods to manipulate
the radiation characteristics of a patch antenna by small fer-
rite disk samples inserted in the cavity region of the antenna
are discussed. It is shown that different types of radiating field
polarizations can be obtained simultaneously in different fre-
quency bands by appropriate manipulations of the number of
ferrite disks, their magnetization properties, and their location
under the patch. This is a new feature in patch antennas printed
on a ferrite substrate as far as the author’s knowledge. The ra-
diation parameters of the antenna are investigated and a para-
metric study of the radiation characteristics for one and two fer-
rite disks in the cavity region of the antenna is conducted. In
Section III simulation and experimental results are presented.
All simulation results in this work have been obtained using
HFSS commercial software based on the finite-element method
(FEM). Two prototype antennas with one and two ferrite disks
were built and tested. The agreement between the measured and
simulation data is satisfactory. In the current study, a bulky ex-
ternal dc magnet was used for demonstrating the physical phe-
nomena involved, but in future work, for miniaturization pur-
poses, the intention is to use small permanent magnets under
the ferrite particles or magnetized ferrite disks.

0018-926X/$31.00 © 2013 IEEE
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Magnetic dipole

Fig. 1. Ferrite material illuminated by an electromagnetic wave.

II. THEORY

A. EM Field Propagation in a Ferrite Material

The propagation properties of an EM field in a ferrite material

depend on the angle between the bias magnetic field and the
—

direction of the propagation vector & ofthe EM field [16], [18].

Fig. 1 shows an infinite ferrite medium biased by an external

field ﬁo and its precessing magnetic moments. The medium is
illuminated by an EM plane wave with the propagating vector

% at an angle 5 with the direction of the dc bias magnetic
field. The propagation constant & of the EM wave in the ferrite
is dependent on the effective permeability [16]

teft (6
2+ sin? 0 () —1) + \/sinj‘ Or (11 —1)?+4 cos? Gk';—i

2 (sin2 Or + —Coi 6’“)

(1)

in which p; = (p? — p2)/(). Here, 1 is the diagonal term,
and p, is the off-diagonal term in the permeability tensor 1
[16]. Consider two limit cases of EM wave propagation vector,
parallel and perpendicular to the internal dc magnetic field. In
the case of EM wave propagation vector parallel to the direc-
tion of the internal magnetic field ﬁi(f)k = 0"), the propa-
gation mechanism of the EM wave in the ferrite medium can
be best described by two circular polarized propagating waves
with different propagation constants. The propagation constant
for the right-hand circular polarization (RHCP) is kﬁHCP =

w/epRECT with pRECT — 4 4 - and for the left-hand
circular polarization (LHCP) is klII“HC‘P = wy/epHCT with

pLHCP —

The effective permeability values g and p are
complex and vary with EM wave frequency or dc magnetic
field. In the case of an EM wave propagating perpendicular to

RHCP LHCP

the direction of ﬁl (A = 90°), the propagation mechanism of
the EM wave in the ferrite medium can be best described by
the so-called ordinary and extraordinary propagation waves.
Accordingly, the propagation constant for the ordinary wave is
k = w,/epo, and the propagation constant for the extraordinary

wave is k = wy/gi] .
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Fig. 2. Circular patch antenna with ferrite disk in the substrate region.

B. Patch Antenna With Embedded Ferrite Disks

In this part, the proposed structure of the patch antenna with
an embedded ferrite disk in the cavity region is considered.
Fig. 2 shows the proposed antenna configuration with one ferrite
disk, which consists of a circular patch with radius £ = 17 mm,
printed on a substrate with dielectric constant £, = 2.6, sub-
strate thickness A = 3.048 mm and is fed by a dielectric loaded
microstrip line with substrate thickness & = 1.524 mm through
EM coupling.

The fields of the dominant TM;;3 mode under the patch,
without the ferrite disk existence, can be approximated by the
fields of an equivalent cylindrical resonator with magnetic walls
with top and bottom conductive walls. The electric field of this
mode can be expressed by [19]

C My, (7s s 1) = 2EgJ1 (k) cos(ip) cos(wt)
E
= 270J1(kr)[(:os(wt — @) + cos(wt + )]

2

in which the distribution of the electric field along the radial co-
ordinate is described by the first-order Bessel function .J; (kr),
and cos(wt — ¢) and cos(wt 4 ¢) represent two azimuthally
right and left propagating waves in opposite directions. The
superposition of these azimuthally running waves, with the
same amplitude, results in a standing wave behavior of the
electric field with linear polarization and resonant frequency at
3.08 GHz.

