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Abstract—Previously insurmountable challenges posed by strin-
gent requirements of simultaneous compact size, high bandwidth,
high to moderate efficiency, and circular polarization operation at
UHF have been surpassed by a unique design employing layered
magnetodielectric materials. To achieve percentage bandwidth
values in excess of 50% for an antenna with a maximum dimen-
sion of 0.15)\ three approaches for bandwidth enhancement are
combined in a proper fashion. A volumetric source, as opposed
to printed planar or wire sources, inherently provides higher
bandwidth and is used as the fundamental radiating element
of the antenna. The radiating structure is made up of layered
magnetodielectric material with proper design of permittivity and
permeability values forming a magnetodielectric resonator an-
tenna (MDRA). Noting that miniaturization and wave impedance
in the MDRA are, respectively, proportional to the square-root
of the product and ratio of the permeability and permittivity,
moderate values of permittivity and permeability are used to
enhance the bandwidth while achieving considerable miniaturiza-
tion. The third method for bandwidth enhancement is based on
the integration of a resonant feed and many parasitic elements
into the MDRA structure. Square symmetry of the MDRA is used
to obtain circular polarization operation. A prototype small UHF
antenna operating over 240-420 MHz with a linear dimension
smaller than 0.15)\ at the lowest frequency is fabricated and
tested; the results are summarized in this paper.

I. INTRODUCTION

ATELLITE communications is the most reliable and secure

means of communication for civilian and military mobile
platforms which provide global coverage. Operational satellite
systems often require wide bandwidth or dual band operation.
Circular polarization is also often required to remove the effects
of polarization rotation due to propagation through the iono-
sphere. GPS systems, for example, which have low bandwidth
requirements use microstrip patch antennas and, in some cases,
quadrifilar helix antennas [1], [2]. In contrast, the civilian satel-
lite system Globalstar is dual band, using 1.610-1.625 GHz for
uplink and 2.4835-2.5 GHz for downlink [3]. Quadrifilar helix
antennas are also used in this system [4]. Helical and spiral an-
tennas inherently are able to produce circular polarization over
a wide bandwidth [5]. However, such traveling wave type an-
tennas must be large in dimension or comparable to the wave-
length at the lowest frequency for proper operation. For mobile
platforms, and specifically for airplanes and unmanned aerial
vehicles, this may pose a limitation. This problem is exacerbated
when operating at low UHF band where the wavelength is of
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the order of a meter. The challenges posed by a high bandwidth
requirement in addition to possessing simultaneously compact
size, high to moderate efficiency, and circular polarization have
been met with a unique antenna design employing layered mag-
netodielectric materials.

The design begins with a dielectric resonator antenna (DRA)
which, being a volumetric source, has inherently wider band-
width than a linear or surface radiator [6]. In an effort to reduce
the size, the DRA is composed of layers of magnetodielectric
and dielectric materials, forming the MDRA. Finally, a previ-
ously developed method to improve the bandwidth of a DRA
using a double resonant structure is used [7]. Extending this ap-
proach, parasitic elements are also included yielding a multires-
onant design.

The design attributes are reviewed in Section II. The reso-
nance frequency of the layered MDRA is approximated in Sec-
tion III, the simulation setup is described in Section IV, and the
fabrication details are given in Section V. Finally, measurement
results are given in Section VL.

II. DESIGN DEVELOPMENT
A. Volumetric Radiator

The radiation power factor (RPF), developed by Wheeler,
quantifies the ability of electrically small antennas to radiate [6].
The factor, which is inversely related to antenna (), indicates
the amount of real power radiated away from the antenna com-
pared to the amount of reactive power stored in the antenna’s
near field. It is proportional to the ratio of effective antenna
volume, which is related to its physical volume, to the volume
of the radian sphere (47/3 (A/27)*). Volumetric sources, such
as the MDRA, which more effectively fill the radian sphere have
higher RPF and exhibit improved radiation capability and band-
width. This is in contrast to linear and surface radiators which
demonstrate considerably lower radiation bandwidth.

