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ABSTRACT A three-element antenna system with the ability to operate in a unique set of switchable and
frequency-tunable configurations is presented here. Firstly, this antenna system can switch between sum and
difference radiation patterns using a mirrored arrangement of antenna feeding lines that bypasses the need for
an additional phase inverter. Secondly, the frequency response of this antenna can be switched between three
states of operation, namely wideband, tunable bandpass, and tunable bandstop characteristics. Importantly,
the pattern reconfigurability function can be generated in all three states of the frequency-agile response.
To realize this extended set of selectable functionalities, a three-state filter and a switchable power divider are
used to feed a triple-element quasi- Yagi-Uda antenna array. The proposed system is experimentally validated,
demonstrating sum and difference patterns over a measured 79.8% fractional bandwidth for the wideband
state of operation, and a tunability of 51.3% for the bandpass state and 50.3% for the bandstop state.

INDEX TERMS Cognitive radio, pattern reconfigurability, switchable wideband to tunable filtering antenna.

I. INTRODUCTION

Spectrum scarcity due to the exhaustive utilization of
available frequency bands by licensed users motivates the
development of reconfigurable antennas for cognitive radio
systems. Various antennas with frequency agility [1]-[5],
pattern reconfigurability [6]-[9], polarization reconfigura-
bility [10]-[13] and combinations of these modalities
[14]-[19] have been proposed recently to accommodate this
need. According to [20], three states of operation are required
to observe and react to the spectrum utilization in cognitive
radio systems. First, a wideband state, which is used to scan
the frequency spectrum for finding unoccupied frequencies.
Second, a tunable narrowband state to allocate an idle fre-
quency to a primary user. Third, a tunable notch-band state
to allocate a wideband spectrum to a secondary user without
any interference with the already occupied frequency band.
For hardware implementation, a number of wideband to dis-
cretely tunable narrowband [21]-[24] and wideband to con-
tinuously tunable narrowband antenna structures [25]-[29]
have been presented. More recently, some tunable bandpass-
to-bandstop antennas have been proposed in [30], [31].
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However, an essential functionality of cognitive radio sys-
tems, namely the wideband operation state was missing in
these realizations. To the best of the authors’ knowledge,
no system implementing all these three operation states in
a single reconfigurable structure has hitherto been reported.

Pattern diversity is also a useful feature for cognitive radio
systems for wider space signal coverage and multipath fading
mitigation. To meet this requirement, dual-input antennas
with sum and difference pattern diversity have widely been
explored in [31]-[35]. In these studies, the use of a microwave
comparator generating in-phase and out-of-phase input sig-
nals was inevitable, leading to a relatively high complexity
of the overall system. As an alternative, aiming at lowering
the complexity, the design presented in [36] employed a pla-
nar structure with electrically switchable sum and difference
patterns for narrowband operation and circular polarization.
A wider band design was presented in [37], where sum and
difference patterns were switched using a phase-inversion
feeding network in a three dimensional structure.

In this paper, we are aiming at realizing three differ-
ent frequency states of cognitive radio systems combined
with a low complexity pattern diversity function in a single
antenna system. To this end, a switchable and tunable filter
is integrated with a switchable three-output power divider
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and a triple-element quasi-Yagi-Uda antenna with in-built
phase inverter, as shown in Fig. 1. The filter generates three
different states of switchable allpass to tunable bandpass
and tunable bandstop functionalities. The switchable power
divider excites two antenna elements at a time and keeps the
third element inactive. When the input signal is split into the
leftmost output branches of the power divider, a sum directive
radiation pattern is generated. In contrast, a difference beam
radiation pattern with a null in its boresight direction is gen-
erated when the input signal is split into the two rightmost
output ports of the power divider. The 3D models of the two
different beams are illustrated in Fig. 2a and Fig. 2b. Contrary
to the reported designs in the open literature, there is no need
for a microwave comparator and external phase inverter to
generate the sum and difference radiation patterns. The only
drawback of that simpler arrangement is that the two radiation
pattern functionalities are achieved sequentially. There are
three distinct novel aspects to this design:
1) The allpass state of operation has been added to our
previously published filter in [31]. This means that the
enhanced filter features an allpass state which can be
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FIGURE 1. (a) Proposed antenna system structure. (b) Magnified
reconfigurable power divider section in conjunctions with bias lines for
its PIN diodes. (c) Magnified reconfigurable filter.
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FIGURE 2. Instantaneous E-field distribution and generated radiation
pattern for (a) the sum beam configuration, and (b) the difference beam
configuration.

