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ABSTRACT This paper introduces the design of a filtenna for cognitive radio systems. Four varactor diodes,
which are inserted in the bandpass filter, are used to achieve the desired tunability. The proposed bandpass
filter is integrated with a wideband monopole antenna. The bandpass filter is achieved by using two coupled
defected ground structure (DGS) resonators and two coupled microstrip lines ended with two stubs. The
monopole antenna is designed to operate in a frequency band from 1.3 GHz to 3 GHz. The four varactor
diodes are used to tune the antenna resonance frequency from 2.7 GHz to 2 GHz when the capacitance
increases from 1.55 pF to 2.67 pF. The performance of the proposed filtenna is validated by simulation
and measurements from a fabricated prototype. Finally, the proposed filtenna is tested using the Software
Defined Radio (SDR) platform bladeRF. This transceiver can transmit and receive in a wide frequency range
of 0.3 GHz up to 3.8 GHz, which makes it suitable for testing the proposed reconfigurable filtenna.

INDEX TERMS Cognitive radio, reconfigurable antenna, wireless applications, lumped capacitors,

RF transceivers, software defined radio.

I. INTRODUCTION

Wireless devices able to modify their operating mode by self-
aware of the environment are mandatorily required in recent
years as they allow a Dynamic Spectrum Allocation (DSA)
in wireless communication. This permits efficient use of the
spectrum, which is the most scarce and valuable resource in
modern wireless systems. The algorithms, devices and proto-
cols devoted to managing with the DSA for interoperability
of several wireless systems are grouped under the concept
of Cognitive radio (CR) technology. According to FCC [1],
CR means “‘real-time control of a radio channel or spectrum
band and limiting rate, power or timing transmissions to
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eliminate harmful interference with many other users of the
spectrum” [2]. One of the most important hot topics for
researchers is designing a reconfigurable broadband compact
antenna device for CR applications [3]-[5]. The operation of
a CR system is shown in Fig.1 [6], where it is shown that
the radio must perform sensing of the RF environment, and
after analysis and reasoning of the measurements, it follows
an adaptation of its radio parameters to take benefits of the
available resources to increase its performance. In CR, the
configurability demand touches all layers of the design of
wireless transceivers, but the area of designing a configurable
antenna is particularly complex, as it involves the physi-
cal construction of antennas. Consider an intelligent radio
system capable of detecting occupied and empty channels
in the frequency spectrum [7]-[9], therefore, it is required
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FIGURE 1. Block diagram of CR operation.

to include an antenna system capable of dealing with a
broad RF Spectrum range. Two main approaches have been
used, one type is the wideband antenna with a bandwidth
covering the entire frequency band and the other type is
the tunable narrow-band antenna with a wide tuning range.
Therefore, for instance, to cover the RF range from 400MHz
to 4 GHz, a compact and wireless reconfiguration antenna
suitable for mobile devices is proposed in the spectral sensing
of CR [10].

Recent research has been focusing on realizing some of
the filtering functions in the antenna to reduce the con-
straints on the RF front-end and to reduce its complexity [11].
As reported in [12], [13], integrated filtering capabilities
to achieve a wide impedance bandwidth by switching ON
and OFF some parts of the antenna have been used. The
antenna is capable of dynamically varying its properties
using switches like PIN diodes, varactor diodes, or MEMS.
These are frequently used components in the design of
reconfigurable antennas [14], [15]. In these examples, the
filtering is used to either insert a notch [16] to switch
between several bands [17]-[19], or to switch within a wide-
band to narrowband subdivisions [20]. Also, the hardware
implementations of the CR system are reported in [21]-[23].
Reference [21] discusses spectrum sensing algorithms based
on friendly maximum-minimum eigenvalue for a CR net-
work. In [22], VLSI algorithms based on blind spectrum
sensing for maximum detection of eigenvalue are developed.
Reference [23] investigates the development of hardware
algorithms for cooperative spectrum sensing used for CR
systems.

In this paper, a filtenna for CR systems is proposed. The
fabricated filtenna has been measured and characterized using
a Vector Network Analyzer (VNA). The filtenna has also
been tested in a real CR environment using an SDR platform
called bladeRF. The SDR operates in a frequency band from
0.3 GHz up to 3.8 GHz. The proposed filtenna is composed
of a wideband monopole antenna attached to two coupled
DGS bandpass filters. The antenna operates from 1.3 GHz to
3 GHz where tunability is achieved by loading four varactor
diodes inside the DGS resonators to tune the antenna band
from 2 GHz up to 3 GHz.