B. Magnetodielectric Materials

New materials are sought for enhanced miniaturization and
simultaneously increased bandwidth. Here, we present the ap-
plication of arecently developed magnetodielectric in the design
of a MDRA. Antenna size is generally determined by the wave-
length in the antenna material

Y (1

V Hr€r
where ), is the freespace wavelength and ¢,. and p,- are the rela-
tive permittivity and permeability, respectively. In the past, only
high permittivity materials were available to decrease antenna
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Fig. 1. Percent bandwidth versus the log of the MDRA intrinsic impedance.

The slot-fed MDRA of dimensions @ X b X h is also shown.

size; however, the use of such materials leads to increased en-
ergy storage in the antenna near field which in turn reduces the
antenna bandwidth. Incorporating artificial materials with both
1 and €, greater than unity can result in the same size antenna
without the adverse effects of using high permittivity materials
[8]. The lower contrast in wave impedance inside and outside
the structure results in reduced entrapment of electromagnetic
waves. Since energy storage is reduced, the ability of the struc-
ture to radiate power over a wider bandwidth is improved.

A study is carried out in simulation using the finite-differ-
ence time-domain (FDTD) method in order to investigate the
effect of u and e on bandwidth [9]. Optimal values which max-
imize bandwidth for a particular slot-fed MDRA design are
found. The results are given to provide qualitative evidence of
the bandwidth improvement when both p and € are used. In
each case, the intrinsic impedance (\/m) is varied while the
product of u, and €, is kept at 25, and the MDRA dimensions,
a = 02\ x b = 0.2\ x h = 0.13), are held constant (see
Fig. 1). The degree of matching varied as the permittivity and
permeability were adjusted; modifications such as changing the
slot length and position of the MDRA over the slot were made
in order to achieve a —10 dB match. The fractional bandwidth
of the MDRA resonance is plotted versus the log of the intrinsic
impedance of the material (log;, v//t-/€) in Fig. 1. It is ob-
served that optimal bandwidth for this MDRA configuration is
achieved when /.. /e, = 1.74, corresponding to u, = 8.62
and ¢, = 2.9. Itis clearly demonstrated that, in general, by using
a combination of both y,. and ¢, the bandwidth can significantly
be improved. In this case, a factor of improvement as large as
13 is observed. It is important to note that a high ratio of u to €
may not be achievable even with a layered structure. In the fab-
ricated design, as will be shown +/ ../, ~ 0.8.

If a similar design were attempted with dielectric materials,
for the same resonant frequency and size, a higher permittivity
material would be necessary. Using high permittivity materials
alone makes the task of impedance matching and the use of mul-
tiresonant structures more complicated and sometimes impos-
sible. Simulation results confirm narrower resonances and indi-
cate poor coupling to the parasitic elements.
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Fig. 2. Magnetic (),, and relative permeability, .., of the hexaferrite
magnetodielectric versus frequency.

It is important to note that obtaining arbitrary € and p may
not be possible physically. Until recently, low loss, high per-
meability, ferrite materials that operate over VHF-UFH bands
were not available. Through a collaborative effort, supported
by the DARPA metamaterials program, Trans-Tech, Inc., and
the University of Michigan have developed a new class of
these materials. In this design the magnetodielectric is an
aligned Z-type hexaferrite ceramic. It is composed of barium
hexaferrite blended with cobalt oxide and barium carbonate.
The material’s magnetic ) and the real part of the relative
permeability are shown versus frequency in Fig. 2. Over the
frequency range of interest, the magnetic loss tangent (tan 4,,)
is approximately 0.04 but increases at higher frequencies;
tan 0, is estimated to be five to ten times smaller than tan 6,,.
The relative permittivity and permeability are approximately
16 and 8.5, respectively. Currently, the manufacturing process
limits the hexaferrite layer thickness. Also, according to results
in Fig. 1 a higher ratio of p, to €, than may be achieved with
this material alone is desirable. As will be shown, an increased
ratio can be achieved with a layered design of alternating hex-
aferrite and regular dielectric layers. Arranging the materials
this way also improves the effective loss tangents.

