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ABSTRACT This work presents a combination of a cup-shaped monopole antenna and an E-shaped Multi-
Mode Resonator (MMR) with the presence of a pair of PIN diodes and a varactor diode to form a compact
reconfigurable communication filtering antenna for interweave Cognitive Radio (CR) systems. The proposed
filtering antenna operates in the WiMAX band, and it is fabricated on an FR4 substrate with overall dimen-
sions normalized to the wavelength (λo) of the first resonant frequency (0.413λo × 0.516λo × 0.0165λo).
The step and continuous tuning serve the secondary user of the WiMAX CR system to communicate in
the absence of the primary users at modifiable resonant frequencies and data rates.When the PIN diodes are
OFF, the filtering antenna operates with a fixed oddmode resonant frequency and tunable evenmode resonant
frequency. This state results in a tunable antenna bandwidth covering a maximummeasured frequency range
of 3.25−4.02GHz and aminimummeasured range equal to 3.25−3.58GHz. The ON state of the PIN diodes
eliminates the antenna matching at the even mode resonant frequency while keeping a strong matching at the
odd mode resonant frequency. The resulted operational measured frequency range of the antenna in this state
is fixed at 2.9− 3.28 GHz. The filtering antenna has acceptable gain values at the pass band of the E-shaped
MMRwith amaximum simulated gain value equal to 2.5 dB and ameasuredmaximum gain equal to 2.48 dB.
The simulated and measured power patterns of the antenna for all diodes states are omnidirectional, which
are convenient for portable CR gadgets.

INDEX TERMS Cognitive radio, even and odd mode analysis, filtering antenna, multi-mode resonator,
reconfigurable antenna.

I. INTRODUCTION
The congestion of the allocated spectrum has fueled the
researchers to develop a new approach that utilizes the unused

The associate editor coordinating the review of this manuscript and

approving it for publication was Yuh-Shyan Hwang .

spectrum for the communication of another user. Cogni-
tive Radio (CR) has emerged as a new technology that
meets the aforementioned requirements. Since 70% of the
allocated spectrum is idle for a noticeable amount of time
[1], CR specifies the spectrum of the idle ‘‘primary user’’
for another active user called the ‘‘secondary user’’. This
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technology requires a sensing system that explores the status
of the channel and a communication system for information
exchange. The communication system of the CR needs a
frequency reconfigurable antenna to avoid interference with
the primary user during his active mode. When PIN diodes
or MEMS switches are used, a step tuning is obtained in
the communication antenna. On the other hand, the contin-
uous tuning of the communication antenna is attained when
the varactor diode is used to tune its frequency domain
characteristics. Unfortunately, the radiation pattern of the
conventional CR communication antennas is heavily dis-
torted because the switching elements and their biasing lines
are located on the antenna radiating patch [2], [3]. There-
fore, reconfigurable filtering antennas are preferable in these
kinds of applications as long as the switching elements are
mounted on the filter part instead of the antenna radiating
patch.

Many reconfigurable filtering antennas were proposed to
manipulate the communication mode of the CR systems.
A band-pass filter was inserted in the feeding line of a Vivaldi
antenna with a varactor diode to form a filtering antenna
with continuous tuning along the range (6.2-6.5 GHz) [4],
[5]. A miniaturized capacitively loaded loop resonator was
attached to a monopole antenna to restrict the radiation
of the antenna within the unlicensed industrial-scientific-
medical band [6]. The same resonator was loaded by another
monopole antenna to cover the 5G mid-band cellular com-
munications [7]. The design in [8] had two filters operating
alternately to switch between the sensing mode and the
communication mode of the CR system. The narrow band
communication antenna of this design provides a continu-
ous tuning over the WiMAX range. The same filters were
attached to a circularly polarized wide slot antenna to provide
continuous tuning for the communication antenna along the
frequency range (2.44-3.19 GHz) [9]. A T-shaped resonator
with a varactor diode was inserted within the feed line of a
rectangular monopole antenna to provide continuous tuning
over the range (1.68-1.73 GHz) [10].

