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Abstract: This article introduces a process to design, simulate, and measure a novel multi-band patch
antenna with different operation modes, i.e., band centers and bandwidths. Switching between
operation modes is possible using a pair of PIN diodes to connect different parts of the antenna with
the main antenna patch. Such a reconfigurable design allows for individual control of each frequency
range. The main operation mode of the resulting antenna has an impedance bandwidth with two
bands, one from 2.4 GHz to 2.73 GHz and another from 3.4 GHz to 5.73 GHz, with a maximum gain
of 4.85 dBi and stable radiation patterns. The resulting antenna is suitable for applications using both
ultra-wideband technologies and wireless local-area network (WLAN) technologies.

Keywords: reconfigurable; ultra-wideband; slot; PIN diode; wireless local-area network

1. Introduction

Patch antennas (PAs) consist of a thin metal patch placed over a ground plane, with a
feed point connected to a transmission line. They are directional antennas and can operate
at different frequencies based on their size and shape.

Over the last few years, they have become increasingly popular due to their small size,
low profile, and ease of integration with other electronic components [1,2], compared to
traditional antennas. Their small size, high gain, and robustness are features that are highly
valued in the fields of mobile device fabrication and wireless communication systems,
where they are widely used. There is ongoing research to design compact and efficient PAs
that are capable of supporting high-speed data transmission so they can be included in
micro-electromechanical systems (MEMS) that can be integrated into small devices [3-8]. In
recent years, advances in material technology and manufacturing techniques have led to the
production of patch antennas with even smaller dimensions and higher performance [9-13].
The quest for further reduction in PA sizes remains a research field with open challenges,
where new miniaturization techniques are under development [14-17].

In wireless communication systems, there are two common types of antennas: ultra-
wideband (UWB) and multi-band antennas [18-21]. While both of them are designed to
cover a wide range of frequencies, they differ in their features and applications. Multi-band
antennas consist of several resonating elements; each tuned to a different frequency band,
and designed to operate across multiple narrow frequency bands. Multi-band antennas are
suitable for applications that require communication over multiple frequencies, such as
cellular networks and Wi-Fi systems. On the other hand, UWB antennas are designed to
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cover a wide spectrum using a single resonant element [22-25]. They operate over a broad
frequency range without the need for multiple resonators.

In this context, reconfigurable planar antennas have become increasingly popular due
to their ability to switch between different modes of operation, frequencies, and radia-
tion patterns, combining characteristics of both multi-band and UWB antennas. They are
commonly used in modern wireless communication systems that require a wide range
of frequencies, such as ultra-wideband (UWB) [26-28] and wireless local area network
(WLAN) applications. In recent times, a few approaches have been reported in the liter-
ature to achieve UWB characteristics: tree-like fractal slots [29], compact folded network
antennas [30], reconfigurable antennas using diodes on an FR4 substrate [31-33], fractal
arrays [34], and MIMO (multiple-input multiple-output) antennas [35,36]. The use of
reconfigurable components, such as PIN diodes, as in ref. [33], allows the antenna to
switch between different frequency bands, enabling it to adapt to different communication
requirements. The design of this type of antenna is challenging and requires the use of elec-
tromagnetic simulations and optimization techniques to achieve the desired performance.

In this paper, we present a rounded rectangular reconfigurable patch antenna that can
support both the UWB application and the WLAN band, where the reconfigurability is
achieved by using PIN diodes to switch between different resonant modes. It incorporates
one notch band to create a band for the UWB frequency bands and two additional resonant
elements to create a band operation for the WLAN frequency bands, with a hybrid shape
slot composed of a circle and a rectangle. The hybrid-shaped design reduces the overall size
of the antenna while maintaining a satisfactory level of performance in terms of bandwidth
and radiation efficiency. The circular shape provides transverse radiation patterns, whereas
the rectangular shape helps reduce cross-polarization.

This article is structured into four sections. In Section 2, the proposed antenna’s design
geometry and its various development stages are explained. The impacts of the activation
states of the PIN diodes and the gap length on the antenna’s overall performance are also
analyzed. In Section 3, we present both simulated and measured results, focusing on the
antenna’s reflection coefficient and radiation properties. The performance of our proposed
antenna is compared with previously published works from recent years. The conclusions
are presented in Section 4.