C. Multiresonant Design for Increased Bandwidth

The technique used in [7] is shown to increase the impedance
bandwidth of an antenna by using multiple resonant structures in
the design. In particular, it combines a slot antenna and a DRA to
effectively double the available bandwidth. With proper design
it is observed that the resonance of the slot and that of the dielec-
tric structure itself may be merged to achieve 100% bandwidth
improvement over which the antenna polarization and radiation
pattern are preserved. Using only dielectric materials fractional
bandwidths on the order of 25% were demonstrated with mod-
erate miniaturization.

One drawback of using a slot to feed the MDRA is back ra-
diation; the slot dimensions necessary to merge the resonances
may be large enough to allow nonnegligible radiation below the
ground plane. In cases where isolation from the lower half-space
is needed, a probe feed can be used. The probe feed approach
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also allows for easier implementation of a CP design. A minor
drawback of using the probe feed is higher cross-pol levels in the
H-plane of the MDRA (the = — z plane in Fig. 3). Loop feeds
could instead be used to mitigate cross-pol radiation and allow
for improved axial ratios; however, loop feeds are more difficult
to fabricate than straight probes.

The concept of merging resonances to augment bandwidth
can also be extended to include additional resonances from par-
asitic elements. If properly designed the parasitic element yields
a third resonance at the proper frequency. For example, in the
original design, an additional aperture was added next to the
fed aperture. The two apertures are coupled through the elec-
tric field in the MDRA, each producing a distinct resonance;
all three resonances would share the same linear polarization.
The presence of the second aperture, however, exacerbates the
problem of back radiation. Alternatively, a parasitic probe can
be added on the other side of the MDRA, as shown in Fig. 3.
In this design a parasitic probe is short circuited to the ground
plane opposite from the fed probe. Additional parasitic probes
can be added to achieve more resonances that would lead to in-
creased bandwidth.

This multiresonance approach is used to design a circularly
polarized antenna. A square MDRA is ideal for CP implemen-
tation because two orthogonal modes can be excited using two
probes along adjacent walls, as shown in Fig. 4. At the MDRA
resonance F, has a null at the midpoint of the MDRA length in
the y direction so the presence of the second probe should not
affect the return loss at this frequency. At the probe resonance
the effect of the second probe may be nonnegligible. However,
based on the return loss simulated with and without the second
CP probe the effect is not substantial.
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III. FIRST-ORDER MDRA DESIGN

A simple procedure is outlined in order to provide a starting
point for design. Effective medium theory is invoked to approx-
imate the resonant frequency of the MDRA and probe. Since
the layer thickness is small compared to the wavelength inside
the MDRA an effective permittivity and permeability may be
used to estimate the resonance frequency. Effective parameters
are obtained by modeling the MDRA layers as series capacitors
and inductors with values corresponding to their respective per-
mittivity and permeability. These expressions should only apply
to the z component of the parameters (e, 1) as the transverse
components (€, 4, [tz,y) are not affected by the layered design.
However, the resulting anisotropy is neglected in this approxi-
mation. This is acceptable for the dominant mode because the
electric field is primarily in the Z direction, perpendicular to the
layers. In the case of equal thickness, alternating hexaferrite and
dielectric layers

1 1\-1
€r7oﬂ‘z2(—+—) ~7
€r1 €r2
(2)

where subscripts 1 and 2 refer, respectively, to the hexaferrite
(€+1 = 16, p,.q1 = 8.5) and the dielectric (€,5 = 4.5, .0 = 1)
materials. Using these approximate values an effective index of
refraction n.fy = /o eff Er off R 5.8 is achieved. The resonant
frequency may be found using the familiar expressions given
in [7] using the effective parameters derived above. The funda-
mental resonant frequency for the MDRA is chosen to be 264
MHz, slightly above the lower edge of the desired frequency
band of 245 MHz. Solving the equations in [7] yields dimen-
sions of 17.2 cm x 17.2 cm X 1.5 cm.

The first resonance of the feed and parasitic probes occurs at
Aa/4, where \g is the wavelength inside the MDRA. A length is
selected such that the resonance occurs at a frequency adjacent
to that of the MDRA.

IV. SIMULATION RESULTS

The design is simulated using the FDTD method. In order
to simplify the simulation model for the CP designs, the first
probe is fed while the other fed probe is matched with a 50 €2
termination as it would be with the coupler. Therefore, the return
loss reference plane is at the base of the fed probe rather than
at the input to the coupler. Since the design is symmetric an
identical result is obtained when the other input probe is fed.
Isolation between the two antenna feeds is not investigated with
FDTD simulation.