The authors in [11] also proposed a combination of sensing
and communication antennas but with step tuning communi-
cation mode switching between the WiMAX and the WLAN
frequency bands. A quasi-Yagi filtering antenna was pro-
posed in [12] to cover the 5G mid-band applications. Some
non-planar structures were also used for the communication
mode of the CR systems. A cavity backed filtering antenna
was used to switch the communication mode from the nar-
row band to wideband [13]. A reconfigurable waveguide
filtering antenna was proposed in [14] to provide step tun-
ing along the X-band using a mechanical stepped metallic
screws. A stacked filtering antenna was used with PIN diodes
to generate a step tuning over the range (2.19-2.81 GHz)
[15]. The reconfigurability of the communication filtering
antenna was sometimes extended to switch the antenna polar-
ization using a planar structure [16] or with the aid of a
metasurface [17].

In this paper, a low cost reconfigurable filtering antenna
is designed as a radiator for the communication mode of the
CR system by combining a multi-mode resonator (MMR)
with a wideband cup-shaped monopole antenna. The filter-
ing antenna is tunable within the range (2.9-4 GHz) using
step and continuous tuning modes. The step and continuous
tuning serve the secondary user of the WiMAX CR system
to communicate in the absence of the primary user at mod-
ifiable resonant frequencies and data rates. The step tuning
is achieved by a pair of PIN diodes, while the continuous
tuning is attained by a single varactor diode. When the PIN
diodes are in their OFF state, the proposed filtering antenna
operates with a tunable bandwidth along the frequency range
(3.3-4 GHz), which is controlled by re-positioning the even
mode resonant frequency depending on the value of the
capacitance of the varactor diode. In adverse conditions, the
ON state of the PIN diodes results in cancelling the evenmode
resonant frequency of the filtering antenna and shifting its
odd mode resonance to the range (2.9-3.3 GHz). The out-of-
band radiation has been significantly reduced by inserting two
C-shaped parasitic elements. The resulted filtering antenna
has a stable omnidirectional radiation pattern with reasonable
gain values for all states of the PIN diodes and varactor
diodes.

II. FILTERING ANTENNA STRUCTURE
The geometry of the proposed filtering antenna is illustrated
in Figure 1. The structure consists of a cup-shaped planar
monopole antenna attached to an E-shaped MMR with a pair
of C-shaped parasitic elements and a pair of matching stubs.
The antenna part is an ultra-wide band (UWB) with semi-
circular patch terminated by a rectangular patch and partial
ground plane. The E-shaped MMR is electromagnetically
coupled with the feed line and the antenna. The length of
the central arm of the E-shaped MMR is tuned by a varac-
tor diode, while the presence and absence of the matching
stubs are determined by a pair of PIN diodes. The dielectric
substrate of the proposed antenna is an FR4 with dielectric
constant of εr = 4.3, loss tangent of 0.025, and \\\height of
h = 1.6mm. The overall dimension of the designed filtering
antenna is (40 × 50 × 1.6) mm3. The PIN diode used in this
design is SMP1320-079L manufactured by SKYWORKS,
while the varactor diode is BB857-02V manufactured by
Infineon (BB85702VH7902XTSA1).

III. DESIGN STEPS
It is clear that the antenna used in the proposed design
is an ultra-wideband monopole antenna, so it is important
to determine its bandwidth within the intended band (the
WiMAX band in this work) using a filter. The attached fil-
ter has been gradually designed to generate a controllable
filtering antenna that is suitable for the communication part
of the CR system. Figure 2 shows the steps that were fol-
lowed to reach the final design of the filtering antenna, while
Figure 3 exhibits the reflection coefficient corresponding to
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FIGURE 1. The geometry of the proposed filtering antenna (all
dimensions are in mm).

each step. It is worth mentioning that the cup-shaped patch
of the monopole antenna is selected to provide a quarter
wavelength resonator with miniaturized dimensions because
the area of its radiating patch is approximately half that of the
conventional elliptical monopole antenna with the same first
resonant frequency.