2)

3)

4)

switched to a bandpass state and to a bandstop state,
both with tunable operating frequencies.

Switchable sum and difference radiation patterns are
realized by exploiting in-built phase inversion function
in the mirror arrangement of the rightmost antenna
feeding structure. This sequential pattern switching is
in contrast to our presented design in [31] where a
double-input antenna and an external coupler were used
to generate simultaneous sum and difference pattern
diversity.

A unique combination of functionalities in a single
antenna system is demonstrated, including the switch-
able generation of sum and difference patterns over
79.8% bandwidth, 51.3% bandpass tuning range, and
50.3% bandstop tuning range.

Compared to the design in [31], this structure elimi-
nates the requirement for a prohibitive external coupler
and facilitates the integration of a single filter structure
as opposed to two filters necessary in [31], thereby
reducing the cost and complexity of the overall system
while offering additional states of reconfigurability.

Il. ANTENNA SYSTEM DESIGN

A three-dimensional view of the antenna system is illustrated
in Fig. la, comprising a triple-element antenna, a reconfig-
urable power divider (magnified in Fig. 1b) and a reconfig-
urable filter (magnified in Fig. 1c). The antenna elements
excited by the power divider will enable pattern diversity
over a wideband frequency, while feeding this structure by
the switchable and tunable filter helps generate three states of
wideband, tunable bandpass and tunable bandstop operation.
Hence, the combination of these three circuits brings about a
unique functionality that has not been reported in the open lit-
erature thus far. All the required lumped components and bias
lines are included in these representations. The PIN diodes
are all MACOM MA4FCP300 diodes [38] with an equivalent
OFF state simulation model of 20 K€2 resistance and 0.04 pF
shunt capacitance, while the ON state simulation model is
purely resistive with 4 Q resistance. The varactor diodes in
this design are MACOM MA46H120 [39] with a simulation
equivalent model of a varying capacitance from 0.15 pF to
1.30 pF connected to a series resistance of 1.6 2 and a
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series inductance of 0.05 nH. The resistors are 0402 surface
mount resistors with 100 €2 resistance. The used RF choke
inductors are Murata LQW15AN15NGO00 [40] with 15 nH
inductance, and the utilized DC block capacitor models are
GRMO0332C1H100JAO1 [41] with 10 pF capacitance. All the
constituents of the antenna system described in this section
are integrated and printed on a Rogers RO4003C substrate
with a relative permittivity of 3.38, loss tangent of 0.0027,
and thickness of 0.8128 mm. The next three subsections elab-
orate on the building blocks of this antenna system and their
simulated functionalities. All the simulations are conducted
using HFSS in Ansys Electronics Desktop software.

A. TRIPLE-ELEMENT ANTENNA

The quasi-Yagi-Uda antenna structure in [42] is adopted
as individual antenna element with some modifications in
the feeding lines and the operating frequency. The structure
presented in [42] is an ultrawideband and compact quasi-
Yagi-Uda antenna element which is an ideal choice for
developing arrays of several elements. This is because the
compact size of the antenna in terms of wavelength allow
a sufficiently close packing of the elements, which prevents
the appearance of grating lobes at higher frequencies, while
the remaining separation between the antenna elements keeps
the mutual coupling to an acceptable level. The triple-element
quasi-Yagi-Uda antenna configuration (without the reconfig-
urable power divider and the reconfigurable filter) is shown
in Fig. 3a with the annotated dimensions tabulated in Table 1.
The middle transmission line feed for the central element is
meandered to have the same electrical length as the lateral
feeding transmission lines. Importantly, for the pattern recon-
figuration, the rightmost feeding line is mirrored with respect
to the other two feeding lines to generate an intrinsic and
frequency independent 180° phase difference between the
middle and rightmost antenna elements. Although the funda-
mental antenna elements are the same as in [31], three antenna
elements are required to enable additional functionality in this
article, as opposed to the two antenna elements excited by an
external coupler in [31]. The third antenna element is used
to facilitate pattern switchability and obviate the need for