The return loss for the double resonant CP design, shown in
Fig. 4, is given in Fig. 5. The MDRA resonance is around 265
MHz and the probe resonance is at 315.4 MHz. The size of the
MDRA in this design is that obtained above, 17.2 cm x 17.2
cm X 7.5 cm, and the probe length is 4.3 cm.

The simulations were initiated with wire probes, as shown
in Figs. 3 and 4. During initial measurements, it was observed
that wider probes placed on the MDRA surface rather than wire
probes inside result in better coupling to the MDRA. This type
of probe also allows for easier setup and tuning. The simulated
configuration was then updated to reflect the external probes.
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Fig. 5. Simulated return loss for the design shown in Fig. 4. Two fed, wire
probes are used in this simulation; no parasitic probes are present.
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Fig. 6. Return loss simulated for the final design. Wider probes are used as in
the antenna in the measurement section.

Fig. 7.
elements.

Fabricated antenna in measurement setup with feed and parasitic

Fig. 6 shows the simulation results for the return loss of the
CP design shown in Fig. 7, which yields the measured results in
Section VI. The resonance near 265 MHz is from the MDRA;
additional resonances are from the fed and parasitic probes. The
primary cause for disagreement between simulations and mea-
surements is uncertainty in the isotropy and homogeneity of the
hexaferrite antenna material. Since these properties have not yet
been characterized they cannot be accounted for in simulation.
The variation in the permeability within each hexaferrite tile is
as large as p,, = 8.5 £ 0.5; in addition, as seen in Fig. 2, both
real and imaginary parts of x vary over the band of interest. We
use the FDTD method as a first order design tool. Primarily, it is
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Fig. 8. Diagram of feed network using microstrip and a hybrid coupler.

TABLE 1
PROBE DIMENSIONS AND LOCATIONS FOR THE DUAL LINEARLY
POLARIZED AND CP DESIGNS

Probe | Width (cm) | Height (cm) | Location (cm)
lr 12 6.9 8
Ip1 1.2 5.6 1.1
[ 14 7 3
Ip3 1.2 72 8
Ipa 4 7 15

used to obtain the size of the antenna necessary to operate at the
desired band of frequencies (245-310 MHz). Following fabri-
cation, further tuning was carried out in the lab.

V. FABRICATION DETAILS

As mentioned, the current fabrication procedure limits the
hexaferrite thickness to roughly 0.5 cm. For this reason and also
to improve the effective permeability to permittivity ratio of the
MDRA, a layered design using regular dielectric layers alter-
nated with hexaferrite layers is used. The dielectric layers used
in the fabricated design are Roger’s TMM4 and have relative
permittivity of 4.5 with tan §. < 0.002.! The antenna is made
of fourteen layers, each of which is 0.54 cm thick and 17.2 cm
square. The hexaferrite layers are made up of smaller, 5 cm X 5
cm tiles that are glued together and machined to yield a smooth
surfaced layer of uniform thickness. The total antenna height is
about 7 cm. The fabricated antenna with feed and parasitic ele-
ments is shown in Fig. 7.

Two configurations using the same MDRA are built: a dual
linearly polarized design and a CP design. The dual linearly
polarized design consists of the two feed probes, eight parasitic
elements (four for each fed probe), and the MDRA on a 30 cm
square ground plane. This design is the same as that in the FDTD
simulations. The CP design uses a 90° hybrid coupler to divide
the input power to feed the two probes via microstrip as shown in
Fig. 8. Coaxial feeds could also be used rather than microstrip.
In this design the ground plane is approximately 30 cm by 34
cm. The probe dimensions and locations used in both designs
are given in Table I; the probe designations correspond to those
in Fig. 7. The location of the probe refers to the distance between

IRogers Corporation, Rogers, CT. http://www.rogers-corp.com
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Fig. 9. Return loss and isolation of the dual linearly polarized design.
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Fig. 10. Return loss and isolation measured with the CP feed network.

the left edge of the MDRA and the left edge of the probe; for
example, in Fig. 7 the location of probe /3 is indicated as d.

