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Owing to the demand for frequency agility, a switchable ultra-wideband
(UWB) hexagonal antenna was developed in this study. The proposed
antenna features two notch filters introduced by two U-shaped slots on the
patch to reduce interference from other wireless networks by rejecting the
unique frequency bands. In addition, the proposed antenna comprises a
hexagonal radiator attached to a feeding 50 Q standard microstrip line. To
fabricate the antenna prototype, a substrate (Rogers RT/Duroid 5880) with
loss tangent and relative permittivity values of 0.0009, and 2.2, respectively,
was used. Frequency and pattern reconfigurability were achieved by
changing the electrical equivalent circuit of two positive-intrinsic-negative
(PIN) diodes sandwiched within two U-shaped slots. The evaluation
confirmed that the antenna operated within the D1&D2-ON configuration
across the entire UWB range while, effectively filtering the wireless body
area network (WBAN) (6.10-6.56 GHz) and radar application (9.16-10.79

GHz) bands when both diodes were OFF. The radiation efficiency and gain
reached values of 92.9 % and 7.5 dB, respectively. The proposed design
offers a robust performance with enhanced interference rejection. This
makes it suitable for modern cognitive radio systems.
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1. INTRODUCTION

Recent advancements in wireless communication are driving an increasing need for antennas with
higher bandwidth to support a range of high-performance applications [1], [2]. Ultra-wideband (UWB) has
piqued researchers’ interest because of its several advantages , including low cost, extra low spectral power
density, improved data resolution, low complexity, and high data transmission rate with relatively low
interference [3]-[7]. Following the designation of the 3.1-10 GHz frequency band for UWB communication
by the Federal Communications Commission (FCC) in 2002, it has drawn the attention of many researchers
and academics [8], [9]. Nonetheless, the implementation of UWB systems has faced significant challenges,
one of which is the interference of the UWB technology with other narrowband systems such as worldwide
interoperability for microwave access (WiMAX) 3.3 to 3.7 GHz, HiperLAN2 5.47 to 5.725 GHz, wireless
local area network (WLAN) 5.15 to 5.35 GHz, 5.725 to 5.825 GHz, and X band satellite frequency system
7.9 to 8.4 GHz [10]. Unwanted in-band or out-of-band signals will impair the UWB receiver’s functionality,
and one popular and effective way to address this problem is to add a narrowband band-stop filter to the
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antenna’s output. However, this approach causes issues such as impedance matching and increases the
system’s overall cost and complexity [11].

As a result, researchers have employed techniques such as metamaterials, defective ground structure
(DGS), and etching slots in the patch to obtain notch band features [12]. It is well known that most antennas
and filters are designed independently, and the majority of UWB antennas concentrate on band-notched
functions, innovative structures, and reduction technologies [13]. Numerous techniques, including ground
[14], [15], radiator grooves [16], feed line [17], and adding strips to the radiator [18], have been used to
generate notch bands in the UWB spectrum.

The notched bands, however, are immovable after these designs are produced; in some cases, this
limitation becomes problematic because the notch bands are unnecessary when there is no interference from
the narrow band systems. As a solution, the frequency reconfigurable antenna is likely the most feasible
option for switching its functioning to the required frequency [19]. Reconfigurable antennas have thus been
divided into three groups: polarization, pattern, and frequency reconfigurable [20]. To adapt to changing
operational requirements, a reconfigurable antenna’s main working concept involves modifying one or more
of its operational properties electrically, mechanically, or structurally using smart materials. The commonest
RF switches used these days for reconfigurable antenna design include positive-intrinsic-negative (PIN)
diodes, field-effect transistors (FETS), radiofrequency micro-electromechanical system (RFMEMS) switches,
and micro-electromechanical system (MEMS) switches [21]-[25].

In this study, a reconfigurable UWB antenna with notched band characteristics is designed and
modeled for wireless systems. Initially, the proposed antenna was optimized to cover the entire UWB
frequency range and to achieve improved return loss (RL) performance. Subsequently, two U-shaped slots
are etched into the antenna to introduce the desired band-notch characteristics. Finally, two PIN diodes were
integrated into the U-slots, enabling reconfigurability in the design. Three operational modes are achieved by
switching the PIN diodes between their ON and OFF states.