TABLE 1. Dimension values of the proposed antenna system.

par. value | par. value | par. value | par. value
(mm) (mm) (mm) (mm)
Wy 1.8 Lo 73.2 L2 7.4 Loo 7.9
Wa 2.2 Ls 10.8 L3 20.5 Los 6.2
W3 2.2 Ly 4.3 Ly 17.4 Loy 22.0
Wy 0.9 Ls 27.2 Lis 14.9 Las 33
Wis 14 Lg 10.7 Lig 16.0 Lag 10.3
We 1.0 Ly 23.2 L7 4.5 Dy 7.0
W~ 0.8 Lg 5.0 L1g 18.5 Do 1.0
Ws 1.8 Lo 20.0 Lig 4.1 D3 0.8
Wy 1.0 Lio 10.8 Loo 6.5
Ly 34.5 L1 5.1 Lo 3.0

VOLUME 7, 2019

In-phase feed lines Out-of-phase feed lines

\

(2)

Port 1&2: ON  Port 3: OFF
(b)

Port 1&3: ON  Port 2: OFF

FIGURE 3. Proposed three-element antenna structure. (a) 3D view with
in-built in-phase and out-of-phase feed lines and related dimensions.

(b) Instantaneous E-field distribution when two ports are excited and one
port is inactive.

lossy and expensive external coupler by providing inherent
and frequency-independent phase inversion.

The working principle of this antenna system is illustrated
in Fig. 3b where it can be observed that only two elements
are contributing to the radiation at a particular time, with
the third element remaining inactive. As shown on the left-
hand side of Fig. 3b, when Port 1 and Port 2 are excited by
an in-phase signal and Port 3 is inactive, the electric fields
of the two leftmost antennas are combined constructively in
endfire direction, thereby generating a sum radiation pattern.
By contrast, when Port 1 and Port 3 are excited by an in-
phase signal and Port 2 is inactive, the electric fields of the
two rightmost antennas are combined destructively in the
endfire direction due to their mirrored input transmission
lines, thereby generating a difference radiation pattern.

The simulated scattering parameters of these antennas
are illustrated in Fig. 4b. The reflection coefficients for all
the input ports are the same and remain below —10 dB in the
range of 2.52 GHz to 6.24 GHz. This wide bandwidth of the
antenna elements will be exploited for the three-state filtering
functions of the overall antenna system. Within this band,
the isolation between Port 1 and Port 2 is below —16 dB and
the isolation between Port 2 and Port 3 is below —22 dB. It is
noteworthy that the simulated efficiency of this triple-element
antenna by itself is around 94%. This further confirms that
this antenna is an appropriate element choice for our antenna
system design in which the reconfigurable feeding network is
the main source of inevitable loss.
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FIGURE 4. (a) Scattering parameters of the antenna array. (b) Active S,,
when the two leftmost elements are excited and Active S35 when the two
rightmost elements are excited.
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The active reflection coefficient for the case where the two
leftmost ports are excited is defined as follows.
S22 + So1

Active Sy = — (D

whereas the corresponding active reflection coefficient for the
case where the two rightmost ports are excited can be written
as

S33 — S31

Active S33 = — 2)

The negative sign between S33 and S3; in (2) is due to the
intrinsic phase inversion of the mirrored input transmission
line connected to Port 3. Due to reciprocity, the Active Sy
will be the same as Active Sp» when the two leftmost elements
are excited. Likewise, when the two rightmost elements are
excited, the Active Sq; will be the same as Active S33.

