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Abstract—The method of moments in the spectral domain is
applied to the full-wave analysis of aperture coupled microstrip
antennas in the case where the substrate of the antennas is a
layered medium containing magnetized ferrites. The subsectional
basis functions used in the analysis make it possible to handle
patch antennas and coupling apertures with right angle corners
of arbitrary shape. The numerical results obtained show that
antennas on ferrite substrates fed by single microstrip lines can
radiate both circular and linear polarization, the polarization
state being dependent on the orientation of the ferrites bias mag-
netic field. For a given polarization state, the matching frequency
band of the antennas can be tuned over a wide frequency range
by adjusting the magnitude of the bias magnetic field. Also, the
polarization state can be continuously tuned from circular to
linear within the same frequency band by adjusting both the
magnitude and the orientation of the bias magnetic field. Some
measurements are presented in order to check the validity of the
numerical algorithm developed.

Index Terms—Magnetic tuning, microstrip antennas, microwave
ferrites, polarization, spectral-domain approach.

I. INTRODUCTION

DUE to the recent availability of low loss commercial mi-
crowave ferrites, there is an increasing interest in studying

the performance of microstrip antennas and microstrip circuits
fabricated on magnetized ferrite substrates. In the case of mi-
crostrip antennas on ferrite substrates, these antennas present
certain useful properties which are not found in conventional
microstrip antennas fabricated on dielectrics. For instance, nu-
merical and experimental results have shown that the operating
frequency band of microstrip antennas on ferrites can be varied
by adjusting the magnitude of the bias magnetic field [1]–[4].
Also, antennas printed on normally biased ferrites have been
found to radiate circular polarization with one single feed [5],
and the state of polarization has been found to be switchable
between left-hand circular polarization (LHCP) and right-hand
circular polarization (RHCP) as the direction of the bias mag-
netic field is reversed [3], [6]. In the case of square microstrip
antennas on in-plane magnetized ferrites, two fundamental res-
onant modes can be excited which radiate orthogonal linear po-
larizations, but only one of these modes can be tuned by means
of the bias magnetic field [7], [8]. Experimental results have
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shown that the polarization of these antennas can be tuned from
circular to linear at a single frequency when the two resonant
modes are excited simultaneously and the bias magnetic field is
varied [7], [9]. Ferrite materials also show potential applications
as substrates of the antennas of microstrip phased arrays since
wide-angle impedance matching can be obtained by dynami-
cally adjusting the bias magnetic field with scan angle [3], [10].
In addition, when the microstrip antennas of the phased arrays
are fed by microstrip lines fabricated on a ferrite substrate, these
feeding lines act as magnetically tunable phase shifters which
make it possible to steer the main beam of the radiation pattern
[4], [11]–[13]. Finally, several researchers have reported that the
radar cross section of microstrip antennas fabricated on mag-
netized ferrites can be substantially reduced over a frequency
range which can be tuned by means of the bias magnetic field
(this is the frequency range where magnetostatic wave propa-
gation is allowed along the ferrite substrates supporting the an-
tennas) [14], [15].

According to Pozar’s review paper on microstrip patch
antennas [16], if the different techniques for feeding microstrip
antennas are compared, the aperture coupled microstrip feed
presents a few relevant advantages over the rest of techniques.
The first advantage is that the aperture coupled microstrip
feed makes it possible to use two independent substrates for
the feeding network and the antenna element, which allows
separate design of both the feeding and antenna functions
[17], [18]. Also, the radiation arising from the feeding network
cannot interfere with the main radiation pattern generated by
the antenna since the ground plane separates the two radiation
mechanisms [17]. A further advantage of these antennas is
that the reactive part of the input impedance is controlled by
the length of the open-end feeding microstrip line while the
resistive part is controlled by the aperture length. Hence, there
are two independent degrees of freedom for adjusting the input
impedance of the antenna to a specified value [18]. Since the
original aperture coupled microstrip antenna configuration was
presented in [17] and [18], different versions of this config-
uration have been proposed in order to improve the antenna
properties. For instance, wide-band aperture coupled antennas
have been achieved by simply using a resonant aperture coupled
to the resonant radiating patch [19], by stacking two coupled
resonant patches [20], [21], or by using a combination of the
two techniques [22]. Aperture coupled antennas with dual band
performance have been realized with a single rectangular patch
by cutting either slots or spur lines on the patch surface [23],
[24]. Also, with a view to improving the coupling between the
feeding lines and the radiating patches, the use of H-shaped
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apertures [25] or bow-tie apertures [21] has been suggested as
an alternative to standard rectangular apertures [18]. The exis-
tence of many different designs for aperture coupled antennas
indicates that a flexible numerical algorithm for the analysis
of these antennas should be able to handle radiating patches
(single or stacked) and apertures of fairly arbitrary shapes [21],
[23].

