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ABSTRACT This paper presents a compact ultra-high frequency (UHF) folded antenna design that relies
on a single radio frequency micro-electro-mechanical switch (RF-MEMS) to reconfigure its frequency
of operation between 575 MHz and 760 MHz. The reconfigurable multi-layered antenna design has a
volumetric folded topology with total dimensions of 40x40mm?; equivalent to 0.11Ax0.11x at 575 MHz.
The antenna is fabricated and tested where the measurements agree well with the simulation results.
The antenna exhibits a radiation efficiency of 40% at 575 MHz and 62% at 760 MHz. Furthermore, the
proposed antenna is tested in a cognitive radio environment to validate its ability to adapt to cognitive
input and tune its performance across white space within the UHF band. This is achieved by relying on
a trained classifier model that is embedded within a microcontroller to autonomously control the state of

the integrated switch based on which channel is idle.

INDEX TERMS Cognitive radio, miniaturization, reconfigurable antennas, RF MEMS, small antenna.

I. INTRODUCTION

OGNITIVE radio has emerged as a solution to ensure

spectrum usage efficiency for modern communications.
More specifically, interweave cognitive radio is a mode of
operation where the spectrum is continuously sensed for
available idle bands. Once these bands are identified, a
processor reconfigures a communicating antenna to oper-
ate across these frequencies. As a result, the integration
of a dynamic communication system within any cognitive
radio platform is a necessity. Such dynamic communication
can be achieved by implementing reconfigurable antenna
components [1], [2], [3].

Reconfiguring an antenna necessitates the integration
of components such as RF-MEMS, PIN diode switches,
digitally tunable capacitors, or mechanical actuation mech-
anisms. Moreover, reconfigurable antennas designed for
cognitive radio integration must be compact and optimized
for swift and efficient communication. Various techniques
that aim at reducing the physical size of the antenna without
compromising its radiation characteristics are proposed in
the literature [4], [5], [6], [7]. However, reconfiguring com-
pact antenna elements present an additional challenge in

cognitive radio front-end platforms that must be addressed.
To that end, we propose a new multilayered folded compact
reconfigurable antenna for integration in an interweave
cognitive radio platform. The antenna, briefly introduced
in [8], operates across two UHF bands: 575 MHz and
760 MHz, respectively. It is based on a multilayered struc-
ture to achieve the required compactness. The frequency
reconfiguration is obtained by placing a single RF-MEMS
between the loop and three integrated vertical folds.

The novel aspect of the presented design lies in its
ultra-compact volumetric profile, which is considered advan-
tageous for implementation in any portable miniature com-
munication device for interweave cognitive radio across UHF
TV bands. In addition, the folded multi-layered meandered
loop structure combined with a dual-band impedance match-
ing network adds to the novel aspects of the presented
work. Moreover, additional novelty is based on the prac-
tical implementation of the antenna in an actual interweave
cognitive radio scenario by relying on a pre-designed channel
occupancy model. The channel occupancy model identifies
available frequency bands and tasks the antenna to reconfig-
ure its operating frequency to occupy these idle frequencies.
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FIGURE 1. (a) The different layers of the proposed antenna structure, (b) The
dimensions of the main radiating element along the RF chokes and vias used for
biasing the RF MEMS, and (c) The three vertical layers with the meandered lines.

This mode of operation ensures that even if the spectrum is
congested around some frequency bands, other idle bands are
available and can be leveraged to always ensure continuous
reliable communication. All these novel features prove that
this antenna stands the tests and challenges of a cognitive
radio channel.

Section II presents the multilayered folded miniaturized
reconfigurable antenna along with the design of the proposed
matching network. The full antenna prototype and the cor-
responding measurement results are presented in Section III.
Section IV discusses the cognitive radio analysis and the
prediction of channel availability. Section V concludes the

paper.

Il. PROPOSED DESIGN

The proposed multilayered folded design that is reconfig-
ured by relying on a single RF-MEMS is shown in Fig. 1(a).
It is composed of six planar layers and three vertical lay-
ers. Layer 1 is a 40 x 40 mm? ground plane. Layer 2 is
the Rogers RO5880 substrate with a thickness of 1.6 mm.
Layer 3 contains the dual-band impedance matching network
that ensures matching on-demand at the two reconfigurable
frequency bands. Layer 4 is a 1 mm thick foam substrate.
Layer 5 is another Rogers RO5880 substrate of 0.51 mm
thickness. Layer 6 is the meandered loop antenna.

