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Abstract: A wideband polarization-reconfigurable microstrip antenna based on a mode-fusion
mechanism is proposed. This simple antenna structure consists of a rectangular radiation patch and a
ground, both with crossed slots. The slots crossing the ground are connected by eight PIN diodes and
four capacitors such that two orthogonal linear-polarization radiation modes can be realized. The
radiation patch is slotted such that a transformed TMjy mode is excited, realizing broadside radiation
that the traditional TMpg mode is unable to. With fusion of the fundamental TM;y mode and the
transformed-TMyg (T-TMjpp) mode, a wide bandwidth of 30.1% is achieved in two reconfigurable
polarizations. The measured results agree well with the simulation results. The total efficiency of the
proposed antenna is more than 80.0% over the bandwidth.

Keywords: reconfigurable antennas; broadband antennas; mode fusion

1. Introduction

Polarization-reconfigurable antennas [1] are gaining popularity due to their capability
of dynamic polarization adjustment according to system requirements. In recent years,
various techniques have been investigated to realize antenna polarization reconfigurability,
mainly including mechanical-servo systems [2], RF switches [3], and tunable material
control methods [4].

These techniques are generally based on the mechanisms of reconfiguring the radiator
shape [4,5], the feeding network [6,7], and loaded metasurface structures [8,9]. Twelve PIN
diodes are placed on the radiator; by selectively turning these diodes on or off, six LPs
can be generated [5]. In addition to radiators, another technique for achieving polariza-
tion diversity is reconfiguring the feeding network. A PIN-controlled feeding network is
designed to change the amplitude and phase of the two linear polarized components by
switching between the three polarizations of horizontal linear polarization (LP), vertical LP,
and circular polarization (CP) [7]. Moreover, metasurface structures have been applied to
change antenna polarization. A slot antenna and PIN diode-controlled single-substrate re-
configurable polarizer can be combined to achieve right-hand circular polarization (RHCP)
or left-hand circular polarization (LHCP) with a bandwidth of 1.6% [8]. These reconfig-
urable states cannot share a wide band, as the polarization is reconfigured by the change
in the electric current on the radiator. As a result, a mismatch appears at the antenna port
depending on whether the radiator, the feed network, or the radiation field is modulated.

To achieve a wider bandwidth, aperture-coupled feeding is an effective technique [10].
This technique is also used to avoid a soldering connection between feed circuits and
radiating elements, which can interfere with the patch radiation. The aperture-coupled
patch antenna can achieve an impedance bandwidth of 23%; however, the liquid-metal
control requires a bulky mechanical servo system consisting of syringes or electrochem-
ically controlled capillarity (ECC) [4]. Another way to realize a wide band is to adopt a
reconfigurable feed network that combines complex power divides and phase shifters.
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In [6], the phase difference between the feed ports was reconfigured by the wideband feed
network, with the overlapping bandwidth at each polarization reaching 34%. However,
the structure of the feed network is complicated and requires many voltage points to
be controlled independently. Creating and collaboratively utilizing multiple resonances
significantly enhances the bandwidth of polarization-reconfigurable antennas [11].

In addition, multimodal coupling theory can be used to provide multiple resonances [12].
The antenna in [13] not only integrates four operating modes (TM;g9, TM3g, TMj,, and
TM3; modes), it also doubles the operating bandwidth. More importantly, this design uses
the interactions of various modes of the patch antenna to correct the radiation patterns.
Similarly, by asymmetrically loading a stub on one radiating edge of the patch and cutting
a rectangular slot offset from the other one, the current distributions of the TM20 and TM30
modes are perturbed, resulting in broadside radiation for all of the first three modes of
a single patch [14]. A compact wideband dipole antenna based on odd and even mode
fusion was presented in [15]. By moving the feed point and adding decoupling branches in
addition to the basic odd mode, the even mode of the dipole is excited and its bandwidth
is expanded. Fusion of the TMjy and TMjy modes is often used to improve antenna
performance [16]. Such antennas mainly utilize mode fusion to broaden the beam width.
When TM;y mode is excited on only the right sub-patch and TMjpy mode is excited on the
whole patch, the two modes have the same resonant frequency; in this way, the radiation
patterns of the TMjy and TMpy modes become fused, broadening the beam width of the
radiation pattern. Similarly, the mode-fusion technique for enhancing bandwidth can be
applied to polarization-reconfigurable antennas.