According to Table 1, it is evident that the proposed antenna exceeds existing the designs in several
key aspects. It attains a wide UWB bandwidth of 11.29 GHz, significantly exceeding the bandwidths of
9.8 GHz, 9.9 GHz, 9.4, and 8.56 GHz found in the literature [5], [26]-[28]. In terms of dimensions, the
suggested antenna is more compact than mentioned in [5]. Achieving a radiation efficiency of 92.2%, the
proposed design notably surpasses the 80% and 85% efficiencies reported in studies [5], [28].With a
significant gain of 7 dB, the suggested antenna outperforms the gains of 5.3 dB, 4.6 dB, 6 dB, and 4 dB
described in references[5], [26]-[28], respectively. Overall, the comprehensive analysis highlights the
significant improvements and improved performance features of the suggested antenna design, demonstrating
its potential to establish a new benchmark in antenna technology.

Table 1. Comparison between various frequency reconfigurable antennas

. Bandwidth No. of Switching Gain Radiation
Ref. Size (mm2)  Notch bands (GHz) (GH2) operating states  technique (dB) efficiency %
[5] 40%40 3.1-3.5, 3.64-4, 2.2-12 16 4 PIN diodes 5.3 80%

4.58-4.74,5.14-5.3

[26] 33x34 2,35,5.8 14-113 4 Using specific 3.6— NG*

parameters 4.6

[27] 26x36.6 3.6,5.6-7.7 3.1-125 4 1 Varactor diode 6 NG*

[28] 34.9x31 1.58-2.12, 2.24— 1.98-10.5 8 3 Varactor diodes 3-4 85%
2.68,3.08-3.78

This 43.5%26 6.08-6.50, 9.16— 4.75-16.04 3 2 PIN diodes 7 92.2

work 10.79

NG* = not given

2. RECONFIGURABLE ANTENNA DESIGN METHODOLOGY

The hexagonal reconfigurable dual notched-band UWB antenna built in this work is depicted in
Figures 1(a) and (b). The antenna geometry was created from a Rogers RT/Duroid 5880 substrate, 1.58 mm
thickness, 2.2 relative permittivity (er), and 0.0009 loss tangent (tan §). This material was chosen for its low
dielectric constant, which decreases the signal latency, improves the impedance matching, and reduces the
surface wave losses, resulting in a higher radiation efficiency. Furthermore, its extraordinarily low loss
tangent minimizes the signal attenuation, enhancing the antenna gain and overall performance. Compared to
the widely used rectangular and circular geometries, the suggested hexagonal shape offers improved
compactness and inherent geometry characteristics. Its symmetrical construction additionally decreases the
edge diffraction, potentially improving the bandwidth and radiation performance [1], [3]. The recommended
antenna’s overall dimensions are 43.5x26x1.6 mm2,
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Figure 1. UWB antenna geometry: (a) hexagonal patch with partial ground and (b) proposed reconfigurable
antenna structure

To improve the impedance matching between the 50 Q coaxial cable attached to the subminiature
version A (SMA) connector and the high impedance at the patch edge, a microstrip feedline was used to feed
the proposed antenna. To improve and move from the conventional narrow band to a wider bandwidth, the
modified ground plane technique was employed. Having two U-shaped slots on the radiating patch results in
a frequency-notched feature. At the optimal position, two PIN diode switches are integrated at the two U-
shaped slots for pattern reconfiguration and surface current concentration redistribution. The proposed
reconfigurable antenna was designed and modeled using the computer simulation technology (CST) 2020
software. Nevertheless, the spectrum analyzer was used to test the prototype antenna after it was physically
implemented. The analogous circuits for using the PIN diodes in both the ON and OFF states are displayed in
Figure 2, while the physical attributes and essential components of the tuned antenna are described in Table 2.
The side length and the effective radius of the hexagonal patch’s circular patch can be calculated as follows to
accomplish a specific frequency operation [1].