In this paper the authors apply the method of moments
(MoM) in the spectral domain to the full-wave analysis of aper-
ture coupled antennas in the case where the radiating patches
are printed on a multilayered substrate containing magnetized
ferrite layers. Rooftop basis functions are used in the approx-
imation of the electric current on the metallizations and the
magnetic current of the apertures, which makes it possible to
analyze aperture coupled antennas with apertures and patches
of different shapes. Also, due to the use of suitable Green’s
functions in the spectral domain [26], the algorithm can deal
with ferrite materials subjected to arbitrarily oriented bias
magnetic fields. In previous papers dealing with the analysis
of microstrip antennas on ferrite substrates, the MoM in the
spectral domain has been applied to the study of proximity
coupled antennas [27] and coaxial probe-fed antennas [3], the
finite element-boundary integral method has been applied to the
study of cavity-backed probe-fed antennas [28], and the TLM
method has been applied to the study of contacting microstrip
fed antennas [29]. To the authors’ knowledge, the current paper
is the first paper dealing with the study of aperture coupled
microstrip antennas on ferrite substrates.

Concerning the contents of the paper, Section II briefly
describes both the geometry of the antennas analyzed in the
paper and the numerical procedure used for obtaining the input
impedance and radiation fields of these antennas. Section III
provides original numerical results for the matching and polar-
ization characteristics of different aperture coupled antennas
fabricated on magnetized ferrites. Emphasis is placed on
studying how these matching and polarization characteristics
are tuned by variations in the magnitude and the orientation of
the bias magnetic field of the ferrites. Some of the numerical
results presented are compared with measurements, and good
agreement is found.

II. PROBLEM GEOMETRY AND OUTLINE OF THE NUMERICAL

PROCEDURE

Fig. 1(a) illustrates the side view of the type of aperture-cou-
pled microstrip antenna treated in this paper. The radiating patch
lies on a four-layered substrate containing three dielectric layers
and one ferrite layer (some dielectric layers may not appear in
the specific antennas analyzed in the results section, but the fer-
rite layer is always present), and the strip of the feeding mi-
crostrip line is printed on a single dielectric layer. Fig. 1(b) il-
lustrates the orientation of the DC bias magnetic field existing
inside the ferrite layer of Fig. 1(a) with respect to the coordi-
nate axes defined in that figure. The numerical algorithm devel-
oped by the authors for the analysis of the antenna of Fig. 1(a)
is capable of simulating patches and apertures with right angle
corners of arbitrary shape. In particular, Fig. 1(c) and (d) il-
lustrate the metallization lay-out and the dimensions of two

Fig. 1. (a) Side view of the aperture coupled microstrip antenna analyzed in
this paper. (b) Orientation of the internal bias magnetic field of the ferrite layer
with respect to the coordinate axes of (a). (c) Metallization lay-out of rectangular
patch antenna coupled to a rectangular aperture. (d) Metallization lay-out of
square ring patch antenna coupled to an H-shaped aperture.

specific aperture-coupled antennas studied in the results sec-
tion: a rectangular patch coupled to a rectangular aperture, and
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a square ring coupled to an H-shaped aperture. As shown in
Fig. 1(c) and (d), the microstrip line feeding the antenna is ex-
cited by a delta-gap voltage generator placed at the excitation
plane . Note that the feeding microstrip line is left
open at the excitation end as in [30].

Regarding the metallizations of Fig. 1(a) [see also Fig. 1(c)
and (d)], in this paper the radiating patch, the ground plane con-
taining the aperture and the strip of the feeding line are con-
sidered to be perfect electric conductors (PEC) of negligible
thickness. Also, the ground plane as well as the dielectric and
ferrite layers supporting the antenna are assumed to be of in-
finite extent along the and coordinates (e.g, the antenna
is not cavity-backed [28]). The electromagnetic fields existing
around the antenna of Fig. 1(a) have a time dependence of the
type , which will be assumed and suppressed throughout.
Then, in general the permeability tensor of the ferrite layer can
be written as

(1)

