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ABSTRACT As the usage of wireless technology grows, there are evermore demands on the antennas that
support these platforms. This need has led to the design of unique antennas with improved bandwidth, agile
frequency capabilities, compact size and greater efficiencies. In part though, the trade-off for such capabilities
is antenna complexity. This paper presents a new technique for simplifying the method of changing the
operation of a printed antenna using micron-sized silver coated particles that respond to magneto-static fields.
More specifically, a structure consisting of a low-loss dielectric material with a cylindrical cavity containing
micro-sized particles is developed. The overall size of the dielectric material is 1.5 mmx 1.5 mmx0.5 mm
and the cavity has a diameter of 0.9 mm. Furthermore, the top and bottom of the cavity with the micron-sized
particles is capped with copper foil. Then, to manipulate the enclosed particles, a static magnet is placed near
the structure. The enclosed particles columnize and orientate in the direction of the field-lines, connecting the
top and bottom copper foil plates. To disconnect the plates then, the field is simply removed and the columns
collapse. Macroscopically, the structure has the behavior of a switch. The structures presented in this work
are denoted as Magneto-static Field Responsive Structures (MRSs). The MRSs have an additional benefit
of not requiring a direct connection to a biasing circuit. This is very useful because there are many antenna
designs that make it difficult to embed biasing circuitry to reconfigure printed antennas using MEMS and
PIN diodes, for example. Finally, a new frequency reconfigurable Electromagnetic Band Gap (EBG) antenna
is presented. This design is unique because the complex layout does not allow for traditional biasing circuitry
and the operation is changed using the new MRSs presented in this paper.

INDEX TERMS EBG structures, magneto-static responsive structures (MRSs), printed antennas, reconfig-
urable antennas.

I. INTRODUCTION

Antennas with features such as compact geometries, unique
frequency agile characteristics and ease of use continue to be
of great interest to antenna researchers and designers in many
different areas [1]-[3]. Creating compact antennas with fre-
quency agile characteristics are of particular interest in areas
such as wireless sensors, aerospace systems and portable
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multi-radio platforms (i.e., mobile internet devices, laptops,
smart phones etc.). These systems are being required to
access multiple wireless services such as WiFi, WiMax, 3G,
Bluetooth, GPS and UWB over various frequency bands [4].

Reconfigurable antennas is an area where there has been
significant development on using various methods for con-
trolling the agility of antennas. These efforts have shown
promising results that most commonly include using Field
Effect Transistors (FETs), PIN diodes and MEMS devices
to enable frequency reconfigurable antennas [5]-[12].
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Other methods such as liquid metals [13], stepper motors
[14], reed switches [15]-[17], optical circuitry [18], and
fluidic micro-pumps [19] have also been demonstrated as
additional methods to control the frequency characteristics of
antennas. However, with the exception of the designs reported
in [15]-[17], these techniques require a direct connection
with biasing circuitry. This can be a drawback because the
circuitry could have a negative impact on the pattern of the
antenna because of the component placement near radiating
elements [20] and a complex geometry may make it very
difficult to embed this circuitry into the design.

Furthermore, hardware limitations of modern wireless
systems require electrically small antennas and it is becoming
more challenging to achieve several bands using a single
antenna without compromising on efficiency and radia-
tion characteristics. Miniaturized microstrip patch antennas
owing to their simple structure, compact footprint, and ease
of integration have been considered prime candidates for
wireless communication systems as compared to printed
monopoles and dipole antennas. Miniaturization of the
microstrip patch antennas have been achieved using slots,
defected ground planes, and loading with metamaterials [21].
The loading of patch antennas with metamaterials such as
EBGs or High Impedance Surfaces (HIS) significantly reduce
antenna size and result in a complex structure that may be
difficult to reconfigure using existing RF switches because of
embedment of the directly connected biasing circuitry [22].
Therefore, the objective of this paper is to implement a new
component, shown in Figure 1 (a), that does not require
a directly connected biasing circuit for reconfiguring the
complex EBG inspired antenna design in Figure 1 (b).
Because of the compactness and complexity of the antenna
in Figure 1 (b), reconfigurability could not be easily achieved
with conventional methods (PIN diodes and MEMS) that use
directly connected biasing lines and was convenient with the
structures in Figure 1 (a).

The results reported in [15]-[17], [20] are among the first
designs that do not require a direct connection with biasing
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FIGURE 1. (a) Expanded view of the Magneto-static Field Responsive
Structures (MRSs) and (b) Drawing of the small geometrically complex
antenna reconfigured using the MRSs.