In this article, a wideband polarization-reconfigurable microstrip antenna based on
the mode fusion principle is proposed. The TM1y and TMjyy modes of the square microstrip
patch are analyzed based on the cavity model theory. By etching gaps in the radiating
patch and the slot-coupled microstrip feed, it is possible to prevent the broadside radiation
pattern of TMyp mode from being null, which provides the antenna with a broader operation
bandwidth. By controlling the PINs in the ground orthogonal slots, the proposed antenna
allows for switching between horizontal and vertical polarizations in a wide bandwidth
from 2.15 GHz to 2.94 GHz. Low cross-polarization gain can be maintained in the operating
band. This design avoids the need for a complex reconfigurable matching network or
complicated DC biasing circuit.

2. Antenna Structure and Reconfigurable Principle
2.1. Geometry of the Antenna

The structure of the proposed antenna is shown in Figure 1. It mainly consists of two
substrate layers and a metal cavity. A square radiation patch with two etched orthogonal
gaps is printed on the top of Subl. The upper surface of Sub2 consists of the ground
along divided into four pieces (labeled 14 in clockwise order). The 50 () microstrip feed
line on the bottom of Sub2 is fed by an SMA coaxial cable. Both substrates are Rogers
R04003C substrates with a thickness of 1.5 mm (¢, = 3.55, tané = 0.0027); the height
of the air layer between the two substrates is 10 mm. The presence of the air gap not
only increases the impedance bandwidth of the antenna but also improves the radiation
efficiency and gain [17]. The metal support structure that makes up the metal cavity is
split into four parts to avoid DC contact. The inner dimension of the metal cavity is
110 mm x 110 mm x 10 mm.

The metal cavity improves the impedance matching of the antenna and promotes the
fusion of the two resonance points. This metal cavity consists of four L-shaped aluminum
blocks, which are also used for fixing the upper and lower dielectric substrates. The
presence of the metal cavity allows enough space for the placement of the PIN diodes and
capacitors. The four openings are designed to prevent the ground, which is divided into
four pieces, from being electrically connected, meaning that the bias circuit can easily apply
a voltage to the ends of the PIN diodes to make them conductive. In addition, the metal
cavity binds the electromagnetic wave radiation, further improving the antenna’s gain.
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Figure 1. Geometrical configuration of the proposed antenna: (a) 3D view, (b) Subl view, and
(c) Sub2 view.

The orthogonal feed slots divide the ground into four parts. Due to the cracked metal
cavity, separate voltages can be loaded into the four parts. Two PIN diodes are placed in
each slot between two close parts. The arrangement of the PIN diodes (D1-D8), capacitors,
and resistors is shown in Figure 1c. The geometrical dimensions of the overall antenna
structure and surface mount device (SMD) component values were optimized using the
HFSS simulator. The final design values are included in Table 1.

Table 1. Optimized dimensions of the proposed antenna.

Parameter Lsub Lpatch Wislot dPIN Wslotl Lslot
Units (mm) 140 66 10 13 4 70

2.2. Transformed TMpy Model and Mode Fusion Principle

For a conventional square patch, TM;y and TM3p modes both have a broadside ra-
diation pattern, while TM»p mode radiates a null pattern on the broad side. Because the
resonant frequencies of two adjacent odd modes are usually far apart from each other, the
transformed TMpy mode (even-order mode) is taken into consideration. The equivalent
magnetic currents and electric field distributions of the TM1y and TMjyp modes of operation
are shown in Figure 2.
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Figure 2. The equivalent magnetic currents (black dashed lines with arrow) and E-plane electric
field distributions (red lines) of (a) the traditional TM9 mode and (b) TM¢ mode with the typical
radiation patterns.