Throughout this work, the ferrite layer material will be as-
sumed to be magnetically saturated. Under this assumption, the
elements of the permeability tensor of (1) can be obtained in
terms of the gyromagnetic ratio , the sat-
uration magnetization of the ferrite material , the magnitude
of the internal bias magnetic field , the linewidth of the ferrite
material , and the angles and of Fig. 1(b) as shown in
[31, eqs. (1) to (4)] and in [32, eqs. (10.37) and (10.40)]. The
magnitude of the externally applied magnetic field, , and the
angles giving the orientation of this external field with respect
to the coordinate axes of Fig. 1(a) and (b), and , can be ob-
tained in terms of , , and by applying the boundary
conditions for the tangential and normal magnetic field at the
limiting planes of the ferrite layer (see [33, eqs. (1) and (2)]).

In order to obtain the circuit and radiation parameters of the
aperture coupled antenna of Fig. 1(a), in this paper a set of three
coupled integral equations has been obtained for the electric cur-
rent density on the radiating patch, for the electric current den-
sity on the strip of the feeding line, and for the magnetic cur-
rent density on the aperture. These three integral equations arise
from enforcing the perfect electric conductor condition for the
tangential electric field on both the patch and the strip of the
feeding line, and from enforcing the continuity of the tangen-
tial magnetic field across the aperture [18], [21]. The Galerkin’s
version of the MoM has been used for solving the set of integral
equations. Rooftop basis functions have been used in the ap-
proximation of the electric and magnetic current densities (see
[30, eqs. (13) to (16)] and [34, eqs. (15) to (17)]), which re-
stricts the analysis carried out to the case where the patch, the
aperture and the metallic strip of Fig. 1(a) have right angle cor-
ners. A crucial point in the application of the MoM is that the
Galerkin’s matrix entries have all been computed in the spectral
domain as in [35] ([35, eqs. (6), (8), and (9)] show how the spa-
tial domain expressions of the entries are transformed into spec-
tral domain expressions). The reason for working in the spectral
domain is that whereas the computation of the dyadic Green’s

functions of the multilayered ferrite substrate of Fig. 1(a) is rela-
tively straightforward in the spectral domain [26], [36], the same
computation in the spatial domain is a extremely cumbersome
task. As shown in [35], a drawback of the determination of the
Galerkin’s matrix entries in the spectral domain is that numer-
ical computation of slowly convergent double infinite integrals
is required. The authors have used special asymptotic extraction
techniques for accelerating the computation of the infinite inte-
grals (see the Section II and the Appendix of [35] for details),
which has led to significant CPU time savings.

After solving the set of integral equations, the matrix of pencil
technique has been used for de-embedding the antenna reflec-
tion coefficient in terms of the samples of the current on the
feeding line [21], [30], [34]. Also, the two-dimensional Fourier
transforms (2-D-FTs) of the tangential electric fields at the two
limiting planes of the multilayered substrate of Fig. 1(a) have
been obtained in terms of the 2-D-FTs of the electric and mag-
netic current densities via algebraic relations (see [26] and [36]
for details). The 2-D-FTs of the tangential electric fields at the
limiting planes have been used for obtaining the radiation elec-
tric field in the upper and lower half-spaces of Fig. 1(a) via the
stationary phase method (see [37, pp. 164–169]). Once the ra-
diation electric fields are known in the two half-spaces, antenna
radiation parameters such as directivity, polarization state, and
front-to-back ratio can be straightforwardly determined. The an-
tenna gain has been determined in terms of the radiated electric
field in the upper half space, and in terms of the power sup-
plied to the antenna by means of the feeding microstrip line.
This latter power has been calculated via the current existing
along the microstrip line and via the characteristic impedance
of the microstrip line (for details concerning the computation of
the characteristic impedance, refer to [38]).

In order to reduce the computational expense arising from the
analysis of the antenna of Fig. 1(a) over a large bandwidth, in
this paper the Galerkin’s matrix entries have been computed at
a small number of frequencies within that interval, and closed
form interpolating expressions have been generated which make
it possible to compute the matrix entries at any frequency within
the interval [3] (in the particular case of the antennas analyzed in
Section III, numerical experiments have shown that the determi-
nation of sufficiently accurate interpolating expressions within
a frequency interval of 1 GHz only requires the numerical com-
putation of the matrix entries at four different frequencies).