The innovation in this work is in two aspects. The first
aspect is in combining the wideband antenna, introduced in
Section II, with the varactor-based tunable bandpass filter,
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FIGURE 2. Wideband monopole antenna: (a) Top view (b) bottom view
(c) Fabricated top view (d) Fabricated bottom view.
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FIGURE 3. S;; simulated and measured results of the wideband
monopole antenna.

presented in Section III, to create the proposed tunable fil-
tenna, described in Section IV. The second aspect, described
in Section V, is the use of this filtenna in a Cognitive Radio
system based on a Software Defined Radio transceiver.

Il. WIDEBAND ANTENNA

In this section, a wideband antenna is taken as the initial
design for the filtenna model as shown in Fig.2. The antenna
is a monopole with a rectangular patch (front side). The wide-
band operation is accomplished by controlling the length of
the partial ground plane (back side). The antenna is designed
to work at a frequency band from 1.3 GHz up to 3 GHz
which is suitable for the SDR platform bladeRF. The dimen-
sions of the wideband antenna are optimized to cover the
required frequency bands. The wideband antenna is printed
on a Roger 4003 C substrate with dielectric constant, loss
tangent and thickness of 3.38, 0.0027 and 0.813 mm, respec-
tively. The feed-line width is chosen to produce the standard
50 @ impedance. The wideband antenna is fabricated and
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measured as shown in Fig.2 (c), (d). The antenna performance
is measured using a VNA. The simulated and measured
results for the wideband antenna are illustrated in Fig.3. It is
clear that; first, the antenna has a bandwidth extended from
1.3 GHz up to 3 GHz with S1; lower than —10 dB. Second,
the simulated and measured results have the same trend which
confirms the antenna design.

Ill. BANDPASS FILTER

In this section, two coupled DGS resonators and a band-
pass filter are introduced. The DGS is etched in the ground
plane to produce current distributions which affect the capac-
itance and the inductance of the transmission line which
enables it to operate as a combined bandstop / bandpass
filter [24]-[26]. Fig. 4 depicts the proposed DGS bandpass
filter. The bandpass filter consists of two L-shaped microstrip
lines with a quarter-wavelength, as illustrated in Fig. 4(a),
and two E-shaped back-to-back in the ground plane (E-DGS),
as shown in Fig. 4(b). The two lumped RF capacitors are
added to achieve the desired reconfigurability. First, the sin-
gle DGS cell is designed to confirm the bandstop behavior
of the DGS filter. Second, the proposed two coupled DGS,
shown in Fig.4, are designed. The spaces between the two
E-DGS and the two microstrip lines are optimized to fulfill
the desired coupling coefficient and external quality fac-
tor. Compact frequency-reconfigurable filters are developed
based on loaded resonators by lumped capacitors as described
in [27], [28]. The proposed bandpass filter is designed simply
with a standard, printed circuit board (PCB) technology. The
copper traces are 0.035 mm thick and are etched on both
sides of a Rogers 4003 C substrate, whose relative dielectric
constant &; = 3.38, relative permeability p, = 1.0, loss tan-
gent tan § = 0.0027 and a thickness of 0.813 mm. The two
L-shaped microstrip coupling segments, whose characteristic
impedance is 50 €2 with a width of 1.9 mm and S = 2.8 mm.
The optimized design parameters of the two E-DGS are illus-
trated in Fig.4(b). The resonance frequency of the filter can
be easily shifted by adjusting the capacitor value. In Fig 5,
the simulated Sy;-parameters for the filter with C = 0.6 pF
are given in the dotted red curve, for C = 1 pF are given in
the black curve, and at C = 1.5 pF are given in the dashed
blue curve. It is seen that the center frequency of the filter can
be controlled by changing the value of the lumped capacitor.
The center frequency is shifted from 2.85 GHz, 2.45 GHz and
2.05 GHz when the capacitance values are changed to 0.6 pF,
1 pF and 1.5 pF respectively. A photo of the fabricated filter
with two lumped capacitors of 1 pF is shown in Fig. 6.

We have used an RF Capacitor 388-6153-6-ND which has
atypical value of 1 pF, and it is illustrated in Fig. 6. Simulation
and measurement results are compared in Fig.7. The filter has
a center frequency of 2.4 GHz, a 400 MHz bandwidth from
2.2 GHz to 2.6 GHz and a passband insertion loss and return
loss of 0.45 dB and 20 dB respectively with a transmission
zero at 2.95 GHz. This transmission zero is due to the two
stubs of microstrip lines. Measurement results show that the
filter has a good selectivity at passband/stopband edges.
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FIGURE 4. Bandpass filter with two lumped capacitors (a) Top view (b)
bottom view. (c) 3D layout.
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FIGURE 5. The Simulated S,; of the bandpass filter at different values of
capacitance.

FIGURE 6. Fabricated photo of the bandpass filter (a) Top view (b) bottom
view.