B. SWITCHABLE POWER DIVIDER

To selectively excite the presented triple-element antenna
by two in-phase inputs and one inactive input, a switchable
power divider is proposed as illustrated in Fig. 5a. It is
composed of two side-by-side Wilkinson power dividers [43]
which are isolated from each other by sets of PIN 3 and
PIN 4 diodes. The related dimensions of this power divider
are summarized in Table 1. Port 2, Port 3 and Port 4 of this
power divider are respectively connected to Port 2, Port 3,
and Port 1 of the the antenna structure shown in Fig. 3a. The
six PIN diodes in this structure are clustered into two groups
denoted as PIN 3 and PIN 4. Each group is biased by one
biasing voltage and the DC ground is the middle line of the
power divider. The bias lines for these PIN diodes, each of
which is connected to a 15 nH RF choke, are shown in Fig. 1b.
The proposed PIN diode arrangement is used to enhance the
isolation between the excited and inactive antenna elements.
Two 100 2 resistors are employed for the output isolation of
the power divider.
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PIN 3:ON PIN 4: OFF
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FIGURE 5. Three-way switchable power divider. (a) 3D view of the
geometry with parameters defining the dimensions. (b) Instantaneous
E-field distribution for the two states of the PIN diode switches.

The instantaneous electric field densities for the cases
when each group of PIN diodes is switched ON are rep-
resented in Fig. 5b. The common middle output branch is
always excited while either of the two lateral output branches
can be selected. When PIN 3 diodes are switched ON and
PIN 4 diodes are switched OFF simultaneously, the input sig-
nal splits between the middle and the right output branches.
When PIN 4 diodes are switched ON and PIN 3 diodes are
switched OFF simultaneously, the input signal splits between
the middle and the left output branches.

To analyze the power divider performance, the transmis-
sion line model of the triple-output power divider is illustrated
in Fig. 6. Equivalent models of the PIN diodes are used for
this analysis. The 70.7 2 transmission line lengths are set to
be equal to a quarter wavelength at 4.2 GHz, i.e. near the
middle of the wide operating bandwidth of the antenna.

The scattering parameters and the output phase differ-
ence of the Electromagnetic (EM) and circuit model of this
power divider when the diodes PIN 4 are ON and the diodes
PIN 3 are OFF are shown in Fig. 7. Due to the introduction
of the PIN diodes in the circuit model of the triple-output
Wilkinson power divider, the scattering performance is not
ideal at the center frequency. In the EM model, bending
and inevitable coupling of the transmission lines affect the
scattering performances. This is the main reason behind the
difference between the EM and circuit simulation results.
Based on the EM and circuit simulation results, it is seen that
the reflection coefficients are below —12 dB for the range
of 2.5 GHz to 6.5 GHz. The transmission coefficient from
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FIGURE 6. Circuit model of the presented power divider including the
equivalent model of the PIN diodes.
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FIGURE 7. Scattering parameters calculated with the circuit model versus
EM model of the power divider when PIN 3 diodes are OFF and PIN 4
diodes are ON. (a) Sy1, Sy, and Syq. (b) S31, S41. and Sy4. () S5, and the
phase difference between the activated output ports.

Port 1 to Port 2 (S1) and from Port 1 to Port 4 (S41) are around
—4 dB and —3 dB, respectively. The 1 dB transmission loss
from Port 1 to Port 2 stems from the parasitic resistance
of the PIN 4 diodes. This transmission loss is not present
from Port 1 to Port 4 since there is no PIN diode between
these two ports. The value of S3; is lower than —20 dB for
the whole band demonstrating that only negligible power is
transmitted to Port 3. The output phase difference in the EM
simulation is varying from —2 degrees to 0 degrees, while
the circuit simulation results exhibit constantly 0 degrees
phase difference across this range. The isolation between the
activated output ports (S42) is below —12 dB from 2.5 GHz
to 6.5 GHz. It will be demonstrated in section III that this
value does not adversely affect the whole antenna system
performance. The scattering parameters for the state when
PIN 3 diodes are ON and PIN 4 diodes are OFF are identical
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to the state described above, with the only difference being
that the input signal is equally split between Port 3 and Port
4 with no signal going to Port 2. Hence, these very similar
results are not shown for brevity.