2
a =a (1 -2 (nZ+ 1.7726)) 1)
3v3
nag = (%) s” @
where:
a = circular patch antenna’s actual radius

a, = circular patch antenna’s effective radius
h = substrate height
er = substrate relative permittivity

S =sides of a regular hexagonal patch antenna
Switch ON Switch OFF
L L
R R c

Lumped RLC boundry Metal strip

Figure 2. Equivalent circuit of the PIN diode model [12]
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Table 2. The proposed antenna design parameters

Parameter Dimension (mm)

Radius (R) of the hexagon patch 11.50
Length (S) of the hexagon patch segment 11.50
Transmission line length (Lt) 19.59
Transmission line width (Wt) 34
Length (Ls) Substrate 435
Width (W) Substrate 26
Ground plane length (Lg) 18.80

1% U slot dimensions (X1), (Y1), (X2) 0.25,7,6.25

2" U slot 2 dimensions (X3), (Y2), (X4) 0.25, 2.25, 8.50

3. OUTCOMES AND DISCUSSIONS
This section provides an explanation and a detailed discussion of the study findings for the
suggested UWB reconfigurable antenna.

3.1. Return loss (S11) of the UWB antenna

An effective antenna should have a RL value of -10 dB. Taking into account that 90 % of the signal
is transmitted and only 10 % is reflected, this threshold is chosen. To obtain a UWB response, the proposed
antenna’s ground plane length was parametrically analyzed. Figure 3(a) illustrates the influence of the
different ground plane lengths (Lg) on the RL. The parametric Analysis identifies 18.80 mm as the ideal
ground plane length, ensuring good impedance matching and a consistent UWB response from 4.75 to 16.04
GHz with minimum resonance shifting. The RLs for the conventional and final designs are contrasted in
Figure 3(b).

0
-5 m /\/_/
.~ i
-10 -10 l’ \‘\ »~\ !”
-15 NN SN !
\ a 220 VARV IRV W
5-20 \ \ \ 3 ‘lllr \ f’ “ f‘
= L3 = \
- eseseoFully grounhlplam- “‘ ° “ 5 25 . v ! |‘ ‘.'
y:_30 — — Lg=39.80mm l‘ .I -30 Fully ground plane 1:
!
Lg=28.80mm l|“l' -35 B - = - Proposed design(Lg=18.80mm) '!
: -40
————— Proposed design(Lg=18.80mm) ‘
-40 305 7 9 11 13 15 17
3 5 7 9 11 13 15 17
Frequency (GHz) Frequency (GHz)
@ (b)

Figure 3. Parametric study of ground plane: (a) reflection coefficient response with different Lg and (b) S11
reaction both before and after utilizing a partial ground plane

3.2. Return loss of the proposed reconfigurable antenna

An analogous lumped resistor-inductor-capacitor (RLC) circuit was used to represent the PIN
diodes. The resonant frequency changes when the PIN diode is switched because it alters the current
distribution in the defective ground plane. Figure 4(a) demonstrates the aggregate Si1 values for each of the
three potential switching configurations. The operating modes of the proposed reconfigurable dual-band
notch conditions are described in Table 3. The mode of the targeted notched band of wireless body area
network (WBAN) (6.10-6.56 GHz) and radar applications (9.16-10.79 GHz) are controlled by the ON and
OFF states of the PIN diodes. Thus, the simulated RL results are satisfactory at different reconfigurable
frequencies.

3.3. Voltage standing wave ratio (VSWR) of the proposed antenna

The VSWR indicates the antenna’s impedance matching capabilities; a practical value of less than 2
is required, while the ideal value of VSWR is 1. Figure 4(b) clarifies the notched features of the proposed
antenna. It was found that the single band-notched antenna (mode B) could function with a VSWR of >2
from 4.81 to 16.04 GHz, except for one stopband from 6.10 to 6.56 GHz. Two stopbands, however, are
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observed when both switches were in the OFF position (scenario C): WBAN (6.10-6.56 GHz) and radar
applications (9.16-10.79 GHz). To verify the design and simulation outcomes, the antenna is designed as
shown in Figure 5. Due to the lack of diodes in the utilized lab, three different designs of the antenna were
made.