FIGURE 2. The design steps of the proposed filtering antenna.

Step 1: The design starts by attaching a conventional MMR
resonator to the antenna, which results in multiple resonant
frequencies covering a wide range of frequencies. The first
and second resonant frequencies are the odd mode and even

mode of the filtering antenna, respectively [18]. The rest
resonant frequencies are the higher order odd and even mode
frequencies arranged alternately along the operational band
of the antenna.

Step 2: According to the even and odd mode analysis that
will be explained in the next section, the presence of the
central arm shifts down the even mode resonant frequency
(second resonant frequency) with a subtle effect on the
odd mode frequency (first resonant frequency). The resulted
reflection coefficient has overlapped the even and odd reso-
nant frequencies with undesired out-of- band matching.

Step 3: A pair of C-shaped parasitic elements is posi-
tioned close to the resonator to generate a transmission zero
that eliminates the undesired matching of the higher order
resonant frequencies. As shown in Figure 3, the resulted
reflection coefficient in this step has no undesired matching
at frequencies larger than 4.2 GHz.

Step 4: Adding a pair of matching stubs to the filtering
antenna switches its operation to a completely different sta-
tus. The antenna in this step is a single band antenna covering
the lower range of the WiMAX frequency band because the
matching stub is designed to enhance the matching of the
odd mode resonant frequency and cancel the even mode
frequency, as will be discussed in the next section.

FIGURE 3. Simulated reflection coefficient corresponding to each design
step.

As a result, the filtering antenna can operate as a wideband
filtering antenna with controllable bandwidth in the absence
of the matching stubs. On the other hand, its operation is
switched to a single-band filtering antenna in the presence of
the matching stubs. Therefore, the proposed filtering antenna
can be modified to be a reconfigurable filtering antenna with
continuous and step tuning to cover theWiMAX band, as will
be revealed in Section IV.

IV. E-SHAPED MMR FILTER ANALYSIS
In order to understand the criterion of the proposed filter-
ing antenna, it is important to analyze the E-shaped MMR
because of its modifiable resonant frequencies. It is known
that the analysis of the MMR is based on transmission line
modeling, which is highly dependent on the microstrip line
characteristic impedance and the effective dielectric constant
of the dielectric substrate. Meanwhile, the values of the
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characteristic impedance (Zo) and the effective dielectric
constant (εre) can be calculated from the well-known empir-
ical equations given in [19], [20]. Furthermore, the input
impedance (Zin) of a lossless microstrip line terminated with
a load (ZL) is presented in [21]. The relationship between
the phase constant (β) and the resonant frequency (fr ) can
be found with the aid of the quasi-TEM behavior of the
microstrip line as follows [21]:

β = 2π fr

√
εre

c
(1)

where c is the speed of light in free space. The even and
odd mode analysis [20], [21] is applied to the proposed
E-shaped MMR to give a criterion about the locations of
the resonant frequencies of the resonator. Figure 4 reveals
the E-shaped resonator with its odd mode and even mode
equivalent structures.

FIGURE 4. Even and odd modes analyses (a) E-shaped MMR, (b) odd
mode, and (c) even mode.