To achieve the desired reconfigurability to the proposed
bandpass filter, varactor diodes are used instead of lumped
capacitors. As shown in Fig. 8, the proposed bandpass filter
discussed earlier in this Section should be modified to support
varactor diodes in the DGS resonators. From Fig. 8, it can
be observed that two copper strips with 3.2 mm length and
0.2 mm width are added inside the two DGS resonators
and each resonator has two varactor diodes added in series.
In Fig. 9, the simulated S»; parameters for the filter at
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FIGURE 7. Simulated and measured results of bandpass filter at C=1 pF.

(c)

FIGURE 8. Bandpass filter with four varactor diodes: (a) Top view
(b) bottom view (c) DGS slots with four varactor diodes.

C = 1.55 pF, C = 2pF and at C = 2.67 pF are displayed. It is
noticed that the center frequency is at 2.7 GHz, 2.45 GHz, and
2.2 GHz when the capacitance values are changed to 1.55 pF,
2 pF, and 2.67 pF respectively.

IV. PROPOSED FILTENNA

In this section, the wideband antenna is combined with
the DGS bandpass filter with the four varactor diodes to
produce the proposed filtenna. In Fig. 10 we show the fab-
ricated filtenna. The filtenna S;; performance varies with
the capacitance value of the lumped capacitors as illustrated
in Fig. 11.

The antenna center frequency is changed from 2.65 GHz
to 2.2 GHz when the capacitance is changed from 1.55 pF
to 2.67 pF. The proposed filtenna is fabricated with four
varactor diodes SMV1405 with capacitance ranging from
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FIGURE 9. The Simulated S,; of the bandpass filter with four varactor
diodes at different values of capacitance.

2.67 pF (with Vyar = 0V) to 1.55 pF (with Vyar = 1.5 V).
The S1; simulation and measurement results of the proposed
filtenna are illustrated in Fig. 12. Measurement results show
that when Vyar = OV, the capacitance equals 2.67 pF and
the region where S is lower than —10 dB is extended from
2.07 GHz to 2.15 GHz, with a center frequency of 2.11 GHz
(LTE2100). Measurements also show that when Vyar =
0.5V, the capacitance is 2.12 pF and the region where Sy is
lower than —10 dB is extended from 2.27 GHz to 2.55 GHz
with a center frequency of 2.41 GHz (ISM band and WiFi
applications). Finally, when Vyar = 1.5V, the capacitance
is 1.55 pF and the region where S;; is lower than —10 dB is
extended from 2.57 GHz to 2.9 GHz with a center frequency
of 2.735 GHz (LTE2600). From this figure, we can see that
simulation and measurement results are very similar with a
small shift due to fabrication process variations.

V. FILTENNA VALIDATION USING THE bladeRF SDR
BladeRF is an SDR platform developed by Nuand [29]. The
LMS6002 transceiver enables the board to modify its analog
front-end (AFE) through software, i.e. to set the RF center
frequency (in the range from 0.3 - 3.8 GHz), to tune the gain
(up to 56 dB for the transmitter and 61 dB for the receiver) and
to select the desired bandwidth (from 1.5 MHz to 28MHz),
among other configurations. It is also important to mention
that transmitter signal path configuration is independent of
receiver signal path. This allows the board to adapt itself to
many wireless communication protocols.

Nevertheless, the architecture of the AFE contained in
the LM6002 transceiver suffers from RF impairments, there-
fore, DC offset and IQ imbalance need to be digitally
compensated to avoid the degradation of the overall sys-
tem performance. A block diagram of the bladeRF board
is shown in Fig. 13 [29]. The transmitter and the receiver
chains of the bladeRF board have frequency-dependent gains;
therefore, it is needed first to measure both the receiver

VOLUME 10, 2022



A. A. Ibrahim et al.: Tunable Filtenna With DGS Loaded Resonators for Cognitive Radio System

IEEE Access

FIGURE 10. The proposed filtenna (a) 2 D layout top view (b) 2 D layout
bottom view (c) Fabricated top view (d) Fabricated bottom view.
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FIGURE 11. S;; simulation results of the filtenna with different values for
the capacitance.

and the transmitter gains across the entire frequency of
operation of the bladeRF. Using these measurements, the
SDR board can be calibrated and then utilized for Spectrum
Sensing (SS).

After finishing the calibration setup, the proposed fil-
tenna is used at the receiver end of the SDR, as shown in
Fig. 14. The bladeRF board using the proposed filtenna with
Vyar = 0V, is used to scan the spectrum from 2.06 GHz to
2.2 GHz in order to detect any busy channels in the LTE2100
band.