III. NUMERICAL AND EXPERIMENTAL RESULTS

The authors have written a numerical code for the analysis of
aperture coupled microstrip antennas fabricated on ferrite sub-
strates, which is based on the method described in Section II. In
order to check the validity of this code, the results published in
[18] for the input impedance of aperture coupled rectangular mi-
crostrip antennas fabricated on dielectrics have been compared
with numerical results provided by our code in the nonmagnetic
limit (i.e., the limit obtained when , and

inside the ferrite material). Also, numerical results
supplied by the commercial package “Ensemble” for aperture
coupled microstrip antennas of different shapes have been com-
pared with our numerical results in the nonmagnetic limit. Good
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agreement has been found in all comparisons, but the results are
not shown here for the sake of brevity.

Fig. 2(a) and (b) show results for an aperture coupled square
patch. The patch is printed on a ferrite layer which is normally
biased. The same patch on the same ferrite layer was analyzed
by Pozar [3] by using coaxial probe feeding. Pozar observed
that the patch had two close resonances which could radiate cir-
cularly polarized waves with one single feed. In fact, whereas
the lower resonance radiated LHCP waves, the upper resonance
radiated RHCP waves. Furthermore, the sense of polarization
could be reversed by reversing the direction of the bias field. All
these phenomena have also been observed for the square patch
on ferrite substrate fed by a single microstrip line of Fig. 2(a)
and (b). In fact, the results of Fig. 2(a) are for an antenna which
can radiate LHCP waves (circular polarization is assumed when
the axial ratio is smaller than 3 dB), and the same antenna in
Fig. 2(b) can radiate RHCP waves. If the antenna of Fig. 2(a)
is assumed to be matched when , the results of
Fig. 2(a) show that the matching frequency range of this LHCP
antenna can be tuned by 14% when the magnitude of the bias
magnetic field is varied from to

. Also, the matching frequency range of the RHCP an-
tenna of Fig. 2(b) can be tuned by 8.5% when the magnitude of
the bias field is varied from to
(note that this tuning range is smaller than that obtained for the
LHCP antenna since the matching of the RHCP antenna de-
grades as the magnitude of the bias field recedes from

). These tuning capabilities were also commented by Pozar
[3]. The problem with the antenna of Fig. 2(a) and (b) is that the
bandwidth of the antenna for every value of is so small
(less than 1% in the LHCP case and less than 0.5% in the RHCP
case) that the frequency range in which the antenna is matched
practically never coincides with the frequency range in which
the axial ratio is below 3 dB (the situation is especially bad in
the RHCP case), which negates the use of this antenna for cir-
cular polarization applications.

Bearing in mind the poor performance of the circularly po-
larized antenna of Fig. 2(a) and (b), in Fig. 3(a) and (b), a new
design is proposed where the ferrite layer supporting the patch is
separated from the ground plane by means of a foam layer. The
presence of the foam layer not only increases the bandwidth of
the antenna for every value of (about 6% in the LHCP
case and about 1.5% in the RHCP case) but also helps to close
the gap between the matching frequency range and the 3 dB
axial ratio frequency range. In fact, in Fig. 3(a) and (b) the axial
ratio is always below 3 dB when . The pres-
ence of the foam layer also improves the gain, which is about
4.5 dB in the antenna of Fig. 2(a) and (b), and about 7 dB in
the antenna of Fig. 3(a) and (b). In addition, the front-to-back
ratio is slightly better in the antenna of Fig. 3(a) and (b) (about
21 dB) than in the antenna of Fig. 2(a) and (b) (about 17 dB).
The LHCP antenna of Fig. 3(a) can be tuned by 9.5% while the
RHCP antenna of Fig. 3(b) can be tuned by 19%. Note that the
tuning range of the LHCP antenna is substantially smaller than
that of the RHCP antenna. The tuning values of have to be
limited in order to avoid the excitation of magnetostatic volume
waves (MSVWs) [39] along the ferrite substrate in the operating
frequency band of the antenna (when magnetostatic waves are

Fig. 2. Reflection coefficient and axial ratio of square microstrip patch coupled
to a rectangular aperture [see Fig. 1(c)]. The patch substrate is a single ferrite
layer. The ferrite is normally biased (� = 0 ) and two different resonant
modes are studied leading to LHCP (a) and RHCP (b). Results are presented
for different values of the magnitude of the bias magnetic field H . (a) and (b):
h = 0:635 mm, h = 1:27 mm, h = h = h = 0, � = 10,
� = 15, � M = 0:065 T, �H = 0, w = 0:6 mm, w = 0:4 mm,
w = l = 6:1 mm; (a): l = 5 mm, l = 1:85 mm; (b): l = 4 mm,
l = 1:2 mm.