A. ODD-MODE RESONANT FREQUENCY
By feeding the resonator ports from two sources with equal
amplitudes and 180o phase difference, the odd mode of the
MMR is obtained. At the resonant frequency, the voltage
signals of the two sources meet each other at the axis of
symmetry [see Figure 4(a)] with equal amplitudes and 180o

phase difference, whereas the current signals at the axis of
symmetry have equal amplitudes and 0o phase difference.
Consequently, the current is maximum and the voltage is zero
at the axis of symmetry, which is exactly equivalent to a short
circuit. Therefore, the center arm is negligible and has no
effect on the odd resonant frequency in this case, and the odd
mode equivalent structure is as shown in Figure 4(b). The
characteristic impedances of the first and second pieces of
the odd mode E-shaped MMR are Zo1 and Zo2. In addition,
their lengths are equal to l1 and l2, respectively. The input

impedance (Zin1) of the short circuit line is given by:

Zin1 = jZo2 tan (βl2) (2)

Using Zin1 as a load for the feeding transmission line, the
input impedance (Zin) of the odd mode circuit is given by:

Zin = Zo1
Zin1 + jZo1tan (βl1)
Zo1 + jZin1tan (βl1)

(3)

At the resonant frequency, the value of the input impedance
approaches to infinity (Zin = ∞) [22]. Therefore, by equating
the denominator of (3) to zero and substituting the value of
Zin1 from (2), the resonance condition will be as follows:

Zo1 − Zo2tan (βl2) tan (βl1) = 0 (4)

Using a simple computer code, the value of (β) can be found
in terms of Zo1, Zo2, l1, and l2. Then, the odd resonant
frequency (fro) can be calculated using (1).

B. EVEN-MODE RESONANT FREQUENCY
This mode is attained by feeding the two ports of the
E-shaped MMR with two sources with equal amplitudes and
a zero phase difference. As a result, the voltages at the plane
of symmetry have equal amplitudes and equal phase angles,
while the currents are with equal amplitudes and 180o phase
difference. In this case, the axis of symmetry is equivalent
to an open circuit, so the effect of the central arm of the
E-shaped MMR on the even resonant frequency can clearly
be sensed under this condition, as shown in Figure 4(c).

The input impedance of the open circuit line (Zin3) is given
by the following equation:

Zin2 = −jZo3 cot (βl3) (5)

where Zo3 and l3 represent the characteristic impedance and
the length of the open circuit line, respectively. Thus,

Zin1 = Zo2
Zin2 + jZo2tan (βl2)
Zo2 + jZin2tan (βl2)

(6)

The input impedance equation of the even mode is given
above in (3). The same as in the oddmode case, the evenmode
resonant frequency results in input resistance equal to infinity,
so the resonance condition can be rewritten as follows:

Zo1 + jZo2
−jZo3 cot (βl3) + jZo2tan (βl2)
Zo2 + Zo3 cot (βl3) tan (βl2)

tan (βl1) = 0

(7)

Similarly, by finding the value of (β) in term of (Zo1, Zo2,Zo3,
l1, l2, and l3), the value of the even mode resonant frequency
(fre) can be deduced from (1).

In conclusion, the length of the central arm of the E-shaped
MMR determines the value of the even resonant frequency,
but it has a very negligible effect on the odd resonant fre-
quency. Therefore, the electrical length of the central arm can
be tuned by a varactor diode to obtain variable even mode
resonant frequency that can be utilized for a filtering antenna
with tunable bandwidth.
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To verify the aforementioned claims, the current distri-
bution of the proposed E-shaped MMR at the odd-mode
resonant frequency (3.54 GHz) and the even-mode resonant
frequency (3.9 GHz) is illustrated in Figure 5. It clear that
Figure 5(a) shows a negligible amount of current at the central
arm of the MMR. On the other hand, the current is heavily
concentrated at the central arm of the MMR at the even-mode
resonant frequency as shown in Figure 5(b).

FIGURE 5. Surface current distribution of the proposed E-shaped MMR at
(a) the odd-mode resonant frequency 3.54 GHz and (b) even-mode
resonant frequency 3.9 GHz.