According to [18], the radiation pattern of a magnetic current source in the xoz plane
(¢ = 0°) can be calculated using Equation (1):

_ sin(kHsin®) .

F(©) sin 6

0s 0 1
where k is the propagation constant in free space, H is the spacing between the magnetic
current source and the ground (to simplify the arithmetic, we take kH = 1) and 6 is the
deflection angle from the positive z-axis. Then, the radiation patterns of the rectangular
patches under ideal conditions can be calculate by introducing the array factor. Figure 2a,b
shows the calculation results for a rectangular patch working in the traditional TM;y mode
and TMjp mode obtained from Equations (2) and (3).

Fi(0) = W cos0(1+sin?) @)
E(0) = 75111(1;1121119) COSG(l — M Sme) 3)

In TM;p mode, the equivalent magnetic currents on opposite sides of the patch flow
in the same direction, forming a stable broadside direction. However, in TMyp mode the
equivalent magnetic currents on both sides are reversed, leading to a zero point in the
broadside radiation.

The center gap on the radiator changes the electric field distribution in the cavity of
the antenna, as shown in Figure 3.
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Figure 3. The equivalent magnetic currents (black dashed lines with arrow) and E-plane elec-
tric field distributions (red lines) of (a) TM10 mode and (b) T-TM20 mode with the improved
radiation patterns.

Due to the magnitude of the electric field being 0 at the center, the gap barely affects
operation in TM;y mode. However, the gap is located at the electric field’s maximum in
TM,o mode, which breaks the continuity of the electric field distribution in this mode. Due
to the presence of strong coupling currents on the gap, the direction of the electric field on
both sides of the gap is abruptly changed. The gap also flips the direction of the equivalent
magnetic current on both sides of the patch. In Figure 4, the transformed TM;; mode
(T-TMyo mode) produces four equivalent magnetic currents in the same direction, creating
a stable broadside pattern which can be calculated using Equation (4).

(I-d (I+d)

sin(kH sin 6) cos (1 + ek sing | ik sing | jkisine) @)

sin 6

F3(0) =

In addition, the gap facilitates the fusion of the two modes in terms of resonant
frequency. Due to the gap, the current path of the TM;y mode of the antenna is reduced,
moving the operating frequency of this mode towards higher frequencies. Meanwhile,
because of the edge effect, the gap provides an additional current path that shifts the
operating frequency of the T-TMjp mode towards lower frequencies. According to the
cavity mode theory of a typical microstrip antenna [19], the frequency calculation formulas
for the two resonant points of the antenna are inferred as follows:

c

A= ®)
2 <Wpatch - Wslot + 2Aw> \/g

- C
fo= ) ( (wmtch _ Wslot) /2 + 2Aw) Vee

where W, is the width of the patch, Wy, is the width of the slit, and Aw is the extending
width due to the effect of the fringing field. By coupling these two neighboring resonant
modes, the antenna can achieve a wider —10 dB impedance bandwidth. In addition, the
gap behaves as the capacitive loading, which also contributes to bandwidth enhancement.

(6)
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Figure 4. Current distribution of the antenna: (a) statel and (b) state2. Top view of the current
distribution on the antenna patch in (c) statel and (d) state2. PIN diodes on/off on antenna ground
in (e) statel and (f) state2.

2.3. Realization of Polarization Reconfigurability

The design of the polarization-reconfigurable antenna is developed based on the
multimodal coupling wideband antenna shown in Section 2.2. On the basis of the mode-
fusion principle, orthogonal gaps are etched on the patch, realizing a combination of the
TM;10/TMg; and T-TMyy/ T-TMg> modes. When TM 1y mode and T-TM,y mode are excited
with the corresponding gap, the other unrelated gap barely influences the operation, as it is
parallel to the current direction of the two modes.