excited, they capture the power supplied to the antenna, and this
has a deleterious effect on the antenna gain as shown in [14]),
and the maximum allowed value of for the LHCP an-
tenna of Fig. 3(a) turns out to be smaller
than that for the RHCP antenna of Fig. 3(b) .
It should be pointed out that the results plotted in Fig. 3(a) and
(b) are directly related to the square patch LHCP and RHCP res-
onances placed above the frequency range of MSVWs (this fre-
quency range is
[39], and coincides with the frequency range where the ferrite
permeability tensor element defined in [32, eqn. (10.25a)] is
negative). However, the square patch on normally biased ferrite
also presents LHCP and RHCP resonances below the range of
MSVWs. These resonances, which do not appear in Fig. 2 of [3],
were reported in Fig. 3 of [40] for a circular patch printed on a
ferrite substrate. The authors of this paper have been able to find
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Fig. 3. Reflection coefficient and axial ratio of square microstrip patch coupled
to a rectangular aperture [see Fig. 1(c)]. The patch lies on double-layered
ferrite-foam substrate. The ferrite is normally biased (� = 0 ) and two
different resonant modes are studied leading to (a) LHCP and (b) RHCP.
Results are presented for different values of the magnitude of the bias
magnetic field H . (a) and (b): h = 0:635 mm, h = h = 1:27 mm,
h = h = 0, � = 10, � = 1:07, � = 15:3, � M = 0:183 T,
� �H = 0:0006 T, w = 0:6 mm, w = 0:4 mm, w = l = 11:5 mm;
(a): l = 12:2 mm, l = 4 mm; (b): l = 9 mm, l = 5:9 mm.

the LHCP and RHCP resonances below MSVWs for the square
patch analyzed in Fig. 3(a) and (b). Unfortunately, these two
resonances are not useful for circularly polarized antenna appli-
cations. The reason for this is that the two resonant frequencies
are very close to each other, which leads to a quick variation of
the axial ratio around the resonances. As a consequence of this
fact, it is very challenging to overlap the matching frequency
range of the antenna with the 3 dB axial ratio frequency range,
as it happens with the antenna analyzed in Fig. 2(a) and (b).

Tsang et al. have published experimental results that demon-
strate that annular ring patches on normally biased ferrite
substrates also radiate LHCP and RHCP waves [6]. Since both
square patches and annular ring patches radiate LHCP and
RHCP waves, the authors of this paper decided to investigate
if square ring patches on normally biased ferrites are able to

radiate LHCP and RCHP waves. Also, in order to show that the
numerical algorithm described in Section II is able to handle
patches and apertures of many different shapes, the square
ring patches were fed by a microstrip line via an H-shaped
aperture [see Fig. 1(d)]. The results obtained for the aperture
coupled square ring antenna are shown in Fig. 4(a) and (b).
The substrate of the antenna is the same substrate used for the
antenna of Fig. 3(a) and (b). Note that the results of Fig. 4(a)
and (b) do not substantially differ from those of Fig. 3(a) and
(b), which proves that the square ring patch on normally biased
ferrite can also be used for radiating LHCP and RCHP waves.
As it happens with Fig. 3(a) and (b), in Fig. 4(a) and (b) the
axial ratio is always below 3 dB in the frequency range where
matching is achieved. The bandwidths obtained for every value
of in Fig. 4(a) and (b) (about 5.5% in the LHCP case
and about 1% in the RHCP case) are slightly smaller than those
obtained in Fig. 3(a) and (b), which agrees with the fact that the
quality factors of the square ring resonances computed via the
method of [35] are slightly larger than those of the square patch
resonances. The gain, front-to-back ratio and magnetic tuning
range of the antenna of Fig. 4(a) and (b) are similar to those
of the antenna of Fig. 3(a) and (b). The only advantage of the
antenna of Fig. 4(a) and (b) over the antenna of Fig. 3(a) and
(b) is that it operates in similar frequency bands with a smaller
size.