(b) (on bottom)
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circuitry to reconfigure the antenna. Some of these were
achieved using a reed switch [23]. Overall, the results were
very promising and showed that a printed antenna could be
successfully developed; however, due to the size of the reed
switches it may be difficult to implement several of these
into the design of an electrically small antenna. Furthermore,
because of the geometry of the switches, embedding them
into the substrate of an antenna is both challenging and
impractical. The structure presented in Figure 1 (a) is a new
approach to overcome these potential design obstacles.

Il. THE MAGNETO-STATIC FIELD RESPONSIVE
STRUCTURES

A. BEHAVIOR OF THE STRUCTURES

The proposed structure (i.e., component) shown in
Figure 1 (a), consists of a low loss dielectric material with a
cylindrical cavity. The cylindrical cavity was partially filled
with silver coated micro-sized particles using a technique
reported in [24] that contained a core that responded to
magneto-static fields. To enclose the cavity, the top and
bottom layers of the dielectric material were covered (i.e.,
capped) with a copper foil. Then, when a static magnetic field
was applied to the structure, the particles formed columns in
the direction of the field lines, as shown in Figure 2. Since
the particles were coated in silver, this created a conducting
path between the top and bottom copper plates. Next, when
the field was removed, the columns disassembled, as shown
in Figure 2, and the two plates were disconnected. This
resulted in a behavior similar to a switch. The structures
presented in Figures 1 (a) and 2 are denoted as Magneto-
static Field Responsive Structures (MRSs) [20]. Since the
field-lines control the particles in the cavity, the MRSs have
an additional benefit of not requiring a direct connection
to a biasing circuit. Again, this makes them particularly
suitable for embedding into complex antenna geometries,
compact design layouts, and potentially dielectric sub-
strates/superstrates.

B. RESPONSE OF THE PARTICLES TO THE
MAGNETO-STATIC FIELD

The silver coated particles used throughout this paper were
manufactured by Potters Industries [25] (CONDUCT-O-Fil,

Micro-sized
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(a) (b)

FIGURE 2. (a) Side-view of the MRSs in the absence of a magneto-static
field showing the particles on the bottom of the cylindrical cavity and
(b) Side-view of the MRSs in the presence of a magneto-static field
showing the particles aligning with the field lines.
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Field Lines

FIGURE 3. (a) Photograph of the particles under a microscope;

(b) photograph of the particles columnizing on a flat surface in the
direction of the field-lines; and (c) photograph of the particles initially
dissolved in alcohol aligning with the field lines.

part number SM40P20). A picture of the particles (under
a microscope) is shown in Figure 3 (a) and diameter of
the particles are between 10 - 40 microns. To demonstrate
the response of the particles in the presence of a magneto-
static field, a sample was placed above a permanent magnets
(as shown in Figure 3 (c)). The particles then columnized
in the direction of the field lines and this phenomena is
shown in Figure 3 (b) and (c). This is the mechanism used
to change the states of the MRSs in Figure 1 (a). This is
because with a sufficient amount of particles in a cavity, these
columns are used to electrically connect the two copper foil
plates.

C. MANUFACTURING OF THE MAGNETO-STATIC
RESPONSIVE STRUCTURES

The next step was to determine the amount of particles
required to manufacture and successfully control various
MRSs. Several different geometries were manufactured and
tested. The two dimensions of particular interest for this paper
are shown in Figures 4 and 5. The dielectric material chosen
was TMM4, which was manufactured by Rogers Corporation
[26]. These dimensions were chosen because: (1) prototypes
could be conveniently manufactured using standard PCB
milling machine practices [24]; (2) the cavities could be
filled under a microscope using repeatable techniques; and
(3) the overall size of the manufactured prototypes were small
enough for embedding into the proposed antenna, shown
in Figure 1 (b). For the quantification of magnetic particles,
a measuring cup having a cylindrical cavity with 0.2 mm
radius and thickness (h) of 0.254 mm was manufactured,
as shown in Figure 6. The amount of particles (N) that
filled the manufactured cylindrical cavity was first estimated

78958
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FIGURE 4. Geometry of the prototype MRSs.