C. SWITCHABLE ALLPASS TO TUNABLE BANDPASS AND
TUNABLE BANDSTOP FILTER

Based on the integration of the switchable power divider and
the triple-element antenna, the sum and difference pattern
diversity function is generated with wideband frequency
response. To add the frequency selectivity function, a recon-
figurable filter with switchable allpass to tunable band-
pass/bandstop performance is required to feed the pattern
reconfigurable antenna. While switchable and frequency-
agile filters have widely been studied in the literature
[44]-[49], a design which enables to switch between all three
states of cognitive radio namely allpass, tunable bandpass,
and tunable bandstop is lacking. Herein, allpass functionality
is added to the tunable bandpass-to-bandstop filter formerly
presented in [31]. The filter structure is depicted in Fig. 8a
including two sets of PIN diodes namely PIN 1 and PIN 2 and
two varactor diodes. PIN 2 diodes are switched ON or OFF
together and the two varactors are biased with the same volt-
age. The dimensions of this filter are summarized in Table 1.
For simplicity and clarity, the bias lines, choke inductors and
DC block capacitors are not shown in Fig. 8a. However, they
are displayed in the reconfigurable filter structure depicted
in Fig. lc. To bias the PIN and varactor diodes in the filter
design, five inductors are connected to the DC bias lines,
while one inductor is connected to the bottom layer of the
filter which is RF and DC ground. This short-ended inductor
provides a DC ground path for PIN 1 diode. Two DC block
capacitors (visible in Fig. 1a) are used in the narrow coupled
line of the reconfigurable filter to avoid the DC current of the
PIN 2 diode to mix with the DC current of the varactors.

The instantaneous electric field density at the lowest pass-
band and the frequency response of the reconfigurable filter
in bandpass state are shown in Fig. 8b. In this state, all the PIN
diodes are OFF and by changing the varactor capacitance,
the operating frequency changes. The working principle in
this case is that when PIN 1 diode is OFF, there is no direct
path from input port to the output port. The input signal will
pass through the narrow coupled line at a specific resonance
frequency, which depends on the varactors capacitance thus
generating a bandpass filtering response with tunable fre-
quency. The PIN 2 diodes are OFF in this tunable bandpass
state to allow the signal to pass through the narrow coupled
line.

The instantaneous electric field density at the lowest notch
band and the frequency response for the reconfigurable band-
stop filtering state are shown in Fig. 8c. In this state, PIN 1 is
switched ON providing a direct path for the input signal to
reach the output. Nevertheless, the narrow coupled line will
block this path at a specific resonance frequency which is
tuned by varying the varactors capacitance. The PIN 2 diodes
are switched OFF in this tunable bandstop filtering state.
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FIGURE 8. Proposed reconfigurable three-state filter. (a) 3D view and the
related dimensions. (b) Passband E-field distribution at 3.3 GHz and
simulated scattering parameters for bandpass state. (c) notch-band
E-field distribution at 3.2 GHz and simulated scattering parameters for
the bandstop state. (d) E-field distribution at 3.5 GHz and simulated
scattering parameters for allpass filtering state.

This, in turn, allows the narrow coupled line to create a notch
frequency.