The RF-MEMS is chosen versus a PIN diode due to its
linear behavior, less power consumption, and higher radiation
efficiency [9]. The RF MEMS is also incorporated within this
layer along with its corresponding biasing network and its
connection with the three vertical layers. More specifically,
the three vertical layers, highlighted in Fig. 1(a) as layers 7,
8, and 9 folds, are composed of extended meandered lines
to further increase the electrical length of the main radiating
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element. The proposed structure allows the antenna to feature
total dimensions of 40 x 40 mm? with a thickness of 3.08 mm.
The area of the structure is equivalent to 0.111 x 0.111 mm?
at 575 MHz. These dimensions indicate a 70% size reduction
at 760 MHz and 80% at 575 MHz in comparison to a patch
antenna operating at the same frequencies.

The radiating structure, shown in Fig. 1(b), is a single
loop element that is designed with its circumference corre-
sponding to A,/2 at 760 MHz [10]. Its meandered shape is
used to maximize the electrical length and achieve a com-
pact design. The width of the line composing the loop is
taken to be 2.1 mm which is translated into a characteris-
tic impedance of 125 ohms. The loop has four meandering
turns on each side. These dimensions ensure an operation
at the first band of interest, which is 760 MHz. Achieving
an operation at the second band (i.e., 575 MHz) requires
a further increase in the antenna’s electrical length while
while maintaining the same 40 x 40 x 3.08 mm? volumetric
dimensions. Hence, an RF-MEMS (ADG901 [11]) is inte-
grated within the radiating element as shown in Fig. 1(b).
The switch connects the main meandered loop to the three
vertical layers respectively. These three layers, highlighted in
Fig. 1(c), are placed vertically at the three sides of layer 5.

The position of the RF-MEMS, highlighted in Fig. 1(b),
is chosen to enable operation at 575 MHz and 760 MHz on
demand. Accordingly, a dedicated feeding network, Layer 3
in Fig. 1(a), is designed to enable impedance matching at
both frequencies. The corresponding layout of the integrated
matching network is shown in Fig. 2(a).

The feeding network of the antenna is initiated with a 50-
ohms coaxial connector that is fed into the matching network at
layer 3. The state of the integrated RF MEMS affects the input
impedance of the antenna as it enables its operation at two
distinct frequencies. This effect results in the antenna behaving
as two different loads respectively. A typically integrated
quarter wavelength transformer cannot match different loads
at different frequencies to a 50 2 RF feed. A tuned shunt
stub of the matching network can however solve this problem
and alleviate the mismatch. The tuned shunt stub shown in
Fig. 2(b) matches the antenna to two different frequencies
and for a variety of loads. The proposed matching network
is presented in Fig. 2(a) for both antenna impedance states.
When the RF MEMS is ON, the antenna input impedance
is Zoy = 60 + j60 2. When the RF MEMS is OFF, its
input impedance is Zprr = 1.09 4-j8.32 Q. An L-matching
network is first designed for the two switch states separately.

To reach an acceptable impedance matching for both cases,
the final transmission line (TL) and the final shunt stubs are
chosen such that both impedances lie within the VSWR<2
circle on a smith chart, for a 502 input impedance. The
final resulting network is optimized to match the two input
impedances. As a result, it is composed of a shunt stub
of 90 mm and a series transmission line of 110 mm in
length. These dimensions of the final TL and the final shunt
stub transform both Zprr and Zpy into impedances that are
located inside the VSWR=2 circle of the 50 ohms input on
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FIGURE 2. (a) The designed matching network (b) The current path for the two
states of the integrated RF-MEMS along its biasing circuitry, (c) The corresponding
surface current distribution along the radiating element and the three vertical layers
for both states of the switch.
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FIGURE 3. The simulated and measured reflection coefficients in dB for different
switch states.

a smith chart. This proves that this network matches both
impedances to the same 50 2 input.

The matching network is also linearly folded in a spiral
shape to reduce its size and ensure its lodging within the
40 x 40 mm? surface underneath the meandered loop antenna.
Fig. 2(a) shows the detailed layout of the proposed matching
network. The connection between the matching network and
the meandered loop is achieved through a vertical metallic
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sheet as shown in Fig. 2(b). It has a width of 2.1 mm with a
height of 1.51 mm. Layer 4 (foam) is embedded within the
design to ensure the appropriate positioning of the vertical
sheet and in order to allow the appropriate current flow between
layer 3 and layer 5. Such flow is depicted in Fig. 2(b) for the
two states of the integrated RF-MEMS.