MRS

(b)

FIGURE 5. Photographs of the manufactured MRS cavities with (referring
to dimensions shown in Figure 4) (a) @ = 1.0 mm, b = 0.508 mm,

¢ = 1.0 mm and a cavity diameter of 0.4 mm and (b) @ = 1.5 mm,

b = 0.508 mm, ¢ = 1.5 mm and a cavity diameter of 0.9 mm.

mathematically, as [27]

T 7'[7'2

h
NATYET (1)

The term 3”—2 in equation (1) is the densest possible
arrangement o{spherical particles in a three-dimensional
cylindrical enclosure and is defined by Kepler’s formula [27].
Also, in equation (1), the numerator term is the volume of the
cylindrical cavity and the denominator is the volume of spher-
ical magnetic particles with an average diameter of 40 pm.
Further simplification of equation (1) is given in equation (2):

N =(

_ wr2h
" 42R3

where, r is the radius of the cylindrical cavity drilled in the
measuring cup, h is the height of the cylindrical cavity, and
R is the average radius of the spherical magnetic particle,
i.e 20 um. Substituting values in equation (2) showed that

= 704, 2)
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FIGURE 6. Experimental verification of the magnetic particles in a cavity:
(a) picture of manufactured measuring cup, (b) copper sheet on the
bottom side of cavity to avoid sticking of the magnetic particles with the

copper tape, (c) measuring cup filled with the magnetic particles, and
(d) copper tape on the bottom side.

the measuring cup shown in Figure 6 can hold a maximum
of 704 magnetic particles.

For the analytical verification of quantification of particles,
a measuring cup was completely filled with the magnetic
particles, as depicted in Figure 6 (a) - (d)). These filled
particles were then transferred from the measuring cup cav-
ity to a flat piece of sheet using a small magnet under the
measuring cup. The flat sheet was placed under a microscope
and magnetic particles were counted. This procedure was
performed five times and counted particles were found to be
700, 708, 702, 703 and 704 for five experiments, respectively.
It was therefore concluded that a measuring cup of 0.2 mm
radius and 0.254 height, shown in Figure 6 could hold an
average of 704 particles, approximately.

Following the analytical and experimental quantification
of magnetic particles, the measuring cup procedure was
adopted to fill the cavity of MRSs. A small hole of 0.1 mm
radius (less than that of MRS radius) was drilled in a material
sheet where particles were transferred from the measuring
cup. Next, the hole of the sheet was placed on the top of
the Magneto-static Responsive Structure (MRS) cavity and
a small permanent magnet was used to move particles into
the host cavity. A complete procedure of filling the mag-
netic particles in the MRS cavity is depicted in Figure 6.
It was therefore concluded that to fill the MRS cavity with
sufficient number of magnetic particles to form columns
in the presence of a magnetic field, a small measuring
cup with cavity height less than the MRS cavity height
was first fully filled with magnetic particles, as explained
in Figure 6 (a)-(d). Then, the magnetic particles in the
measuring cup were migrated to a sheet of paper to fill
the host MRS cavity having a larger thickness (height) as
compared to the measuring cup, as shown in Figure 7. The
minimum magnetic field strength to columnize the parti-
cles was 300-350 Gauss for the embodiments shown in
Figure 5.

VOLUME 8, 2020
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FIGURE 7. Method used to migrate particles into the MRS cavity.

Ill. MODELING THE MAGNETO-STATIC

RESPONSIVE STRUCTURES

The Magneto-static Responsive Structures (MRSs) cavities
shown in Figure 5 were modeled in the 3D simulation soft-
ware ANSYS High Frequency Simulation Software (HFSS)
[28] to observe their RF behavior in the absence and presence
of a magnetic field. A 50 Q transmission line (TL) with a
gap of 0.3 mm was designed in HFSS on the Rogers TMM4
1.524 mm thick substrate. Then, 1.5 mm x 1.5 mm MRSs
with a 0.508 mm height having a 0.9 mm cavity diameter
was modeled in HFSS. The bottom side of Magneto-static
Responsive Structure (MRS) was placed on the one side of
the discontinuous TL, whereas the top side of the MRS cavity
was connected to the other discontinuous TL using a copper
sheet. Figure 8 shows the complete geometry of the MRS
and TL modeled in the simulation software. In simulations,
to mimic the MRS ‘OFF’ state and the absence of the mag-
netic field, silver coated spheres were placed on the bottom of
the MRS cavity. On the other hand, 25 columns of spherical
shaped magnetic particles, as shown in Figure 8 (b), were
modeled in the simulation with an average diameter of 40 um
which provided a connection between the bottom and copper
tape of the MRS. A parametric study was also performed on
the number of columns of modeled magnetic particle spheres
to analyze the S-parameter variation and optimize the simula-
tion time. The |S;1| (dB) results for the 1, 2, 4, and 25 columns
are shown in Figure 9. It was observed that the number of
columns do not effect the |S{| (dB) and |S»2| (dB) values
over the entire frequency range. It was also observed that
25 consumed more simulation time as compared 1 column.