2. Materials and Methods
2.1. Proposed Design

The antenna design (Figure 1) consists of a rectangular monopole of size
W x L = 30 x 34 mm? that is constructed on an FR4 substrate with a relative permittivity
of &, = 4.4 and a thickness of & = 0.8 mm. This monopole acts as the primary radiator for
the antenna. A rounded rectangular patch (main patch (MP)) is placed on this rectangular
monopole. The MP is the result of the intersection of a circle of radius R and a rectangle
centered on the circle, with sides /1 = 12mm and /; = 11.542 mm. The main patch (MP)
is fed with a microstrip line with length I, =16.5mm and width w, = 1.529 mm, and is
connected to two other smaller patches through two rectangular slots where PIN diodes
have been placed: a semicircular patch (SCP) and a rectangular patch (RP). A summary
of the dimensions of the antenna is shown in Table 1. The arrangement and shapes of
the patches have been designed to produce the necessary resonance frequency, radiation
pattern, input impedance, and bandwidth. The patch antenna includes a hybrid-shaped
slot in the ground plane. The shape of the slot is equal to the envelope of the projection of
the MP, the SCP, and the RP on the ground plane. The addition of this slot provides the
antenna with a large bandwidth and allows for the control of the radiation characteristics
of the antenna.
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Figure 1. Shape and dimensions of the proposed patch antenna (PA). (a) Front side of the PA antenna.
(b) Back side of the PA antenna.

Table 1. Dimensions in mm of the proposed antenna.

Dimension Size (mm) Dimension Size (mm) Dimension Size (mm)
h 0.8 k1 3 2% 30
Dy 11.47 Dy 9.92 K 2
I 2.6 ln 4 R 6
I 12 I 11.542 a 0.5
Iy 2 d 1.523

2.2. Development Stages

Three iterations are needed to reach the final design of the antenna. They are shown
in Figure 2. The changes that were introduced at each stage were chosen to reach the
target reflection coefficient with a UWB and a WLAN band. The simulations were
conducted using the Ansys© Electronics Desktop 2019 R3-High-Frequency Structure
Simulator on a laptop equipped with an Intel Core i7-4710MQ CPU running at 2.5 GHz

and 8 GB of RAM.

Topview /_/,/«//
S Back view Back view

(b) (0)

@)

Figure 2. Different developmental stages of the proposed antenna design. (a) First iteration. (b) Sec-

ond iteration. (c) Proposed design.
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The initial iteration (Figure 2a) was a simple rounded rectangular patch antenna with
a microstrip line feed. The radius (R) of the MP was calculated from the initiating patch
frequency (F) in the following way [37,38]:

R= d 1)

\/1 + (2 ) in(3F) +1.7720]

8.791 x 10°
F=—n—r— 2
where ¢, is the relative permittivity, 4 is the thickness of the substrate in cm, and f; is the
resonant frequency of the patch antenna in Hz.
This first design does not have a band and shows a constant reflection coefficient
(Figure 3, Iteration 1).

0 .
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Iteration 2
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Figure 3. Proposed antenna reflection coefficients for different development stages.

For the second iteration (Figure 2b), the antenna was modified by adding the SCP
and the RP with semicircular slots, including two rectangular slots placed strategically to
improve the impedance matching and increase the operating bandwidth. In this iteration,
the performance, considering the desired operating bands, was significantly improved.
This design has a bandwidth of 1.21 GHz with a return loss up to —31.9 dB. The new shape
enables the wideband operation from 3.87 GHz to 4.68 GHz (Figure 3, Iteration 2). However,
the antenna still does not meet the requirements of the bands.

To further improve the antenna matching and widen the operating band to cover the
band requirements, the patch is further modified (Figure 2c). A rounded rectangular patch
is placed with a single feed, which is connected to the rectangular and semicircular patches
with two rectangular slots. The semicircular and rectangular patches are positioned at
the ground plane layer in parallel to the rounded rectangle patch as a slot. This iteration
gives the desired UWB and WLAN bands with an increased operating bandwidth to cover
frequency bands for planned wireless communication applications. In the simulation of this
iteration, the antenna has—in the WLAN band—a low-UWB characteristic that covers the
frequency bands (2.3-2.6 and 3.7-5.4 GHz); the two resonance frequencies are at 2.5 GHz
and 4.4 GHz, with a return loss of —31.9dB and —34.9 dB, respectively, and a gain that
exceeds 4.29 dB (Figure 3, Proposed Design).
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2.3. Equivalent Circuit Model of Pin Diode