Given that the narrow coupled transmission line plays a
key role in transmitting and blocking the input signal to the
output port for the bandpass and bandstop states, respectively,
neutralizing its effect can provide another operation state of
allpass filtering response. This state is illustrated in Fig. &8d,
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FIGURE 9. Equivalent circuit model of the filter.
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FIGURE 10. Scattering parameters of EM model versus circuit model of
the filter. (a) Sq; of the tunable bandpass state. (b) S,; of the tunable

bandpass state. (c) S;; of the tunable bandstop state. (d) S,; of the
tunable bandstop state. (e) S;; and S,; of the wideband state.

where the PIN 1 diode is switched ON to provide a path
from input to the output, while the short-ended PIN 2 diodes
are switched ON to connect the narrow coupled line to the
ground plane, thus neutralizing its effect. To minimize the
power dissipation, no bias voltage is applied to the varactors
in this state. The whole filter structure will be simplified to
a 50 Q transmission line in this state. Feeding inherently
wideband antennas by this 50 €2 transmission line will result
in a wideband response for the whole system. This wideband
response is useful for the spectrum sensing case in cognitive
radio systems, i.e. as an important state of operation missing
in [31]. Therefore, the newly proposed change in the structure
will bring about a substantial improvement in the response of
the overall system.

To analyze the filter performance, the behavior of its equiv-
alent circuit model depicted in Fig. 9 is studied in the follow-
ing. The distributed coupling capacitors are in red, the varac-
tor equivalent elements are in blue and the PIN diode equiv-
alent elements are in purple. When PIN 2 diodes are OFF,
the equivalent model will behave the same way as the band-
pass/bandstop filter presented in [31] with the same values of
the lumped elements. The EM and circuit simulation results
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FIGURE 11. Photograph of the fabricated antenna. (a) Bottom layer.
(b) Top layer with magnified feeding network.
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FIGURE 12. Frequency responses of the proposed antenna in the
wideband state with sum and difference radiation patterns. (a) Reflection
coefficient. (b) Maximum realized gain. (c) Total antenna efficiency.

of the bandpass state are illustrated in Fig. 10a and Fig. 10b.
In this state, because PIN 1 is OFF, the coupling capacitors
provide a path between input and output at the resonance
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E-plane 6.10 GHz

H-plane 6.10 GHz E-plane 6.10 GHz

FIGURE 13. Measured and simulated radiation patterns at different
frequencies for the wideband state of operation. Left column: E-plane
radiation pattern for the sum beam operation. Middle column: H-plane
radiation pattern for the sum beam operation. Right column: E-plane
radiation pattern for the difference beam operation.

frequency which is controlled by tuning the varactors. The
EM versus circuit simulation results for the bandstop state
are illustrated in Fig. 10c and Fig. 10d. In this state, PIN 1 is
ON and the coupling capacitors take the opposite role, namely
blocking the input signal to the output port at the resonance
frequency which can be controlled by tuning the varactors.
The last state of filter operation which distinguishes this filter
from the one presented in [31] occurs when PIN 2 diode
is ON. In this state, the effect of the distributed coupling
capacitors is mitigated and the filter will turn into an allpass
design when PIN 1 is ON. The EM and circuit simulation
results for the allpass state are illustrated in Fig. 10e.

Ill. MEASUREMENT RESULTS

After integration of all the antenna components, the states
of PIN and varactor diodes determine the overall system
states as summarized in Table 2. Based on the proposed
design refined through EM simulations, the antenna sys-
tem has been fabricated and a photograph of the proto-
type is shown in Fig. 11. The total substrate volume is
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FIGURE 14. Frequency responses of the proposed antenna in the
bandpass state. Left column: sum beam operation. Right column:
difference beam operation. (a) Reflection coefficient. (b) Maximum
realized gain. (c) Total antenna efficiency.

W xLxH = 144 x 190 x 0.8182 mm? corresponding
to 1.24A0 x 1.65x¢ x 0.007Ao where Ag is the wavelength at
the lowest operating frequency. There are seven biasing lines
in the fabricated prototype which are AC-isolated from the
antenna structure by seven RF chokes at the end of each line.
The DC grounds are the antenna bottom layer as well as the
antenna middle feeding line. It is noteworthy that the gaps
used for mounting lumped elements are all 0.3 mm wide.