The corresponding surface current distribution along the
meandered loop and the three integrated vertical layers are
presented in Fig. 2(c). When the switch is OFF, the antenna’s
effective electrical length is mainly due to the meandered loop
length that is designed to operate at 760 MHz. In the ON state,
the antenna’s electrical length accounts for the meandered loop
in addition to the three integrated vertical layers. Accordingly,
the frequency of operation and the total effective length
corresponds to the half-wavelength at 575 MHz.

One of the major elements to consider for ensuring the
appropriate operation of the RF MEMS is the biasing network.
To bias this switch, we resort to three 20 nH RF chokes that
are shown in Fig. 1(b). These RF chokes contribute to the
connection of the control pins of the switch to the power supply
that is to be provided by a software-controlled microcontroller.
One RF choke connects the control pin of the switch to a
controlled power supply. Another RF Choke connects the
switch voltage pin to a 2.7 Volts voltage supply. The last RF
choke connects the ground pin of the switch to the ground
plane of the antenna. The respective positions of the various
RF chokes are shown in Fig. 1(b). Furthermore, Fig. 2(b)
shows the current paths when the RF MEMS is either ON or
OFF along with its appropriate biasing circuitry.

lIl. MEASUREMENTS AND RESULTS

Small antenna measurement techniques are implemented to
ensure accurate measurement results [12], [13]. These tech-
niques are based on incorporating a ferrite bead RF-choke
and a balun between the antenna input terminal and the RF
cable. The comparison between the simulated and measured
reflection coefficients for both states of the RF-MEMS are
shown in Fig. 3. In the OFF state, an operation at 760 MHz
is obtained with a bandwidth of 3 MHz. While in the ON
state, the antenna operates at 575 MHz with a bandwidth
of 6 MHz. Such bandwidth is sufficient for the needed
operation across the desired frequency bands.

Fig. 4 shows the antenna’s simulated and measured radia-
tion patterns when the switch is either in the OFF or ON states.
The radiation patterns are plotted in the x-z and y-z plane
cuts accordingly. The proposed design preserves an omnidirec-
tional pattern, which is desired for cognitive radio applications
in an emergency communication platform. Furthermore, the
antenna preserves linear polarization in both its reconfigura-
tion states. The radiation efficiency is found to be 40% at
575 MHz and 62% at 760 MHz. Such efficiencies are accept-
able when designing ultra-compact antennas with a high-size
reduction percentage as the one presented herein.

The compactness and efficiency of the proposed antenna
are benchmarked using the figure of merit (FoM), shown in
Eq. (1), and its calculated values are displayed in Table 1.
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FIGURE 4. The simulated and measured radiation patterns (a) at 575 MHz in the x-z
plane, (b) at 575 MHz in the y-z plane, (c) at 760 MHz in the x-z plane, (d) at 760 MHz in
the y-z plane.
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FIGURE 5. (a) The block diagram of the built classifier model to validate the
operation of the proposed antenna structure in a cognitive radio environment, (b) The
corresponding cognitive radio experimental setup showing how the Arduino
microcontroller is controlling the biasing circuit of the RF-MEMS, (c) the antenna
responding to the trained classifier and reconfiguring its frequency of operation.

The FoM is a function of the radiation efficiency (RE) and the
normalized antenna volume which considers the active area of
the antenna normalized to the cube of the largest wavelength.

RE
FoM = (D

100 x ( Voz”m:?nlenna )

The obtained FoM for the proposed structure in compar-
ison to other works in the literature is presented in Table 1.
Such a result highlights the superior performance of the
proposed design by maintaining acceptable efficiency values
despite the extreme miniaturization aspect.
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TABLE 1. Comparative table between the proposed design and other work available
in the literature.

Size # Switches Rad. Eff. (%) | FOM
[5] 0'4)(13"&;“ 0 63%@3.5GHz 0.94
(7 0. L‘(‘)Sgi‘g;f)‘ 1 35%@600MHz | 9.67
[12] o.is(;)xggﬁsx 6 81% @ 2.4 GHz | 25.82

0.135)x0.1351 122% @
[14] x0.045), 4 860MHZ 1.49

This 0.112x0.11% X 62%@760MHz | <o o0

work x0.006). 40%@575MHz -

IV. TESTING THE ANTENNA IN AN INTERWEAVE
COGNITIVE RADIO ENVIRONMENT

To test the operation of the proposed reconfigurable antenna
structure in a cognitive radio environment, a classifier model
was built to automate and control the status of the inte-
grated RF-MEMS according to the activity of the users in
the channel. Such control enables the antenna to reconfigure
its operating frequency based on the identified unoccupied
channel. A block diagram detailing the proposed cognitive
radio setup is shown in Fig. 5(a).