A PIN diode can be used as a switch to modify the electrical length of the antenna,
influencing its resonant frequency and radiation pattern. Two diodes (BAP65—02,115) were
used in our configuration [39], which can be modeled as a series or parallel combination
of passive components (Figure 4), to achieve the desired reconfiguration of the patch
antenna. When the DC bias voltage is above a certain threshold, the PIN diode can be
modeled as a serial combination of resistance Ry = 1Q and inductance Ly = 0.6nH.
When the DC bias voltage is below the activation threshold, the diode can be modeled
as a parallel combination of C = 0.5 pF capacitor and R;, = 20kQ resistor in series with
L = 0.6nH inductance.

PIN Diode Model

\
[}
4

L=

Lumped RLC boundry

ON State OFF State

Figure 4. Equivalent circuit model of the PIN diode.

Figure 5 shows the comparison of Si; parameters between the various operating
modes providing the switching states of the PIN diodes. The study found that two of the
four ON-OFF state combinations of the PIN diodes provided a bi-band, i.e., the antenna
operated at two resonance frequencies.

*  When the two PIN diodes are on, the two resonance frequencies are at 2.5 GHz and
4.4 GHz, with a return loss of —16.9 dB and —34.9 dB, respectively.

*  When diode D1 is turned on and diode D2 is off, the two resonance frequencies are at
2.8 GHz and 5.3 GHz, with a return loss of —14.85dB and —30.35 dB, respectively.

*  When diode D1 is switched off and diode D2 is on, there is only one wide bandwidth
of 2.41 GHz impedance.

e When both diodes are turned off, the antenna does not have a band.

26 [----D10OnandD20n| ||
1 |——D10Onand D2 Off :
—309 |——D1 Offand D2 Off| I
1 |——D10ffandD20n|

T T T T T T T
1x10°%  2x10°  3x10% 4x10° 5x10° 6x10° 7x10°
Freq (Hz)

Figure 5. Reflection coefficients of the proposed antenna for the different states of two PIN diodes.

In general, the study shows that the proposed antenna with two PIN diodes has
multiple operating states, which can be used to achieve different frequency bands and
bandwidths. Figure 6 shows the proposed antenna peak gain for the configuration with
both diodes switched on as a function of frequency. As can be observed, as the frequency
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increases, the peak gain also increases. This could be explained by the fact that the size
of the patch becomes larger than its wavelength when the frequency increases to 4.29 dB.
However, the increase in gain is limited by the antenna’s efficiency and losses, including
radiation losses and conductor losses. At higher frequencies, the conductor losses due to
the skin effect become more significant, leading to a decrease in efficiency and gain. This is
why the gain of the antenna starts to decrease at higher frequencies, as seen in Figure 6.
Additionally, at very high frequencies, the antenna’s ability to efficiently capture or radiate
the signal becomes more difficult due to limitations in the antenna design and size.

PeakGain (dB)

-10 T T T T T T T T T T T T
1 2 3 4 5 6 7

Freq (GHz)

Figure 6. Peak gain of the suggested patch when both diodes are turned on.

2.4. Parametric Study

The value of the gap length (k1 in Figure 1) in the ground plane of the patch antenna
directly affects the reflection coefficient, S1;. A parameter sweep from k; =3 mm to
k1 =7mm in steps of Ak; =1mm was performed to find the best value, considering the
design goals. Figure 7 shows the |Sq1] results for different gap lengths on the antenna
configuration with both diodes on. At k; =5mm, the antenna has a reflection coefficient
with a WLAN and a low-UWB band with the largest bandwidth.

0_
_5_- [\*lff_\\ /'.,,\
-10 "‘" \ N R\v
A A -
__-156+ \_ |
S v
= 20 W
o b3
254  |=---k1=7mm I, fi
1 —---k1=6mm TR
07— —Kk1=5mm ot
5] ——ki1=4mm U
J k1=3 mm )
-40 4

T T T T T T T T T T T T T T
1x10°  2x10° 3x10° 4x10° 5x10° 6x10° 7x10°
Freq (Hz)

Figure 7. Reflection coefficients of the proposed antenna for the different values of parameter k;.
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For values of ki decreasing and increasing away from k; = 5 mm, the position and
bandwidth of the bands change. In both cases, the notch band is shifted to larger frequencies,
and the bandwidth of both bands of the antenna decrease. The impedance of the antenna
is sensitive to the length of the gap, and changing its value leads to a mismatch in the
impedance of the antenna.