columns of magnetic
particles

(b)
FIGURE 8. (a) Dimensions of a 50 © TL with the MRS modeled in HFSS

and (b) magnetic particles modeled as conducting spheres and columns
of magnetic particles to show MRS ‘ON’ state.
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FIGURE 9. A comparison of the simulated |S; | (dB) values for a various
number of columns of magnetic particles in the MRS cavity.

copper

\

avity for

{ i{u— partlcles
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FIGURE 10. (a) A Photograph of the prototype MRS attached to 50 © TL
and (b) a photograph of the prototype MRS on host TL with magnetic
particles and connected with copper tape.

Therefore, one column was used in simulations to model the
MRS ‘ON’ state and to save computational time.

Moreover, the TL having the same dimensions as given
in Figure 8 was fabricated, and the manufactured MRS
was then attached to the host discontinuous TL. A pic-
ture of the fabricated prototype with the MRS is shown in
Figure 10.

Figure 11 shows the S-parameters of the MRS on a TL
in a magnetically ‘unbiased’ state. It can be observed from
Figure 11 that when there is an absence of the magnetic field,
the magnetic particles in the MRS cavity did not columnize
themselves and a mismatch existed at the TL ports and better
isolation of 15 dB up-to 4.5 GHz was obtained. However,
when the external magnetic field was applied, the mag-
netic particles aligned in columns and provided a continu-
ous path for the propagation of the electromagnetic (EM)
wave with good impedance matching characteristics at the
ports, as depicted in Figure 12. It can also be observed
from Figure 12 that EM wave is propagating in the presence
of static magnetic field (|S21| magnitude is around 0.7 dB-
0.85 dB at low frequencies and goes up to 1.5 dB at higher
frequencies). Therefore, it was concluded that the MRS on
a discontinued TL acts as a radio frequency (RF) switch
in the presence and absence of the applied magnetic field
and have switching capabilities from 100 KHz to 4.5 GHz.
Overall, a good agreement was observed in the simulation and
measurement results.

IV. EMBEDDING THE MAGNETO-STATIC RESPONSIVE
STRUCTURES INTO AN EBG ANTENNA

The demonstration of the proposed MRSs as an RF switch
showed that these MRSs could be used in achieving
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results of the MRS embedded on a discontinuous TL in the absence of the
magnetic field.
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FIGURE 12. S-parameter comparison of the measurement and simulation
results of the MRS embedded on a discontinuous TL in the presence of
the magnetic field.

frequency agility and has potential to have benefits over
the conventional switches such as PIN diodes and MEMS
etc. Also, the proposed MRSs do not require biasing cir-
cuitry for their operation as compared to conventional solid-
state RF switches and have an additional embedding feature
on the host substrate. Therefore, to further highlight the
application of the proposed MRSs, a complex EBG antenna
shown in Figure 1 (b) that was difficult to frequency recon-
figure using the existing RF switching technologies was
designed and the proposed MRSs were used to achieve fre-
quency agility.

V. EBG ANTENNA GEOMETRY, PROTOTYPING

AND MRSs INTEGRATION

The layout of the proposed antenna is shown in Figure 1.
The proposed design is probe fed having partially filled with
2 x 2 mushroom like EBG structures in a rectangular patch
antenna. The selected substrate was a low loss RT/duriod
5880 from Rogers Corporation, with a 0.254 thickness (H),
2.2 permittivity (¢,), and a loss tangent tané = 0.0009. The
proposed antenna resonated at a lower frequency if a cur-
rent path was provided between the patch to EBG 1, EBG
1 to EBG 2, and then EBG 2 to patch. On the other hand,
the antenna resonated at a higher frequency when the current
concentration was isolated between the EBG structures and
rectangular patch antenna. To control these currents then,
frequency reconfigurability of the EBG antenna is proposed.
Unfortunately, DC biasing circuitry could not be incorporated
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FIGURE 13. Photograph of the fabricated EBG antenna with the MRSs
(with magnetic particles and copper tape).

in the proposed configuration because of the polarity issues
and ground plane connection of the vias in the EBG struc-
tures. Therefore, the proposed design configuration was not
possible to reconfigure using existing RF switching devices
and this shows the limitation of the existing devices (like PIN
diodes) and highlights the application of the proposed MRSs.