The result of this spectrum scanning is shown in Fig.15.
From this figure, it can be seen that a few LTE2100 channels
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FIGURE 12. Simulation and measurement results of the filtenna with four
varactors.
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FIGURE 13. Block diagram of bladeRF SDR platform [29].

are busy at 2.06, 2.08 GHz and 2.15 GHz. We performed a
second spectrum scanning, where the filtenna was tuned to
the 2.4 GHz (ISM-band). The result of this spectrum scanning
is shown in 2-D in Fig. 16 and 3-D, as a function of time,
in Fig. 17. From these figures, it can be seen that a few WiFi
channels are busy at 2.43 GHz, 2.44 GHz and 2.45 GHz.
In Fig.17, the filtering effect of the filtenna can clearly be
seen on the out-of-band frequencies.

Finally, we employed the proposed filtenna (at Vyar =
1.5 V) and the bladeRF board to scan the spectrum from
2.65 GHz to 2.75 GHz in order to detect a transmitted signal
using a monopole antenna operated around this frequency
band. The results of this spectrum scanning are shown Fig. 18.

It can be seen that a few channels are busy at 2.68 GHz,
2.69 GHz, 2.7 GHz and 2.71 GHz.

In order to simulate a Cognitive Radio scenario, we gen-
erated six QPSK-modulated signals, up-converted them to
six different center frequencies and transmitted them using
the bladeRF transmitter connected to a standard monopole
antenna. At the receiver side of the bladeRF board, we used
the proposed filtenna. For the experiment, we ensured that
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(b)

FIGURE 14. (a) The bladeRF SDR Board (b) The proposed filtenna
connected to the receiver port of the bladeRF.
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FIGURE 15. Spectrum Sensing from 2.06 GHz to 2.2 GHz at Vg =0 V
using the proposed filtenna at the receiver of the bladeRF SDR board.

the receiving filtenna was placed at the far field propagation
scenario (around 120 cm), and this experiment was oper-
ated in an isolated room to reduce interference with other
2.46 GHz applications. The Power Spectral Density (PSD) of
the received signal is plotted in Fig. 19. From this figure, it can
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FIGURE 16. Spectrum Sensing from 2.4GHz to 2.5 GHz at Vypg = 0.5V
using the proposed filtenna at the receiver of the bladeRF SDR board.
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FIGURE 17. Spectrum Sensing from 2.4 GHz to 2.6 GHz at \yag = 0.5V in
function of time. Measurements performed using the proposed filtenna
at the receiver end of the bladeRF SDR board.
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FIGURE 18. Spectrum Sensing from 2.65GHz to 2.75 GHz using the
proposed filtenna at the receiver end of the bladeRF SDR board.

be concluded that the proposed filtenna can be used for spec-
trum sensing applications, e.g., to detect spectral occupancy.
The SDR can then decide the best channel to use to establish
communication. The filtenna center frequency can be tuned
by changing the capacitance of the four varactor diodes by
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FIGURE 19. Spectral power density of the 6 pulses transmitted using
monopole antenna and received by using the proposed filtenna
at VVAR =05V.
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FIGURE 20. Received baseband spectrum of the single-carrier QPSK
signal using the proposed filtenna at 2.1 GHz Vy4g = 0.0 V.

changing the applied voltage. The proposed filtenna is also
suitable for different SDR architectures, like highly digitized
receivers based on RF ADCs [30].

Now that the Spectrum Sensing operation is validated,
it is necessary to evaluate the performance of the filtenna
in establishing wireless communication. To demonstrate this
function, we generated a single-carrier QPSK signal transmit-
ted at 2.1 GHz using a monopole antenna at the transmitting
end of the bladeRF board. The transmitted signal is then
received using the proposed filtenna at 2.1 GHz (Vyar =0V).
Fig. 20 shows the received down-converted spectrum using
the proposed filtenna and Fig. 21 shows the received QPSK
constellation. After QPSK demodulation, the measured Bit
Error Rate (BER) of the receiver signal is zero, which shows
that the proposed filtenna can be used to perform wireless
communications.
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FIGURE 21. Received constellation of the single-carrier QPSK signal using
the proposed filtenna at 2.1 GHz Vy4gp = 0.0 V.

VI. CONCLUSION
A filtenna for Cognitive Radio applications has been fabri-

cated, measured and tested using the bladeRF SDR platform.
First a wideband antenna has been designed to operate at
frequency band 1.3 GHz up to 3 GHz. Second, two Defected
Ground Structure resonators loaded with lumped capacitors
bandpass filter have been designed, fabricated and measured
at different center frequencies. Third, the wideband antenna
has been combined with the bandpass filter and four varactor
diodes to obtain the desired tunable filtenna. The proposed
filtenna has been tested and validated using the bladeRF
SDR platform. The proposed filtenna has been used in the
receiver to sense the spectrum around 2.1, 2.4, 2.7 GHz by
changing the varactor voltage from 0, 0.5, 1.5 V respec-
tively. The proposed filtenna has also been used to receive
a QPSK-modulated signal transmitted from another antenna.
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