The ferrite disk with radius ® = 4 mm and thickness ¢ = 1
mm is inserted in the cavity region of the patch antenna. The
material properties of the ferrite disk are 4w M, = 1780 Gauss,
gr = 15,tan6 = 2% 1074, AH = 30 Oe.

Here, M is the saturation magnetization of a ferrite material
and A H is the linewidth near the ferromagnetic resonance. The
dimensions of the ferrite disk were selected to avoid the propa-
gation of the magnetic-dipolar modes in its volume and neglect
the variation (nonhomogeneity) of the internal bias magnetic
field along the thickness of the disk. Accordingly, a ratio of 1:8
between the ferrite’s disk thickness to its diameter was chosen.
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The ferrite disk is magnetized by an external dc magnetic field
Hy = 2827 Oe in the z-direction. In this case, the dc internal
magnetic field is equal to H; = Hy — 4w N, M,, in which N, is
a coefficient depending on the disk geometry. For a thin cylin-
drical disk, V, = 1 [18]. It is worth noting that, in this case, the
internal dc magnetic field is nonhomogeneous along its radial
line. Moreover, the dimensions of the ferrite disks were chosen
much smaller than the dimensions of the patch antenna, such
that this nonhomogeneity of the internal dc magnetic field has
a negligible effect on the behavior of the patch antenna. The
agreement between the experimental and simulation results con-
firms this assumption. Thus, the internal magnetic field is equal
to H; = Hy — 4w M, = 1047 Oe. The dependence of the real
parts of pFHCEP ,LHCP and ) on the frequency is shown in
Fig. 3.

It is clear from Fig. 3 that 1 and 4 have resonant be-
havior near the frequencies f = 2.9 GHz and f = 4.7 GHz,
correspondingly. Fig. 4 shows the comparison between the re-
flection coefficients S1; of the patch antenna with and without
the embedded ferrite disk. One can observe that the patch initial
resonance splits in two separate resonances, one at fo; = 2.88
GHz and the other at fo2 = 3.08 GHz. This fact can be attributed
to a different coupling mechanism between the ferrite disk and
the two azimuthally running waves in opposite directions in the
cavity region.

Fig. 5 shows the reflection coefficient and axial ratio (AR)
of the patch with the ferrite disk as a function of frequency for
different disk radii.

One can observe that a split in the resonance frequency of the
initial patch accompanied by two orthogonal circular polariza-
tions is obtained for a ferrite radius of 4 and 5 mm, but for prac-
tical reasons, a ferrite disk with a 4-mm radius was chosen in
this study. Moreover, close observation of the results presented
in Fig. 3 shows that, at the patch resonant frequencies fy1 =
2.88 GHz, sFHCP > 0, while for fpo = 3.08 GHz, pFHCF < 0.
This implies that at the two resonant frequencies different cou-
pling mechanisms apply.

In Fig. 6, the structure of the power flow vortices of the az-
imuthally left and right running fields at the two resonant fre-

RHCP
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Fig. 4. Comparison between reflection coefficients, S11 of the patch antenna
and the patch antenna with the embedded ferrite disk.
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Fig. 5. Reflection coefficient of the antenna versus frequency with the ferrite
disk radius as parameter: (a) reflection coefficient and (b) axial ratio.

quencies due to the presence of the ferrite disk in the cavity re-
gion is presented.

One can observe that the EM fields under the patch at fy; =
2.88 GHz correspond to the wave running in the azimuthally
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Fig. 6. Power flow vortices of the EM field in the cavity region of the patch:
(a) for = 2.88 GHz and (b) fo2 = 3.08 GHz.

left direction and at fyz = 3.08 GHz correspond to the wave
running in the azimuthally right direction.

The implication of this observation to far-field radiation is
that, at fo; = 2.88 GHz, the RHCP radiation is dominant, while
at fyo = 3.08 GHz, the LHCP radiation is dominant. This ob-
servation is also supported by the simulation results of the AR
in Fig. 5(b).

III. NUMERICAL AND EXPERIMENTAL RESULTS

A. Single Band Circular Polarized Patch Antenna

The next step of our study was to optimize the reflection coef-
ficient of the antenna and its performance with respect to LHCP
at the resonant frequency of fy2 = 3.08 GHz.