Overall, the numerical experiment shows that the gap length in the ground plane of
the antenna design can have a significant impact on its frequency response and bandwidth.
Designers must carefully optimize the gap length to achieve the desired performance
characteristics of the antenna.

2.5. Surface Current Distribution

Figure 8 illustrates the dependence of the surface current distribution on the different
switching states of two PIN diodes at a working frequency of 4 GHz. In the case where
both PIN diodes are on (Figure 8a), the study observed that most of the surface current
spreads from the bottom of the patch toward the middle of the main patch, as well as to
the semicircular and rectangular patches. When the left diode is on while the right diode
is off (Figure 8b), the surface current mainly extends from the bottom to the middle and
the edge of the main patch. Additionally, it propagates toward the left side of the left
diode in the rectangular patch. Conversely, when the left diode is off and the right diode is
on (Figure 8c), the surface current distribution exhibits an opposite pattern. It primarily
extends from the bottom to the middle and the edge of the main patch while propagating
toward the right side of the right diode in the semicircular patch. Finally, when both PIN
diodes are off (Figure 8d), the surface current spreads from the bottom to the edges of the
two PIN diodes in the main patch.

Jsurf[HAIM]
4.00 x 10°®

3.50 x 108
3.00 x 108
2.50 x 108
2.00 x 108
1.50 x 108

1.00 x 108

5.00 x 10°

@) (b) (o) (d)

Figure 8. Surface current distribution of the proposed antenna design at a frequency of 4 GHz.
(a) Both PIN diodes are on. (b) Left diode is on the right is off. (c) Left diode is off and the right
is on. (d) Both PIN diodes are off.

3. Experimental Results and Discussion

We fabricated and measured a hardware prototype to validate the simulation results
and check the actual antenna behavior. In this case, a commercially available substrate
was used to fabricate the proposed PA (shown in Figure 9a), which was then measured
using a vector network analyzer (VNA) and an anechoic chamber to determine its
return loss. The anechoic chamber and the antenna under measurement can be seen in
Figure 9b,c. Additionally, to measure the far-field parameters of the antenna, such as its
radiation pattern, an electromagnetically isolated RF anechoic chamber was used. By
measuring the radiation pattern in the anechoic chamber, the antenna’s performance
can be characterized, and any deviations from the simulation results can be identified
and analyzed.
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@) (b) (c)

Figure 9. (a) Fabricated prototype. (b) Antenna under test. (c) Measurement of the far-field parame-

ters in facilities at KU Leuven.

The reflection coefficient of the antenna was measured for its different operation states.
Figure 10 shows the results of the measurements compared to the simulations performed
for two of the operation states: when both diodes are on (and the antenna shows two
operations bands) and when diode D1 is off, and diode D2 is on (and there is a wide band
around 2.41 GHz). When both diodes are active, the fabricated antenna covers both the
WLAN and low-ultra-wideband spectrum in the ranges of 2.4-2.5 GHz and 4.1-5.1 GHz,
respectively. The simulation and the measurements agree very well on the positions of
the bands and approximately well on the widths of the bands. When diode D1 is off, both
measurements and simulations yield a featureless reflection coefficient with no bands, even
if the particular shape of 51; differs. The absence of features is due to the change in the
electrical size of the antenna caused by the operation states of the diodes. When PIN diode
D1 is off and PIN diode D2 is on, the semicircular patch is disconnected and the rectangular
part is connected, respectively. In this configuration, the electrical length of the antenna is
such that the resonances are outside the frequency range covered in Figure 10.

-10

-20 4

S11(dB)

304 Mode 1 Measure '
— - — Mode 1 Simulation ‘l
- - - - Mode 3 Measure

Mode 3 Simulation

-40 -

_50 T T T T T T T T T T T T T T T T 1
0 1x10° 2x10° 3x10° 4x10° 5x10° 6x10° 7x10° 8x10°

Freq (Hz)

Figure 10. Comparison of measured and simulated reflection coefficient of the proposed PA.