0 s - e e e (ase 1
-5 Mode A

@-10 ...... 6 o (Case 2
=-15 o
_% -20 = 4 e (a5e 3
=-25 Mode B 0
- —_
g -30 > 2
235 N 0 e R g g .

-40 Mode C 0

3 5 7 9 11 13 15 17 - 3 5 7 9 1 13 15 17
Frequency (GHz) Frequency (GHz)
(@) (b)

Figure 4. Performance characteristics of the proposed antenna: (a) simulated Si1 and (b) VSWR simulation of
the proposed antenna

Table 3. Operating states of the proposed reconfigurable UWB antenna

Mode Diode states ~ Operating band Bandwidth No. of Resonance RL (dB) Notched band
D1 D2 (GHz) (GHz) band frequency (GHz) (GHz)
A ON ON 4.81-16.04 11.2 UwWB 6.50, 8.51, 11.5, 20.52, 24.19, -
14.52 25.77, 36.33
B OFF ON 4.16-6.07 191 2 11.5,135 37,32 6.10-6.56
6.60-15.82 9.82
(¢} OFF OFF 4.16-6.07 191 3 8.5,11.3,135 24,26,27 6.08-6.50
6.53-9.20 2.67 9.16-10.79
10.80-15.82 5.02

Mode-A Mode-B Mode-C

Figure 5. The proposed antenna’s prototype

3.4. Effect of PIN diodes status on the proposed antennas’ surface current distribution

Figures 6(a) to 6(d) show the surface currents for modes 1-3 in detail and illustrate the
reconfigurable antenna operation mechanism. For instance, the surface current distributions of Case 1 for all
resonant frequencies (6.5, 8.5, 11.5, and 14.5 GHz) are concentrated near the feeding line and on the edge of
the hexagon radiating element. As seen, the antenna’s current distribution is controlled by turning the diodes
ON and OFF,; this alters the resonating frequency and the current flowing over the antenna’s surface. The
corner of the U slots exhibits the largest current distribution for both modes (A and B) when one or both PIN
diodes are OFF.

Reconfigurable ultra-wideband hexagonal antenna with two notched-band ... (Khaled B. Suleiman)
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Case-1 Case 2 Case-3

Figure 6. Surface current distribution of all cases at: (a) 6.5 GHz, (b) 8.5 GHz, (c) 11.5 GHz, and
(d) 14.5 GHz

3.5. Realized gain and radiation efficiency

The proposed antenna’s simulated gain with and without notch filters (two switching configurations)
is contrasted in Figure 7(a). As seen, except for the two stopbands, the simulated peak gain ranges from 2.5
to 7.5 dBi throughout the whole UWB frequency band. The proposed antenna recorded 92.2% efficiency for
the 6.5 to 117 GHz frequency range, as depicted in Figure 7(b). Hence, the antenna efficiency variation is
suitable for UWB terminals in wireless applications.
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Figure 7. Analysis of the designed antenna parameters: (a) simulated gain performance of the antenna
with/without notch filters and (b) efficiency-frequency curve of the designed antenna

3.6. Comparison of the measured and simulated RL of the reconfigurable antenna

The actual (measured) and simulated RL of the proposed antenna are contrasted in Table 4. When
both D1 and D2 are activated, the simulated operating band is recognized as 4.81 GHz to 16.04 GHz;
nevertheless, the measured band is 6.20 GHz to 12.10 GHz. The observed reflection coefficients show a
narrower range. Additionally, a suppressed band is detected between 5.8 GHz and 6.1 GHz, which indicates
slight differences due to losses experienced during the actual implementation. When both D1 and D2 are
deactivated, the simulated results show multiple bands: 4.16-6.07 GHz, 6.53-9.20 GHz, and 10.80-15.82 GHz.
In the corresponding measured findings, an enlarged filtered band appears at 11.10-16.30 GHz; additional
bands are also seen at 4.82-5.81 GHz and 10.11-11.50 GHz. These results indicate improved operating
efficiency at higher frequencies, yet possibly a drop-in performance at lower frequencies.