The equivalent circuit of the proposed E-shaped MMR
band-pass filter is illustrated in Figure 6. The lower LC cir-
cuits is responsible for the odd-mode resonation of the filter,
while the upper LC circuit generates the even-mode of the
filter. Lodd and Leven represents the inductance of the odd and
even mode resonant circuits, respectively. On the other hand,
Codd and Ceven are the capacitance of the odd and even mode
resonant circuits, respectively. For the odd-mode analysis, the
resonant frequency (fro) and quality factor (Qodd ) are given
below in (8) and (9), respectively.

fro =
1

2π
√
LoddCodd

(8)

Qodd =
2π froLodd

Ro
(9)

Similarly, the even-mode resonant frequency (fre) and quality
factor (Qeven) are given below in (10) and (11), respectively.

fre =
1

2π
√
LevenCeven

(10)

Qodd =
2π freLeven

Ro
(11)

FIGURE 6. Equivalent circuit diagram of the proposed E-shaped MMR
filter.

V. SIMULATION RESULTS
The simulation results of the proposed design were acquired
using the CST microwave studio simulation suite [23].
The PIN diodes that were used in this work are both
SMP1320-079L (manufactured by Skyworks), whose for-
ward biasing parameters are 0.9� resistor and 0.7 nH induc-
tor, while their reverse biasing capacitance value is 0.23 pF
capacitor. The varactor diode used in this work is BB857-
02V, manufactured by Infineon (BB85702VH7902XTSA1).
The series resistance of this varactor diode is equal to 1.5�,
whereas its reverse biasing capacitance range extends from
0.52 pF (at 28 V ) up to 7.2 pF (at 1 V ).

As shown earlier in Figure 1, the PIN diodes are mounted
on both matching stubs of the filter part to switch their
presence and absence. On the other hand, the varactor diode
is placed on the central arm of the E-shaped MMR. Both PIN
diodes are switched ON and OFF simultaneously to provide
step switching, while the continuous tuning is provided by the
varactor diode.

A. REVERSE BIASING OF THE PIN DIODES
When the two PIN diodes are at their OFF state, the two
matching stubs are detached from the structure of the fil-
tering antenna. In this case, both the even and odd mode
resonant frequencies are matched properly. As mentioned in
the previous Section III, the location of the even resonant
frequency can be tuned by changing the capacitance value
of the varactor diode because this variation results in control-
ling the electrical length of the central arm of the E-shaped
MMR. In adverse conditions, the odd resonant frequency is
unaffected by this variation. Figure 7 illustrates the reflection
coefficient of the designed filtering antenna for different
varactor capacitance values when the PIN diodes are in their
OFF state. It is clear that the antenna covers the upper range
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of the WiMAX frequency band with a tunable bandwidth.
It can clearly be seen that the odd resonant frequency is
fixed at about 3.54 GHz. The widest bandwidth is when the
capacitance value is equal to 1 pF , which is equal to 750MHz
(3.3 − 4.05 GHz), and the narrowest bandwidth is 300 MHz
(3.3 − 3.65 GHz) when the capacitance is equal to 7 pF .

FIGURE 7. Simulated reflection coefficient of the proposed filtering
antenna when the PIN diodes are at OFF states with L = 6mm, lc= 1mm,
and different values of varactor capacitance (C).

The presence of the C-shaped parasitic elements in the
vicinity of the MMR is responsible for eliminating the
undesired out-of-band matching as explained previously in
Section III. The band notch generation parasitic elements
are categorized into half wavelength parasitic elements and
quarter wavelength parasitic elements [24]. The C-shaped
parasitic element in this work is a half wavelength band notch
generator. Therefore, controlling the length of this element
results in controlling the location of the notched band along
the frequency axis. In this work, the distance between the
terminals of the C-shaped parasitic element (lc) is changed
to identify the suitable location of the band notch that results
in the cancellation of the undesired matching at frequencies
larger than the upper edge of the filtering antenna bandwidth.
The length of the parasitic element decreases as lc increases,
so the location of the notched band is shifted to higher
frequencies as exhibited in Figure 8. For lc = 0.5mm, the
notched frequency is located within the antenna bandwidth
at 4GHz. Although lc = 1.5mm gives good cancelation for
the unwanted out-of-band matching, lc = 1mm is considered
the most suitable value because it gives a higher reflection
coefficient value (better out-of-band cancelation).