The simulated and measured reflection coefficients of the antenna are in good agree-
ment for both frequency bands, further validating the accuracy of the simulation process
used to model the antenna’s behavior. The antenna design process can be reliably modeled
using simulation tools.
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Figure 11 illustrates the simulated and measured 2D radiation patterns in the E- and
H-planes for the proposed antenna. The E-plane (or azimuth) represents the radiation in the
plane perpendicular to the antenna’s feeding mechanism. It shows how the antenna radiates
energy in the horizontal plane around the antenna. The H-plane (or elevation) represents
the radiation in the plane containing the antenna’s feeding mechanism. It shows how the
antenna radiates energy in the vertical plane, typically above or below the antenna. The
results show strong agreement between the simulation and the measurements, indicating
the accuracy of the antenna design. The antenna provides relatively stable radiation
patterns at all resonating frequencies, ensuring its wideband operation. In the H-plane, the
antenna offers a nearly omnidirectional radiation pattern at the first resonant frequency and
a quasi-omnidirectional radiation pattern at higher frequencies, ensuring coverage over a
broad range of frequencies. In contrast, in the E-plane, the radiation pattern is bidirectional
at the first resonant frequency (2.5 GHz) and quasi-omnidirectional at the higher frequency
(4.4GHz), as shown in Figure 10. Changes in the radiation pattern at high frequencies
can be attributed to the influence of the high frequencies on the FR-4 substrate used in
the antenna. Overall, the results demonstrate that the proposed antenna is well-suited for
WLAN and low-UWB applications, providing stable and wideband radiation patterns in
both E and H planes.

- - - E-Plane measured results
— — E-Plane simulated results
90

— - - -H-Plane simulated results
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— - - -H-Plane measured results ‘
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Figure 11. Comparison of the measured and simulated 2D radiation patterns of the proposed PA.
(a) Radiation patterns at a frequency of 2.5 GHz. (b) Radiation patterns at a frequency of 4.4 GHz.
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Comparison with the State-of-the-Art WLAN and UWB Antennas

The proposed antenna has a large bandwidth range of up to 1.22 GHz (2.35-2.74 GHz)
and a reflection coefficient value of —34.9 dB. In addition, it has a compact design, and it
offers a better impedance bandwidth and gain when compared to the other works. Other
antennas in the literature do not exceed 0.42 GHz in the band, as reported in [18,40]. The
antenna proposed in [41] presents a frequency response with an impedance bandwidth
ranging from 2.4 GHz to 2.485 GHz. However, the antenna proposed in this paper still
outperforms this result in terms of bandwidth range. Table 2 presents a comparison of our
proposed antenna’s performance with previously published works from recent years. The
table highlights various measured parameters, such as the frequency responses and the
impedance bandwidth ranges of the reflection coefficient, and the size of the patch antenna.

Table 2. Comparison with other antennas reported in the literature.

Operation Band Resonance
Reference Size (mm?) Substrate Type P Frequency
(GHz) (GH2)
[18] 60 x 60 x 0.8 FR4 [2.3-2.6] 2.46
—"— —"— —"— [3.3-3.7] 3.55
[40] 38 x29 x1.6 FR4 [2.29-2.339] 2.29
—"— —"— —"— [3.4-3.449] 3.4
[41] 96 x 96 x 39 FR4 [2.4-2.485] 2.422
This work 34 x 30 x 0.8 FR4 [2.35-2.74] 2.5
—"— —"— —"— [3.88-5.1] 4.4

From the table, it is evident that the proposed antenna outperforms all other com-
parative literature works in terms of its compact size, better impedance bandwidth, and
reflection coefficient.

4. Conclusions

The presented work proposes a reconfigurable patch antenna for WLAN and low-
UWSB bands, boasting a compact design, high gain, and a stable radiation pattern. The
proposed antenna has a simple geometry composed of three patches connected by two
positioned PIN diodes. Activating these diodes provides different modes of operation. This
design achieves bandwidth ranges from 2.35 GHz to 2.74 GHz and 3.88 GHz to 5.1 GHz,
which are relevant for mobile communication applications. Additionally, an extra stub was
loaded to ensure WLAN band capability.

The validation measurements, taken from a fabricated prototype, matched the simu-
lation results, indicating the effectiveness of the design. The compact dimensions of the
antenna make it suitable for use in portable devices, such as smartphones and tablets, which
require a small form factor antenna for wireless communication. The proposed antenna’s
robustness and high gain enable it to maintain a stable connection, even in low-signal areas.

Opverall, the presented work offers a novel solution for designing compact and efficient
antennas for WLAN and low-UWB bands, addressing the challenges of mobile communi-
cation. The proposed design can serve as a basis for further research in the field of compact
antenna design for wireless communication.
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