In Figs. 3 and 4 we have studied circularly polarized antennas
with a single feed which are able to provide a fairly large band-
width (between 15% and 20%) for both matching and axial ratio
with the help of a continuously adjusting magnetic field. How-
ever, it would be more convenient to have a design of circu-
larly polarized antenna on ferrite substrate with one single feed
and large bandwidth which is biased by a constant magnetic
field. The authors have found an antenna design of the afore-
mentioned type (i.e., only requiring a constant magnetic field),
which is shown in Fig. 5(a) and (b). The antenna consists of
two stacked square patches, which is a typical configuration for
bandwidth improvement [20], [21]. The two patches lie on fer-
rite layers, and the ferrite layers are separated by a foam layer.
The ferrite layers are normally biased by a constant magnetic
field. Although high permittivity substrates are not very ade-
quate for microstrip antennas [16], Waterhouse recently proved
that the combination of high permittivity and low permittivity
substrates in stacked patch antennas leads to good antenna per-
formance [41]. Bearing in mind this idea, the authors designed
a stacked patch antenna in which the lower patch is printed on
a ferrite layer with high permittivity and the upper patch rests
on a two-layered ferrite-foam medium with lower effective per-
mittivity [see Fig. 5(a)]. The results obtained for the antenna
are shown in Fig. 5(c). The antenna presents a 31% bandwidth
for , and the axial ratio for LHCP radiation is
below 3 dB in the whole matching frequency range. The gain
(in fact, the relative gain is plotted in Fig. 5(c) including mis-
match losses) is between 4 and 5 dB in most of the operating
frequency band of this single-feed antenna. Similar designs for
circularly polarized aperture coupled antennas on dielectric sub-
strates with one single feed lead to bandwidths that are substan-
tially smaller [42]. And wideband circularly polarized aperture
coupled antennas on dielectric substrates are only achieved at
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Fig. 4. Reflection coefficient and axial ratio of square ring microstrip
patch coupled to an H-shaped aperture [see Fig. 1(d)]. The patch lies on
double-layered ferrite-foam substrate. The ferrite is normally biased (� = 0 )
and two different resonant modes are studied leading to LHCP (a) and RHCP
(b). Results are presented for different values of the magnitude of the bias
magnetic field H . (a) and (b): h = 0:635 mm, h = h = 1:27 mm,
h = h = 0, � = 10, � = 1:07, � = 15:3, � M = 0:183 T,
� �H = 0:0006 T, w = 0:6 mm, w = 0:4 mm, s = 0:8 mm,
w = 9:5 mm, w = 4:75 mm; (a): d = 0:84 mm, l = 8:4 mm,
l = 3 mm; (b): d = 0:75 mm, l = 6 mm, l = 5:67 mm.

the expense of using very sophisticated feeding networks [43].
It should be mentioned that the numerical algorithm required for
the analysis of the antenna of Fig. 5(a) and (b) is an extension
of the numerical algorithm described in Section II (an additional
integral equation is needed to account for the second radiating
patch [21]).

In Fig. 6(a) and (b), the authors analyze an aperture coupled
square patch antenna on two-layered ferrite-foam substrate (i.e.,
the substrate of the antennas of Figs. 3 and 4) in the case where
the ferrite is biased in-plane in a direction parallel to two of
the sides of the square patch. The square patch has two main
resonances with orthogonal currents above the range of exci-
tation of magnetostatic waves (REMW) and two other main
resonances with the same orthogonal current pattern below the

Fig. 5. (a) Side view of aperture coupled stacked microstrip antenna fabricated
on multilayered substrate containing ferrite layers. (b) Metallization lay-out of
the aperture coupled antenna of (a) containing two stacked square patches on
top of a rectangular aperture. (c) Reflection coefficient, gain and axial ratio of
the antenna of (a) and (b) in the case where the ferrite layers are normally biased
(� = 0 ). h = 0:635 mm, h = h = 1:27 mm, h = 3:175 mm,
� = 10, � = � = 15:3, � M = � M = 0:183 T, � �H =
� �H = 0:0006 T, � H = � H = 0:04 T, � = 1:07, w =
0:6 mm, l = 8 mm, w = 0:4 mm, l = 13 mm, w = 9 mm, w =
12 mm.

REMW (these four resonances are those of the resonant modes
, and , of Fig. 4 of [35]). All four

resonances lead to linearly polarized radiation. In the case of the
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two resonances with currents perpendicular to the bias magnetic
field (one above the REMW and one below), the resonant fre-
quencies are not appreciably affected by variations in the mag-
nitude of the magnetic field [8], [35]. However, in the case of
the two resonances with currents parallel to the bias magnetic,
the resonant frequencies substantially change as the magnitude
of the bias field is varied [8], [35]. These latter two resonances
are those studied in Fig. 6(a) and (b). Fig. 6(a) is devoted to the
resonance above the REMW and Fig. 6(b) is devoted to the res-
onance below. The antenna above the REMW can be tuned by
10% as is varied, and the antenna below the REMW can
be tuned by 15%. In the case of the antenna above the REMW
of Fig. 6(a), the magnitude of the tuning magnetic field has to
be limited because of the excitation of magnetostatic surface
waves (MSSWs) [39] along the ferrite substrate, and because of
the excitation of strip-guided magnetostatic surface wave res-
onances [44]. These two phenomena have a deleterious effect
on the antenna gain and the frequency range where they appear
should be avoided as much as possible (this frequency range is