B. FORWARD BIASING OF THE PIN DIODES
The ON state of the PIN diodes results in the insertion of the
matching stubs to the E-shaped MMR. The matching stubs
are designed to match the odd resonant frequency while mis-
matching the even resonant frequency. In addition, they shift
the odd resonant frequency down to about 3.2 GHz because
the matching stubs modify the input impedance of the filter,
which results in modifying the resonation condition given in
equation (4). Figure 9 illustrates the reflection coefficient of

FIGURE 8. Simulated reflection coefficient of the proposed filtering
antenna when the PIN diodes are at OFF states with L = 6mm, C = 1pF ,
and different values of lc .

the proposed filtering antenna for different capacitance values
with ON state of PIN diodes.

FIGURE 9. Simulated reflection coefficient of the proposed filtering
antenna when the PIN diodes are at ON states with L = 6mm, lc= 1mm,
and different values of varactor capacitance (C).

Figure 10 verifies the presence of the odd mode resonant
frequency because the variation of the capacitance has a triv-
ial effect on the location of the resonant frequency, and this
is what has also been proved in the previous Subsection A.
The resulted antenna bandwidth is 400 MHz along the range
(2.9 − 3.3 GHz) at C = 7pF , which represents the lower
range of theWiMAX frequency band. The effect of the length
of the matching stub (L) is also tested to find the suitable
value that leads to perfect cancellation for the even resonant
frequency of the filtering antenna. It can be seen in Figure 10
that the cancellation of the even mode resonant frequency
is improved as L increases. Besides, the position of the odd
mode frequency is modified during the variation of the stub
length, and this verifies the deduction of the effect of the
presence of the stub on the resonation condition. L = 6mm is
the most suitable value because it results in a strongmismatch
in the out-of- band range of frequencies, and the separation
between the C-shaped element and the matching stub is still
reasonable at this value of L.
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FIGURE 10. Simulated reflection coefficient of the proposed filtering
antenna when the PIN diodes are at ON states with C = 7pF , lc= 1mm,
and different values stub length (L).

Finally, to verify the isolation of the filter, it is important
to demonstrate the simulated realized gain of the resulted
filtering antenna. Figure 11 demonstrates the simulated real-
ized gain of the antenna without filter, the filtering antenna
with PIN diodes OFF, and the filtering antenna with PIN
diodes ON

FIGURE 11. Comparison of the simulated realized gain of the antenna
without filter with that of the filtering antenna with PIN diodes (ON and
OFF states) with varactor diode capacitance C= 1pF .

It can be seen that the presence of the filter significantly
reduces the antenna gain at frequency ranges outside the
pass band of the filter to values less than 0 dB. It is worth
mentioning that the internal resistances of the PIN diodes
and the varactor accumulate additional losses that results in
increasing the insertion loss of the E-shaped MMR. As a
result, the antenna realized gain is reduced after inserting
these switching elements.

VI. MEASUREMENT RESULTS
Figure 12 shows the prototype of the proposed reconfigurable
filtering antenna, whereas Figure 13 shows a photograph of
the reflection coefficient measurement equipment setup. The
filtering antenna is fabricated on an FR4 substrate with a
dielectric constant of εr = 4.3, a loss tangent of 0.025,
and a height of h = 1.6mm. The PIN diodes used in this
design are SMP1320-079L (manufactured by Skyworks), and

the varactor diode is BB857-02V manufactured by Infineon
(BB85702VH7902XTSA1). The diodes internal elements
values are previouslymentioned in details in SectionV. Three
external 10 nH chocking inductors are inserted at the biasing
lines to protect the DC source from the high frequency signal
of the network analyzer. Furthermore, additional protection
for the diode is provided by connecting the biasing lines of
the antenna to external 1 k� resistors to restrict the current
passing through them.