A. WIDEBAND OPERATION STATE

According to Table 2, when PIN 1 and PIN 2 diodes are
both switched ON and no voltage is applied to the varactors,
the filter is in allpass state. This case is analogous to exciting
the wideband pattern switchable antenna array by a 50 Q
transmission line. Hence, the wideband operation state for
the whole system is activated. The reflection coefficients are

TABLE 2. Switching Patterns and the Different Frequency Operation
States.

PIN 1 |PIN2 | PIN 3 | PIN 4 | Varactors Behavior
ON ON ON OFF | 1.3 pF WB / Difference
ON ON OFF |ON 1.3 pF WB / Sum

OFF |OFF |ON OFF
OFF |OFF |OFF |ON

0.15 pF to 1.3 pF | Tunable BP / Difference
0.15 pF to 1.3 pF | Tunable BP / Sum
ON OFF |[ON |OFF |0.15pFto 1.3 pF | Tunable BS / Difference
ON OFF |OFF |ON 0.15 pF to 1.3 pF | Tunable BS / Sum

WB: Wideband, BP: Bandpass, BS: Bandstop
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FIGURE 15. Measured and simulated radiation patterns at different
frequencies for the bandpass state of operation. Left column: E-plane
radiation pattern for the sum beam operation. Middle column: H-plane
radiation pattern for the sum beam operation. Right column:

E-plane radiation pattern for the difference beam operation.

illustrated in Fig. 12a with the simulated (measured) overlap-
ping bandwidth for the sum and difference beams extending
from 2.68 GHz (2.62 GHz) to 6.10 GHz (6.10 GHz). This
corresponds to 77.9% (79.8%) fractional bandwidth with
minor breaches of the —10 dB specification in the measured
data. The simulated (measured) maximum realized gain of
the antenna illustrated in Fig. 12b is varying from 4.8 dBi
(4.8 dBi) to 8.7 dBi (7.7 dBi) for the sum beam pattern, while
itis varying from 3.8 dBi (3.0 dBi) to 6.8 dBi (5.7 dBi) for the
difference beam pattern. The simulated antenna efficiency is
more than 62.0% within the whole bandwidth as represented
in Fig. 12c. The simulated and measured sum and differ-
ence radiation patterns at four sample frequencies are plotted
in Fig. 13.

B. BANDPASS OPERATION STATE

The tunable bandpass state of operation occurs when both
PIN 1 and PIN 2 diodes are switched OFF and the var-
actor capacitances are controlled by the tuning bias volt-
age. In this state, the whole system takes on the frequency
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TABLE 3. Comparison of the proposed antenna system with some recently published antennas featuring tunable filtering response.

Mode of
Operation R i bl
. - econfigurable In-built
Refs. | e, Size (A\o)3 Wideband | Tunable BP | Tunable BS Patterns Pattern Type Phase Inverter
(BW) (TR) (TR)
[27] 2.2 0.72x0.30%x0.01 X X omnidirectional X
(44.9%) (21.0%)
[29] | 3.48 | 0.39%x0.23x0.011 X X omnidirectional X
(71.7%) (36.0%)
%
[30] 2.2 0.42x0.3x0.002 X X omnidirectional X
(57.0%) (57.0%)
sum and difference
[31] | 3.38 0.75%0.7x0.008 X X X
(50.0%) (50.4%) (two-port)
[37] 3.0 1.21x1.21x0.17 X X broadside to conical X
(60.2%)
This .
Work 3.38 | 1.24x1.65x0.007 sum and difference
(79.8%) (51.3%) (50.3%)

BW: Bandwidth, BP: Bandpass, BS: Bandstop, TR: Tuning Range

* No experimental validation for bandpass case is provided in this reference.