[39], [44],
and coincides with the frequency range where the ferrite effec-
tive permeability defined in [32, eq. (10.65)] is negative). In
the case of the antenna below the REMW of Fig. 6(b), the value
of cannot be varied over a wide range because matching
degrades as recedes from 0.15 T. The bandwidth of the an-
tenna for every value of is about 2.5% above the REMW,
and about 4.5% below the REMW. The radiation pattern of the
antenna above the REMW is more directive than that of the an-
tenna below the REMW, and as a consequence of this, the gain
of the antenna above the REMW (about 9 dB) is larger than that
of the antenna below the REMW (about 4.75 dB). The front to
back ratio is above 20 dB both above and below the REMW.

Since square microstrip antennas on normally biased ferrites
radiate circular polarization [as shown in Figs. 3(a) and (b) and
5(c)] and square microstrip antennas on in-plane biased fer-
rites radiate linear polarization (this is the case of the antenna
of Fig. 6(a) and (b)), it seems that the polarization of a square
microstrip antenna on ferrite substrate could be tuned from cir-
cular to linear by rotating the orientation of the bias magnetic
field from normal direction to in-plane direction. However, in
order to tune the polarization of the antenna on ferrite substrate
within the same operating frequency band, it is also necessary to
change the magnitude of the internal bias magnetic field. And
this is because the resonant frequencies of the microstrip an-
tenna on normally and in-plane biased ferrites are different for
the same magnitude of the internal bias magnetic field, which
makes it unavoidable to vary the magnitude of the internal bias
field if the antenna on normally biased ferrite has to operate at
the same frequency as the antenna on in-plane biased ferrite.
Also, there is an additional source of change for the external
magnetic field since the demagnetization factor relating the ex-
ternal magnetic field and the internal magnetic field varies
from a normally biased ferrite layer to an in-plane biased ferrite
layer as shown in [32]. In Fig. 7(a), the authors study an aperture
coupled square patch antenna on ferrite substrate whose polar-
ization is tuned by rotating the orientation of the bias field in a
plane perpendicular to the axis of the feeding microstrip line.
The same study is carried out in Fig. 7(b) for the case where the

Fig. 6. Reflection coefficient of square microstrip patch coupled to a
rectangular aperture [see Fig. 1(c)]. The patch lies on double-layered
ferrite-foam substrate. The ferrite is biased in-plane (� = 90 , � = 0 ).
Results are presented for different values of the magnitude of the bias magnetic
field H above (a) and below (b) the REMW. (a) and (b): h = 0:635 mm,
h = h = 1:27 mm, h = h = 0, � = 10, � = 1:07, � = 15:3,
� M = 0:183 T, � �H = 0:0006 T, w = 0:6 mm, w = 0:4 mm,
w = l = 8:5 mm; (a): l = 8 mm, l = 5:33 mm; (b): l = 12 mm,
l = 5:33 mm.

polarization is tuned by rotating the orientation of the bias field
in a plane parallel to the the axis of the feeding microstrip line. In
the two figures the magnitude of the internal bias field changes
with the orientation with a view to keeping a single frequency
range in which the antenna is matched for both linear and cir-
cular polarization. In Fig. 7(a) the matching frequency range
lies between 5.26 and 5.41 GHz, and in Fig. 7(b) the matching
frequency range lies between 6.75 and 6.92 GHz. When the ori-
entation of the internal bias field makes an angle of 45 with
respect to broadside, in Fig. 7(a) the polarization is elliptic with
axial ratio around 6 dB but in Fig. 7(b) the polarization is still
RHCP (axial ratio below 3 dB). However, when the ferrite is bi-
ased in-plane the polarization turns out to be linear
both in Fig. 7(a) and (b). It should be pointed out that the antenna
gain and the front-to-back ratio remain practically constant both
in Fig. 7(a) and (b) as the orientation and magnitude of the in-
ternal bias field are changed for tuning the polarization.