The proposed EBG antenna was reconfigured by embed-
ding three MRSs. The three MRSs were modeled with the
EBG antenna having the dimensions shown in Figure 1 in
the full-wave EM software, HFSS [28]. To experimentally
validate the design concept and embedding of the MRSs
for frequency reconfigurability, the EBG antenna was fab-
ricated and MRSs were manufactured. The manufactured
MRSs were attached to the fabricated antenna and the cav-
ities were partially filled with the magnetic particles using
the measuring cup method. A photograph of the fabricated
prototype with the MRSs attached to the EBG antenna is
shown in Figure 13. A small permanent magnet under the
EBG antenna with MRSs attached was used to produce static
magnetic field for the columnization of particles in the cavity.
In the absence of an external magnetic field, the magnetic
particles in the MRS cavities settled down and provided RF
current isolation between the EBG structures and rectangu-
lar patch. This resulted in smaller dimensions of the EBG
antenna and resonance at a higher frequency, i.e., 2.21 GHz.
On the other hand, when an external field was applied, mag-
netic particles in the cavities columnized themselves and
provided a current path between the patch to EBG 1, EBG
1 to EBG 2, and then EBG 2 to patch. Therefore, the overall
electrical length increased and the EBG antenna resonated at
930 MHz.

VI. RESULTS AND DISCUSSION

The current distribution of the EBG antenna embedded with
MRSs was also analyzed and is presented in Figure 14.
It can be observed from Figure 14 that the current distri-
bution detours around the slots between the EBG structures
and the rectangular radiating portion in the absence of an
external magnetic field. So, current was mainly distributed
on the patch, this made the electrical length of the antenna
shorter and the EBG antenna resonated at a higher fre-
quency in the MRSs ‘OFF’ state (absence of magnetic field).

VOLUME 8, 2020
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FIGURE 14. Surface current distribution: (a) MRSs ‘OFF’ state and
(b) MRSs ‘ON’ state.
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FIGURE 15. Simulated and measured S-parameter of the EBG antenna
embedded with novel MRSs.

However, in the presence of the magnetic field, current passed
through the MRSs and concentrated in both the EBG and
patch, as depicted in Figure 14 (b). This increased the elec-
trical length of the EBG antenna and showed resonance at
930 MHz.

The MRSs were used to achieve two useful states; ‘OFF’
and ‘ON’ for achieving frequency reconfigurability in the
design which was difficult to reconfigure using existing RF
switching techniques. HFSS was used for the simulation
of the EBG antenna and MRSs, whereas a calibrated Agi-
lent E5S071C Vector Network Analyzer (VNA) was used
for the measurements of the S-parameters. Figure 16 shows
the simulated and measured S-parameters of the frequency
re-configured EBG antenna using the proposed MRSs.

Furthermore, the normalized Gain theta (Gg) and Gain Phi
(Gg) components of the radiation patterns in the E-plane (and
H-plane) of the EBG antenna embedded with MRSs were
also analyzed and measured in a fully calibrated anechoic
chamber to observe the effect of the static magnetic field
due to the permanent magnet on the far-field characteristics.
A picture of the prototype taken during the radiation pattern
measurements is depicted in Figure 16. The simulated and
measured results are presented in Figure 17. At both switch-
ing frequencies, broadside radiation patterns are obtained.
The Gy and G4 components of E- and H-plane showed that
polarization of the antenna remained the same during the re-
configurability operation using the proposed MRSs. A good
agreement between the simulation and measurement results
confirmed that use of the external magnet on the bottom side
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FIGURE 16. A picture of the prototype taken during the radiation pattern
measurements in a fully calibrated anechoic chamber.
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FIGURE 17. Simulated and measured normalized radiation patterns in the
(a) E-plane (Gain theta (Gy) and Gain Phi (Gy) components) when
magnetic field is absent for MRSs, (b) E-plane (Gy and G;, components)
when external magnetic field is present for MRSs, (c) H-plane (Gy and G
components) when magnetic field is absent for MRSs, and (d) H-plane
(Gp and Gy components) when external magnetic field is present for
MRSs.

of EBG antenna did not affect the far-field performance of the
sample antenna. The gain of the antenna in the presence and
absence of the external static magnetic field to switch ‘ON’
and ‘OFF’ was also measured. At 2.21 GHz the measured
gain of the EBG antenna was 5.26 dBi, whereas, 3.8 dBi
gain was obtained at 930 MHz. It was also observed that
the embedded MRSs did not degrade the antenna radiation
performance and instead improved the gain and efficiency
as reported in [20] because these structures did not require
biasing circuitry for their operation.