FIGURE 12. Prototype of the proposed filtering antenna (a) front view
and (b) back view.

FIGURE 13. Reflection coefficient measurement equipment setup.

A. MEASUREMENTS AT THE PIN DIODE OFF STATE
Figure 14(a) illustrates the simulation reflection coefficients
of the designed reconfigurable filtering antenna at the OFF
state of the PIN diodes and the variable capacitance values of
the varactor diode. Figure 14(b) reveals the measured reflec-
tion coefficient when the PIN diodes are at their OFF state and
at different reverse biasing voltages of the varactor diode. The
reverse biasing voltages were selected to give approximately
the same capacitance values as presented in the simulation
results. The measurements clearly verify the variable band-
width of the proposed filtering antenna within the upper range
of the WiMAX frequency range. The simulated (measured)
tunable bandwidth of the filtering antenna in this case extends
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along the range 3.3 − 4.05 GHz (3.25 − 4.02 GHz) down to
the range 3.3 − 3.65 GHz (3.25 − 3.58 GHz). The deviation
between the measured and simulated results comes from
many factors, such as the imperfect soldering of the SMA
connector and the diodes, the fabrication imperfection, and
the effect of the presence of the biasing lines.

FIGURE 14. Reflection coefficient of the proposed filtering antenna when
PIN diode at OFF state and variable capacitance (reverse biasing voltage)
values of the varactor diodes (a) simulated and (b) measured.

It is worth mentioning that the radiation characteristics
of the filtering antenna at the OFF state of the PIN diodes
were studied at a capacitance value equal to 1 pF (25 V
reverse biasing voltage) because it gave the widest bandwidth
compared to the other values. Therefore, the variation of the
antenna radiation characteristics is expected to be the largest
compared to that of the other capacitance values. Figure 15
shows the power pattern of the proposed filtering antenna at
the resonant frequencies when the PIN diodes are at the OFF
state and capacitance value of the varactor diode equal to 1 pF
(25 V reverse biasing voltage). For both resonant frequencies,
the power pattern of the antenna is omnidirectional, which is
suitable for portable CR devices.

The simulated and measured gains of the reconfigurable
filtering antenna at PIN diodes OFF state and capacitance
values equal to 1 pF (25 V reverse biasing voltage) are
illustrated in Figure 16. It is clear that the E-shaped MMR

FIGURE 15. Simulated and measured power patterns of the proposed
filtering antenna when PIN diode at OFF state and varactor diode
capacitance value equal to 1 pF at frequency equal to (a) f=3.54 GHz and
(b) f=3.9 GHz.

determines the gain value to be larger than 0 dB within its
pass band and suppresses the gain to values less than 0 dB
at its stop bands. The maximum simulated (measured) gain
value is 2.5 dBi (2.48 dBi).

FIGURE 16. Simulated and measured gain of the proposed filtering
antenna when PIN diode at OFF state and varactor diode capacitance
value equal to 1 pF.

The fluctuations of the measured power pattern and gain
are attributed to the reflections coming back from the sur-
rounding objects inside the anechoic chamber. However, the
general forms of the measured power pattern and the realized
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TABLE 1. Comparison between the proposed filtering antenna with other important filtering antennas, where λo is the wavelength corresponding to the
lowest resonant frequency of the antenna.

gain are close to the simulated ones because the switching
elements and their biasing lines are positioned on the filter
part of the antenna. This is one of the main advantages of
the reconfigurable filtering antennas over the conventional
reconfigurable antennas, whose reconfigureble elements and
biasing lines heavily distort the antenna radiation patterns.