Fig. 8(a) and (b) compare numerical and experimental results
for the reflection coefficient of an aperture coupled square patch
antenna. This antenna is supported by a multilayered substrate



1964 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 53, NO. 6, JUNE 2005

Fig. 7. Reflection coefficient and axial ratio of square microstrip patch
coupled to a rectangular aperture [see Fig. 1(c)]. The patch lies on
double-layered ferrite-foam substrate. Results are presented for different
orientations [� = 90 in (a) and � = 0 in (b)] and magnitudes of the
bias magnetic field of the ferrite. The polarization state obtained when the
ferrite is normally biased (� = 0 ) is LHCP in (a) and RHCP in (b). (a)
and (b): h = 0:635 mm, h = h = 1:27 mm, h = h = 0,
� = 10, � = 1:07, � = 15:3, � M = 0:183 T, � �H = 0:0006 T,
w = 0:6 mm, w = 0:4 mm, w = l = 8:5 mm; (a): l = 9:5 mm,
l = 1:67 mm; (b): l = 8 mm, l = 4:67 mm.

which contains a ferrite layer biased in-plane. Note that the re-
sults of Fig. 8(a) and (b) are very similar to those shown in
Fig. 6(a) and (b). In the measured antenna the metallic patch
was printed on a thin dielectric layer, and this layer was placed
on top of a ferrite sample of dimensions 0.625 mm 25 mm

25 mm. The ferrite sample employed is a low loss polycrys-
talline ytrium-iron-garnet (YIG) supplied by the Russian com-
pany Magneton (Magneton 9CHV’s). This ferrite sample was
separated from the ground planes containing the apertures by
means of a foam layer (Rohacell 51). Apart from the three layers
existing between the patch and the ground plane (the dielectric
layer, the ferrite layer and the foam layer), a fourth additional air
layer has been included in the simulations in order to account for
the air gap existing between the ferrite layer and the dielectric

Fig. 8. Numerical and experimental results for the reflection coefficient of
square microstrip patch coupled to a rectangular aperture [see Fig. 1(c)]. The
patch lies on a four-layered substrate containing one ferrite layer. The ferrite
is biased in-plane (� = 90 , � = 0 ). Results are presented for different
values of the magnitude of the bias magnetic field H above (a) and below
(b) the REMW. (a) and (b): h = 0:635 mm, h = 1:15 mm, h =
0:635 mm, h = 0:01 mm, h = 0:254 mm, � = 10, � = 1:07,
� = 15:3, � = 1, � = 10:5, � M = 0:183 T, � �H = 0:0006 T,
w = 0:6 mm, w = 0:4 mm, w = l = 15:2 mm; (a): l = 8:2 mm,
l = 6:2 mm; (b): l = 12:5 mm, l = 3 mm.

layer supporting the patch. In Fig. 8(a) and (b) the agreement
between theory and measurements is reasonably good. Both nu-
merical and experimental results show that the antenna above
the REMW can be tuned by about 20% as is varied, and
the antenna below the REMW can be tuned by about 7%. As
commented above, whereas the tuning range above the REMW
is limited by the excitation of MSSWs, the tuning range below
the REMW is limited by matching degradation as recedes
from 0.12 T. The numerical bandwidth obtained for every value
of is slightly smaller than the experimental bandwidth
above the REMW, and the opposite holds below the REMW.
The experimental bandwidth lies around 2% both above and
below the REMW.
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IV. CONCLUSION

Multilayered printed antennas have been studied when one or
more layers are magnetized ferrite materials. The bias magnetic
field of the ferrites is allowed to be arbitrarily oriented. The al-
gorithm is based on the application of the MoM in the spectral
domain. The use of rooftop basis functions makes it possible to
analyze a wide class of aperture coupled antennas with patches
and apertures of different shapes. The results obtained show that
it is possible to fabricate circularly and linearly polarized square
patch antennas on ferrite substrates with a matching frequency
band that can be tuned over a wide range by adjusting the magni-
tude of the bias magnetic field. Also, the authors have found that
the polarization of a square patch antenna on ferrite substrate
can be tuned from circular to linear within the same frequency
band by changing the orientation and magnitude of the internal
bias magnetic field. In the paper a new antenna has been de-
signed which consists of stacked square patches on normally bi-
ased ferrite substrates. The new antenna provides wideband cir-
cular polarization and matching while requiring one single feed
and a constant bias magnetic field. Finally, in order to check the
validity of the numerical algorithm, some of the numerical re-
sults have been compared with measurements, and good agree-
ment has been found.
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