The reflection coefficient, the AR, and the antenna gain as
a function of frequency with respect to the center location of
the ferrite disk on the y-axis inside the resonator is shown
in Fig. 7. One can observe from Fig. 7 that the best AR and
gain are obtained for a ferrite disk center displacement of
4y = — 11 mm. For this configuration, the axial ratio is about
1 dB [i.e., Fig. 7(b)], and the antenna gain is 7 dBic [i.e.,
Fig. 7(c)]. The reflection coefficient of the antenna is less than
—15 dB [i.e., Fig. 7(a)]. The Copol (LHCP) and Xpol (RHCP)
radiation patterns of the antenna at fyo = 3.08 GHz are shown
in Fig. 8.

One can observe that the 3-dB beamwidth of the Copol is
approximately 70°, and the Xpol level on the antenna axis is
less than —25 dB. Fig. 9 shows the reflection coefficient and the
AR with the ferrite disk radius as parameter. It actually shows
that a ferrite disk with radius & = 4 mm is optimal in terms of
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Fig. 7. Reflection coefficient, AR and LHCP gain of the antenna versus

frequency with the ferrite disk center location as parameter: (a) reflection
coefficient; (b) axial ratio; and (c) LHCP gain.

matching, and it exhibits minimal AR at the resonant frequency
fo2 = 3.08 GHz.

Further optimization of the patch characteristics can be ob-
tained by insertion of an additional ferrite disk under the patch.
Fig. 10 shows the geometry of the patch antenna with two disks
separated apart by a distance / = 22 mm. Fig. 11 shows the
variation effect of the second ferrite disk radius on the reflec-
tion coefficient and the AR. The saturation magnetization of the
disks is identical and equal to 1780 Gauss and the bias mag-
netic field is 2827 Oe. One can observe that the optimum per-
formance in terms of axial ratio is obtained for equal radii with
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Fig. 8. Antenna radiation patterns (Copol-LHCP, Xpol-RHCP) at 3.08 GHz.

00— i
LHCP
- — - RHCP
0 o
-10
-20
-30
-180 -100 0 100 180

Elevation angle [dB]

2375

Microstrip

Patch

line

Ferrite disks

Dielectric I‘ =
substrate
T 2R
Dielectric
AZ » e
Microstrip line PQQ‘ anlistrats
\‘ ! ; -l ‘/ 1’1 > H
3 e J1H,
Ground \ /

Ferrite disks

0.00

5007
-10.00 -
) 1
= 15001
(,'; <
-20. 00
25.00
=7mm
-30.00
280 290 300 310 320 330
Frequency [GHz]
(@
50.00
40,00
=30.00]
g
%20.00’
10.00
0.00 T T T : T
27100280 290 300 310 320 330
Frequency [GHz]
()

Fig. 9. Reflection coefficient and axial ratio of the antenna versus frequency
with the ferrite disk radius as parameter: (a) reflection coefficient and (b) axial
ratio.

R = 4 mm and is better than the comparable parameters ob-
tained with a single disk displayed in Fig. 7. By symmetry, we
can realize RHCP characteristics by reversing the direction of
the bias magnetic field.

B. Dual-Band and Dual-Circular Polarization Patch Antenna

In this part of the paper, it will be shown that dual frequency
band and dual-circular polarization can be achieved with the
patch antenna. This feature can be obtained by insertion of two

Fig. 10. Microstrip patch antenna with two ferrite disks.
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Fig. 13. Patch characteristics for different distances between the ferrite disks:
(a) reflection coefficient; (b) axial ratio; and (c) gain.

or more ferrite disks in the cavity region of the antenna and
appropriate optimization of the bias magnetic field.

Fig. 12 shows the reflection coefficient of the patch antenna
with two ferrite disks with R = 4 mm separated 22 mm apart on
the y-axis, as displayed in Fig. 10, but on an extended frequency
scale. One can observe that additional resonance peaks appear in
the frequency region, where the permeability gz, has a dominant
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Fig. 14. Patch characteristics for different internal magnetic fields of the ferrite
disks: (a) reflection coefficient; (b) axial ratio; and (c) gain.

resonance behavior (see Fig. 3) and strongly affect the behavior
of the EM fields under the patch. These resonance peaks can
be shifted down and coupled to the resonance of the patch at
3.08 GHz by variation of the internal magnetic field. Gradual
reduction of the internal magnetic field from H; = 1047 Oe
to H; = 760 Oe resulted in two frequency bands: one around
3 GHz, and the other around 3.7 GHz, as shown in Fig. 13. The
polarization of the patch at 3 GHz is LHCP, while at 3.7 GHz is
RHCP.