B. MEASUREMENTS AT THE PIN DIODE ON STATE
As explained previously, the ON state of the PIN diodes
results in a single band filtering antenna covering the lower
range of theWiMAX band. Figure 17 shows the experimental
verification of this claim where the simulated (measured)
reflection coefficient shows filtering antenna bandwidth that
covers the range 2.9 − 3.3 GHz (2.9 − 3.28 GHz). The
measured reflection coefficient deviates from the simulated
one due to the imperfect soldering of the SMA connector and
diodes as well as the inaccuracy of the fabrication

FIGURE 17. Reflection coefficient of the proposed filtering antenna when
PIN diode at ON state and varactor diode capacitance value equal to 7pF
(reverse biasing voltage 2V).

The simulated and measured power patterns of the pro-
posed filtering antenna when the PIN diodes are at their
ON state and the varactor diode capacitance value equal to

7 pF (2 V reverse biasing voltage) are shown in Figure 18.
The antenna also shows an omnidirectional pattern suitable
for portable CR gadgets. Under the same conditions, the
simulated and measured gains are evaluated and shown in
Figure 19. The filtering antenna has gain values larger than
0 dB within the pass band of the E-shaped MMR. The radia-
tion characteristics have small fluctuations due to the waves
reflecting back from the surrounding objects, but the overall
shapes of the power patterns and gain are almost similar to
their simulated counterparts because the switching elements
are mounted on the filter away from the antenna radiating
patch.

FIGURE 18. Simulated and measured power patterns of the proposed
filtering antenna when PIN diode at ON state and varactor diode
capacitance value equal to 7pF (reverse biasing voltage 2V).

The results show the importance of the proposed filtering
antenna in the WiMAX CR systems. The design serves the
secondary user of the CR system to communicate in the
absence of the primary users at different data rates and dif-
ferent resonant frequencies. Once the primary user appears,
the secondary user is switched to another frequency band or
operate with reduced bandwidth to avoid interfering with the
primary user.
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FIGURE 19. Simulated and measured gain of the proposed filtering
antenna when PIN diode at ON state and varactor diode capacitance
value equal to 7pF (reverse biasing voltage 2V).

Table 1 compares the proposed filtering antenna with some
other important filtering antennas that are used as communi-
cation antennas for CR systems. To give a fair comparison,
the antenna dimensions are normalized to the wavelength
(λo) corresponding to the lowest resonant frequency of the
antenna. Compared to the other designs, this table reveals that
the proposed filtering antenna has the smallest dimensions,
with a very acceptable maximum gain value, and an omni-
directional radiation pattern suitable for portable devices. In
addition, the table also shows the superiority of the proposed
filtering antenna in providing both step and continuous tuning
mechanisms unlike the other designs which have either step
or continuous tuning.

VII. CONCLUSION
In this work, a compact reconfigurable filtering antenna with
step and continuous tuning capabilities that can be utilized
for the communication part of the CR systems has success-
fully been designed. The structure of the proposed design
consists of a cup-shaped monopole antenna and an E-shaped
MMR. The step tuning is achieved with the aid of a pair
of PIN diodes that can switch the operation of the antenna
from a lower frequency range of WiMAX to its upper range
and vice versa. The off state of the PIN diodes results in
the presence of a fixed odd mode frequency and an even
mode resonant frequency whose value can continuously be
tuned by a varacter diode. This state of PIN diodes presents
a variable simulated (measured) bandwidth with an upper
range of 3.3-4.05 GHz (3.25-4.02 GHz) and a lower range
of 3.3-3.65 GHz (3.25-3.58 GHz). During the ON state of the
PIN diodes, the filtering antenna operates as a single band
antenna along the simulated (measured) range 2.9-3.3 GHz
(2.9-3.28 GHz) due to the cancellation of the even mode
resonation while keeping the fixed odd mode resonation. In
both modes, the power pattern of the antenna is omnidirec-
tional with simulated (measured) maximum gain value equal
to 2.5 dB (2.48 dB). The results also show gain values larger
than 0 dB within the pass band of the MMR, while the gain
values are weak along the stop band of the resonator.
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