VI. MEASUREMENTS
A. Return Loss and Isolation

The RF characteristics (return loss and port isolation) of the
MDRA design shown in Fig. 7 are measured and reported in this
section. The first set of measurements are carried out on the dual
linearly polarized design; one port of the antenna is fed while the
other is terminated with a matched load.

The return loss measured from each port is shown in Fig. 9.
The measured impedance bandwidth covers a very wide band-
width from 240425 MHz. In order to ensure the input power
is not absorbed in the matched load at the other port the isola-
tion is measured as well. The result is also shown in Fig. 9. The
isolation has a minimum of about —8 dB around 245 MHz, at
the lower end of the operational bandwidth. This indicates that
approximately 15% of the input power is lost in the matched
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Fig. 11. E and H plane patterns at f = 265 MHz. (a) E plane pattern at

f = 265 MHz. (b) H plane pattern at f = 265 MHz.

termination. These results could be improved through further
tuning, by compromising bandwidth for higher isolation.

The return loss is also measured with the CP feed network
shown in Fig. 8. The second port of the network analyzer is
connected to the isolated port of the coupler and is used to mon-
itor the power reflected from the antenna ports. The result is
shown in Fig. 10. The return loss is about —10 dB over the entire
band; a minimum of —7.6 dB occurs at 248 MHz. The wideband
matching is expected because power reflected from the antenna
feeds goes to the isolated port of the coupler and shows up in
So1. The antenna operates when both S1; and S3; are below
—10 dB; as in the previous measurement, this is above roughly
240 MHz.

B. Pattern and Gain Measurements

The patterns of the dual linearly polarized design are mea-
sured; the CP feed network is not used in pattern measurements.
The E and H plane designations correspond to the MDRA
planes. The E; and Hs planes coincide as do the Fy and H;
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planes. The cross-pol level in the E plane may be effected by
the presence of the cable during measurement. It is also noted
that the anechoic chamber is designed for frequencies above 400
MHz. Therefore, these results may change with further mea-
surement in an improved environment. The patterns measured
at 246, 265, 285, and 310 MHz. Those at 265 and 285 MHz
are shown in Figs. 11 and 12 with the simulated copol patterns.
Patterns at the remaining frequencies are not shown because of
space limitations. The symmetry in the design is evident in the
patterns. The offset of the main beam is likely due to the pres-
ence of the parasitic probes.

The gain of the dual linearly polarized design is also mea-
sured. The results are shown in Table II. The size of the ground
plane, in this case, is 50 cm square. The gain at higher frequen-
cies is limited by the magnetic loss of the hexaferrite material
which, as shown in Fig. 2, increases with increasing frequency.
Considering the return loss and isolation between the two ports
the expected antenna gain in the absence of dielectric and mag-
netic losses is about +2 dBi. This is about 3—4 dB higher than
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TABLE 1II
GAIN MEASUREMENT RESULTS FOR THE DUAL LINEARLY POLARIZED DESIGN
ON 50 cM GROUND PLANE (* 30 CM SQ)

f G
250 MHz -1 + 1 dBi
259 MHz | -1.7 £ 1 dBi
280 MHz -2 £ 1 dBi
310MHz | -3+ 1dBi *

the measured gain values. Improving the magnetic loss can im-
prove the antenna gain and current efforts are underway to re-
duce the magnetic loss tangent to values better than 10~2,

VII. CONCLUSION

The design presented in this paper combines three techniques
to achieve percentage bandwidth values in excess of 50% for
an antenna with a maximum dimension of 0.15\. A volumetric
MDRA structure, as opposed to printed planar or wire, is used.
The MDRA is made up of layered magnetodielectric material
with properly designed permittivity and permeability values.
A resonant feed and parasitic elements are integrated into the
MDRA design for enhanced bandwidth. Finally, the square
symmetry of the MDRA is used in a CP design. Measurement
results show the impedance percentage bandwidth is on the
order of 58%. The design’s primary limitations are in the
cross-pol caused by the probe feeds and its efficiency. As noted,
loop feeds could be used in a similar design with reduced
cross-pol. Development of a lower loss hexaferrite is currently
under consideration to improve the gain.
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