Conventional devices such as PIN diodes, FETs, and
MEMS switches for reconfigurable operation offer reli-
able switching speeds, dynamic reconfiguration, and ease

78962

of packaging. PIN diodes usually offer switching speeds
ranging from 1-100 nsec [29] and have high power handling
capability. Whereas, MEMS have switching speeds from
1-200 psec which are considered low for practical reconfig-
uration operations [30]. MEMS may be considered superior
to PIN diodes and FETs, as they have low loss and a high
Quality (Q) factor. Despite of the mentioned advantages of
microelectromechanical (MEMS) and active switches (PIN
diodes or FETs), the requirement of DC biasing circuitry
is still present and in some cases these devices degrade the
power efficiency and antenna performance [20]. For instance,
performance degradation analysis of reconfigurable slot ring
antenna using PIN diodes in [31] showed that the gain drops
from 5.72 dB to 5.2 dB at 7.26 GHz when switches are
used. Similarly, a comparison on the radiation performance
of reconfigurable microstrip patch antenna using PIN diodes
and proposed MRS in [20] reveal that PIN diodes degrade
the antenna gain to 2.3 dBi in the ‘ON’ state as compared to
the proposed MRS (4 dBi in MRS ‘ON’ state). Furthermore,
a geometrically complex antenna can make it very difficult
(or make impossible) to use biasing circuitry in the design
without significantly affecting the antenna performance.

This paper presented novel MRSs that do not require any
metallic vias, chip inductors, and dc bias lines as required
by FETs, PIN diodes, and MEMS. Followed by the working
principle and performance of the proposed novel structures as
a RF switch on a discontinuous TL, the advantage of MRSs
was demonstrated by designing a sample antenna that was
hard to reconfigure using existing RF switching technologies.
Simulated and measured results verified that use of static field
to activate the proposed MRSs did not degrade return loss and
far-field performance of the stand-alone antenna system and
can frequency reconfigure the antenna. The switching charac-
teristics of the proposed MRS on a discontinuous TL showed
that proposed switch has an insertions loss (|S12| (dB)) rang-
ing from 0.7-0.85 dB at a frequency range from 100 KHz
to 3.5 GHz. Whereas, the insertion loss increases to 1.5 dB
over the frequency range from 3.5 GHz to 4.5 GHz. This
limitation of high insertion loss in the prototype MRS as
compared to PIN diodes and MEMS can be overcome by
proper packaging of the proposed MRS. In addition, the use
of a permanent magnet to provide a static magnetic field for
the switching of MRSs may not be useful for all applications.
Therefore, the use of a control circuit using photoelectric
couplers for the reed switches [32] could possibly be used
to provide a static magnetic field for the activation of the
MRSs. Another practical method to apply a static magnetic
field to activate MRS can be use of copper/silver coil around
the particle cavities [15]. Furthermore, research on activating
the proposed MRSs here is still needed.

VII. CONCLUSION

In this paper, a rectangular structure consisting of low loss
dielectric material having an overall size of 1.5 mm x 1.5 mm
with a cavity diameter of 0.9 mm containing micron-
sized magnetic particles was developed. The proposed novel
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Magneto-static Responsive structures (MRSs) working as a
RF switch from 100 KHz to 4.5 GHz was demonstrated along
with the quantification of the magnetic particles in the MRS
cavity. It was shown successfully that the proposed MRSs
have a compact size and can be embedded on printed anten-
nas to achieve agile frequency capabilities. Furthermore, this
work demonstrated the potential of the MRS by employing
it to achieve frequency agility of a complex EBG antenna,
which could not otherwise be achieved using either PIN
diodes or MEMS. The new MRSs were embedded on the
complex EBG antenna layout and the operating frequency
was changed from 2.21 GHz to 900 MHz using MRSs. Over-
all, good agreement was observed between simulation and
measurement results.
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