The optimal performance can be obtained by variation of the
distance, [ between the two disks under the patch and the in-
ternal magnetic fields of the disks. Fig. 13 shows the reflection
coefficient, the AR, and the antenna gain (LHCP and RHCP) as
a function of frequency for different distances between the disks
in the cavity domain. One can observe that the optimum perfor-
mance of the two frequency bands is obtained for / = 18 mm.

The optimum AR of the LHCP in the first frequency band
around 2.9 GHzis 1 dB, while the AR of the RHCP in the second
frequency band around 3.7 GHz is 1.5 dB. The maximum gain of
the patch in both frequency bands is 5.5 dBic and shows a Xpol
better than —20 dB. Fig. 14 shows the reflection coefficient, the
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AR, and the antenna gain (LHCP and RHCP) as a function of
frequency for different internal magnetic fields.
One can observe that the optimum performance of the two

frequency bands is obtained for internal magnetic field of H; =
760 Oe.

C. Experimental Results

For validation purposes, a prototype of the antenna with one
ferrite disk (as shown in Fig. 2) was fabricated. The antenna and
the feeding microstrip line were printed on ULTRALAM®2000
substrates of Rogers Corporation are shown in Fig. 15(a). The
permittivity of the substrate is €, = 2.6, and its thickness is b =
1.524 mm. The ferrite disk used was made of yttrium iron garnet
(YIG) from TCI Ceramics Company. The ferrite disk properties
are as follows: 4w M, = 1780 Gauss, &, = 15,tan § = 210 %,
AH = 30 Oe. The radius of the disk is ® = 4 mm, and its
thickness is # = 1 mm. The disk was placed at the position of
y = — 11 mm and magnetized by an external bias magnetic
field of Hy = 2827 Oe.

For magnetization of the ferrite disk, a permanent magnet
with dimensions of 50 mm x 50 mm x 15 mm was placed at
the bottom side of the patch antenna. In Fig. 16, one can observe
the bias dc magnetic field distribution of the permanent magnet
simulated by HFSS. The optimal intensity and distribution of the
bias magnetic field for matching the simulation and measured
data of S11, AR, and gain was obtained at the distance of 13
mm from the permanent magnet surface.

Comparison between simulated and measured results for the
patch antenna with one ferrite disk is shown in Fig. 17.

One can observe a satisfactory agreement between the mea-
sured and simulated results of the reflection coefficient S11, AR,
and the antenna gain. Fig. 18 shows a comparison between the
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Fig. 17. Comparison of the simulated and measured results of the patch antenna
with one ferrite disk: (a) Reflection coefficient; (b) axial ratio; and (c) LHCP and
RHCP gains.

simulated and measured results for the patch antenna with two
ferrite disks placed at the distance [ = 18 mm.

In the experiment, we encountered problems in the agreement
between the simulated and measured data, mainly because of the
nonhomogeneity in the bias field distribution of the dc magnet
under the patch and the internal magnetic bias field distribution
in the ferrite disks as described in [20] and [21]. The best agree-
ment between the measured and simulation data as shown in
Fig. 18 was obtained by changing the simulation parameters of
the bias magnetic fields of the left and right ferrite disks under
the patch (i.e., Fig. 14). The simulation result of the internal
magnetic field of the left disk was H; = 760 Oe and that of the
right disk was H; = 820 Oe.
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Fig. 18. Comparison of the simulated and measured results of the patch antenna
with two ferrite disks: (a) reflection coefficient; (b) axial ratio; and (c) LHCP
and RHCP gains.

IV. SUMMARY

A new method to manipulate the radiation characteristics of
the patch antenna by small normally magnetized ferrite disks
inserted in the dielectric region under the patch is proposed.
One- and dual-band circular polarized microstrip antennas were
obtained by taking advantage of the interaction of the antenna
cavity field with the magnetized ferrite disks. It was shown that
an interaction of the electromagnetic fields within the cavity re-
gion of the patch and the magnetization of the ferrite disks is
causing a rotating field, which yields circular polarization radi-
ation. A continuous change in the radiating polarization from
LHCP to RHCP through linear polarization is obtained with the
frequency variation. The use of two ferrite disks in the antenna
cavity region results in a dual-band and dual-circular polariza-
tion patch antenna. These types of antennas can find application
in wireless communication systems to obtain better decoupling
between the transmitter and receiver communication links of the
system.
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