The classifier model is built by relying on synthetic data
representative of UHF TV band usage [1] as a function
of time and corresponding power levels. The data is chosen
concerning the two operational frequency bands of the recon-
figurable antenna at 565 MHz and 760 MHz respectively. In
addition, the acquired data is divided as follows: 80% of the
data is used to build and train the model while the remain-
ing 20% is used for testing to monitor the reconfiguration
of the proposed antenna structure. Accordingly, the model
has two inputs as shown in Fig. 5(a). The first input is the
time when the corresponding channel occupancy is recorded
while the second input is the normalized power level of the
band of interest at the previous time slot. The trained clas-
sifier model is then embedded within a microcontroller (i.e.,
Arduino Nano 33 IoT board [15]) whose output controls
the status of the integrated RF-MEMS within the reconfig-
urable antenna. The monitoring of the reconfiguration of the
antenna structure is done by connecting it to a network ana-
lyzer and monitoring the corresponding reflection coefficient
as depicted in Fig. 5(a) and Fig. 5(c).

The data used to represent the UHF band usage is divided
into two sets based on the normalized power level within
either band for a given time instance. The first set corre-
sponds to the case where a given frequency band is occupied
while the second set maps to the case where the frequency
band is idle, and no one is using it. This is achieved by
considering that the high level of the normalized RF power
signifies the usage of the UHF band, whereas the level that is
below the occupancy reference of the RF power signifies the
availability of the channel. The occupancy reference level is
obtained by computing the overall average power from the
data used for training the model at the two frequency bands
for all considered time instances. Accordingly, the “high
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FIGURE 6. The occupancy power levels that are fed to the model to test its
functionality in controlling the integrated switch within the reconfigurable antenna,
(b) The prediction and the true outcome for the respective occupancy power levels.

power” slot is labeled with “1” while the “low power” slot
is assigned a label of “0” for a given band and time slot.
The experimental setup is shown in Fig. 5(b) and Fig. 5(c)
where the trained model is fed to the microcontroller that
controls the state of the RE-MEMS. The output of the micro-
controller is fed to the biasing network of the switch where
the microcontroller supplies the RF-MEMS with a voltage
of 3.3V with a current of 2mA in the ON state.

To test the functionality of the trained model that is embed-
ded within the Arduino Nano microcontroller, a new set of
collected input data in terms of power levels at the previous
time slots for different time instances is fed to the built
model. The power levels that were fed to the microcon-
troller are shown in Fig. 6(a). These power levels are plotted
with respect to the occupancy reference power level that
was used during the training process of the classifier model.
For each power level fed to the microcontroller, the trained
model outputs a signal to control the status of the inte-
grated switch within the proposed reconfigurable antenna.
More specifically, the output of this algorithm is a supplied
biasing voltage (Vpp) when the trained model predicts that
the 760 MHz is occupied and that the 565 MHz band is
not. This activates the RF-MEMS and leads to transmission
at 565 MHz. The output is 0 volt to deactivate the switch
when the prediction is that the 760 MHz is idle, thereby
leading to transmission at 760 MHz. Therefore, the antenna
changes its operating frequency depending on the pre-learned
spectrum availability. If the trained model predicts that both
channels are occupied, then it halts and waits for the next
available slot and channel while executing continuous and
cyclic monitoring.

Fig. 6(b) plots the predicted channel occupancy from the
trained model. The built classifier model produces a 90%
correct prediction outcome. This experimental setup shows
the ability of the proposed antenna system to change its
operating frequency depending on the pre-learned spectrum
availability. Such spectrum availability can be updated
dynamically and, on the go, to decide which state of the
antenna to adopt and at which time. Hence, this protocol
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ensures the continuous operation of the antenna in an
interweave cognitive radio platform and the appropriate suit-
ability of such a component in a compact setup for dynamic
communications systems.

V. CONCLUSION

In this paper, a novel compact reconfigurable multilayered
folded antenna is designed. The antenna design relies on
meandering and extreme folding. This has the advantage
of reducing its size with extreme miniaturization aspects
while ensuring its operation at UHF with acceptable radiation
efficiencies. The antenna is fabricated and measured, and
the measured results agree well with the simulated ones. In
addition, the proposed reconfigurable antenna is tested in
a cognitive radio scenario where the antenna is controlled
by a pre-designed channel occupancy model to predict the
channel availability at a certain time and in a certain area,
proving its validity for operation in emergencies and areas
with diminished communication infrastructure.
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