Functioning with D1-OFF and D2-ON mixed diode states: the 4.16-6.07 GHz and 6.60-15.82 GHz
ranges are observed to be the simulated functioning bands. The disparity between the simulated and
measured RL, particularly the frequency shifts, is most likely caused by the fabrication tolerances, substrate
imperfections, and connector or soldering losses. To mitigate these impacts, more precise fabrication,
improved soldering procedures, and closer component matching are suggested. Furthermore, incorporating
varactors or surface mount technology (SMT) soldering allows tuning of notched bands, enhancing
performance in dynamic wireless situations.
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Table 4. The actual and simulated reflection coefficients of the proposed antenna

Diode status Simulated results Meas results
Operating band (GHz) Filtered band (GHz) Operating band (GHz) Filtered band (GHz)
D1&D2-ON 4.81-16.04 - 6.20-12.10 5.8-6.1
D1&D2-OFF 4.16-6.07 6.08-6.50 4.82-5.81 5.09-10.09
6.53-9.20 9.16-10.79 10.11-11.50 11.10-16.30
10.80-15.82
D1-OFF&D2-ON 4.16-6.07 6.10-6.56 5.10-5.80 5.83-7.95
6.60-15.82 7.90-11.80 11.81-16.40

3.7. Radiation patterns at resonance frequencies

The three antenna modes (Modes 1, 2, 3) exhibited linearly polarized radiation patterns at the 6.5,
8.5, 11.5, and 14.5 GHz resonant frequencies (these patterns are depicted in Figures 8(a) to (d). Two patterns
of radiation are displayed in each polar plot: the blue dashed line indicates radiation at e=90° (H-plane),
while the red solid line indicates radiation at e=0° (E-plane). At lower frequencies, the radiation patterns are
relatively simple, particularly in Mode-1 (D1&D2-ON), where symmetry is evident at 6.5 GHz. As the
frequency increases, the patterns develop additional complexity.

Frequency

6.5GHz

Frequency Mode-1 Mode-2 Mode-3

11.5GHz

Frequency Mode-1 Mode-2 Mode-3

300
14,5GHz

Figure 8. The antenna’s far-field radiation pattern (E- and H-planes) for the studied modes at: (a) 6.5 GHz,
(b) 8.5 GHz, (c) 11.5 GHz, and (d) 14.5 GHz
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To illustrate, among the three scenarios, the radiation patterns show the most complexity at the
highest frequency, 14.5 GHz. Specifically, at e=0°, Mode-1 exhibits a symmetrical, multi-lobed pattern,
while at =90°, Mode-2 (D1 OFF and D2 ON) shows a directional shift with more obviously expanded lobes.
The lobes in Mode-3, in contrast, are diffuse and wide, with complicated and irregular forms in both
directions, likely due to the switching mode of the two PIN diodes in this case. The radiation pattern is
reconfigurable.

4. CONCLUSION

The development and evaluation of a reconfigurable UWB hexagonal antenna with two notched
band characteristics are detailed in this work. Using the etched slots (two U slots) approach, notch band
features were obtained. For pattern reconfiguration and surface current concentration redistribution, two PIN
diodes (D1&D2) switches are sandwiched in the two U-shaped slots at the optimal positions. The antenna
successfully covered the full UWB range (4.75-16.04 GHz) in the ON state while selectively rejecting
interference from the WBAN and radar frequency bands in the off state. The obtained results confirmed a
VSWR below 2, a high radiation efficiency of 92.9%, and a peak gain of 7.5dB. These findings indicate that
the proposed antenna not only delivers superior performance but also improves interference suppression,
making it a promising option for reconfigurable UWB systems in future wireless applications. Besides, the
designed element could be a precursor to the development of a multiple-input multiple-output (MIMO)
antenna for subsequent studies to enhance the system capacity and transmission rate.
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