characteristic of the tunable bandpass filter. Based on the
simulated (measured) reflection coefficient plots in Fig. 14a,
the operating frequency can be tuned from 3.30 GHz
(3.28 GHz) to 5.58 GHz (5.55 GHz) corresponding to a
tuning range of 51.3% (51.3%). This value is roughly the
same for both cases of sum and difference radiation pat-
terns. Within this tuning range, the simulated (measured)
maximum realized gain illustrated in Fig. 14b is varying
from 2.9 dBi (2.4 dBi) to 7.0 dBi (6.0 dBi) for the sum
beam case, while it is varying from 2.2 dBi (1.9 dBi) to
5.4 dBi (4.4 dBi) for the difference beam case. The simulated
antenna efficiencies for both sum and difference radiation
patterns are shown in Fig. 14c with the minimum value
of 46.0% observed at the lowest operating frequencies, which
is typical for varactor controlled frequency-tunable antennas.
This value increases with raising tuning frequencies and this
effect is attributed to the parasitic resistance of the varactor
diode. The simulated and measured radiation patterns within
the passbands of the tunable bandpass antenna are shown
in Fig. 15.

C. BANDSTOP OPERATION STATE

Referring to Table 2, when PIN 1 is switched ON and PIN 2 is
switched OFF, the bandstop operation state is activated and
the notched frequency is tuned by varying the bias voltage
controlling the varactor capacitances. In this state, the fre-
quency response of the whole systems takes on the charac-
teristics of the tunable bandstop filter. It is seen in Fig. 16a
that the simulated (measured) notched frequency can be
tuned from 3.20 GHz (3.20 GHz) to 5.40 GHz (5.35 GHz)
corresponding to a tuning range of 51.1% (50.3%) for the
sum pattern and it is nearly the same for the difference
beam pattern. Moreover, the simulated (measured) maximum
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realized gain attenuation within the notch-bands is higher
than 13.0 dBi (10.4 dBi) for both the sum and difference radi-
ation patterns based on Fig. 16b. As the varactor capacitance
decreases, the attenuation level increases. The simulated
antenna efficiencies for the sum and difference beams are
illustrated in Fig. 16c. For both the sum and difference beams,
the total antenna efficiency at the notch frequencies becomes
well below 10.0% for the whole tuning range, thus lowering
the realized gain. The simulated and measured out-of-band
radiation patterns for the tunable bandstop state are similar
to the wideband counterparts. Hence, for brevity they are not
shown here.

D. COMPARISON WITH RECENTLY PUBLISHED DESIGNS
The performance of the proposed design is compared
in Table 3 with some recently published designs featur-
ing switchable and continuously tunable frequency perfor-
mances. For better comparison, the selected references are all
exhibiting continuous tunability in their narrowband states.
It is observed that the proposed design is the only design
generating all three states of wideband, tunable bandpass,
and tunable bandstop performance. In contrast to the designs
presented in [31] and [37] where sum and difference patterns
were realized by an external coupler and a switchable ultra-
wideband phase inverter, respectively, the proposed design
yields the sum and difference radiation patterns using an in-
built phase inverter in the antenna structure, thus reducing
the complexity of the feeding network. The large dimensions
of the proposed design compared to the other references
and sequential pattern switching compared to double-input
pattern diversity antennas are the only sacrificed features to
obtain this unique functionality.
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FIGURE 16. Frequency responses of the proposed antenna in the
bandstop state. Left column: sum beam operation. Right column:
difference beam operation. (a) Reflection coefficient. (b) Maximum
realized gain. (c) Total antenna efficiency.

IV. CONCLUSION

In this paper, the design of a sum and difference pattern-
reconfigurable antenna with three switchable states of wide-
band, tunable bandstop, and tunable bandpass operation has
been presented. This antenna system has been developed
by integration of a switchable and tunable filter, a modi-
fied switchable power divider, and a triple-element quasi
Yagi-Uda antenna array with an in-built phase inverter. The
simulation and measurement results have shown that this
design can successfully achieve wideband operation with
a bandwidth of 79.8%, which can be switched to a tun-
able bandpass and tunable bandstop with 51.3% and 50.3%
tuning range, respectively. The results also demonstrated
that the system can switch between the sum and differ-
ence beam radiation patterns by exploiting its in-built phase
inverter while working in each of the switchable filtering
states.
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