The proposed antenna introduces an aperture-coupled feeding method to excite two
working modes at the same time. In order to obtain polarization-reconfigurable characteris-
tics, two switchable cross slots are etched on the ground to achieve different polarization
states. The ground is divided into four parts by cross slots, and eight PIN diodes (D1-D8)
are placed in the counterclockwise direction connect the ground separated by the slots to
each other. By applying different voltages to both ends of the ground in order to control
the switching of the PIN diodes, the ground becomes equivalent to a rectangular slot in
the center of a whole ground with different directions of switching, allowing the direction
of the antenna aperture coupling to be changed to achieve switching of the polarization.
Due to the excellent DC isolation and RF conduction characteristics of large capacitors, four
100 pF capacitors are placed in the ground slot to control the length of the slot and four
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50 Q) resistors are placed between the DC source and the diodes to protect the PIN diodes
from breakdowns.

To simplify the control circuit, the diodes are arranged in the orientation shown in
Figure 1; two diagonal sections of the ground are connected by the green and red wires,
respectively (Number 1 and 3 are connected, 2 and 4 are connected). The voltages of
the two parts are noted as V1 and V2. Polarization switching is achieved by applying
different voltages to the connecting wires in Figure 1 to shield different slots. When diodes
D14 are on and diodes D5-8 are off, the result is X-polarization; otherwise, the result is
Y-polarization. The relationship between the polarization and the states of the eight PIN
diodes is tabulated in Table 2.

Table 2. Polarization state control via eight diodes.

State Vi V2 D1-D4 D5-D8 Polarization
1 +3V ov ON OFF X-polarization
2 ov +3V OFF ON Y-polarization

The current distribution of the antenna’s radiating patch and the on/off states of
the PIN diodes on the antenna ground for both polarization states are shown in Figure 4.
For state 1, as shown in Figure 4e, diodes D1-D4 are on and diodes D5-D8 are off at
this voltage, which is equivalent to etching a slot (framed by the red dashed line) along
the Y-axis direction in the center of the ground. As a result, the antenna is fed through
the aperture coupling, which excites a current distributed along the X-axis direction on
the radiating patch, achieving X-axis direction line polarization, as seen in Figure 4c.
Correspondingly, for state 2, diodes D5-D8 are on and diodes D1-D4 are off at this voltage,
which is equivalent to etching a slot along the X-axis direction in the center of the ground;
due to the symmetry of the antenna structure, linear polarization is achieved in the Y-axis
direction, as seen in Figure 4d,f.

The electric field distributions of the substrate around the radiation patch are shown in
Figure 5. The electric field is strongest at the red arrow. It can be seen that the distribution
of electric field vectors in the antenna cavity at two resonant frequencies is in perfect
agreement with the theoretical situation deduced above in Figure 3. At the low-frequency
resonance point, the electric field distribution near the patch has only one electric field
period, which corresponds to the electric field distribution of the TM9 mode shown in
Figure 3a, whereas at the high-frequency resonance point, the electric field distribution near
the patch has two independent electric field periods, which corresponds to the transformed
TMjp mode and matches with the electric field distribution curve in Figure 3b.

Figure 5. Cont.



Electronics 2024, 13, 3760

8 of 12

Figure 5. Vector electric field distributions of the substrate around the radiation patch: (a) 2.4 GHz
and (c) 2.8 GHz in statel; (b) 2.4 GHz and (d) 2.8 GHz in state2.

2.4. Parametric Analysis

The size of the metal cavity in the antenna has a large impact on its impedance
matching. The dimensions of the cavity are analyzed in Figure 6a. When the metal cavity is
larger, the antenna’s return loss is larger and the impedance matching is better. Considering
the size of the antenna, and leaving space for the bias circuit to be designed, the final side
length of the metal cavity was chosen as 110 mm. The outer wall of the metal cavity is
slightly smaller than the size of the ground, which makes it easier to solder RF connectors
and DC source wires at the edge of the ground while at the same time shielding the induced
current on the wire from the antenna’s radiation.

Low cross-polarization is another consideration for polarization-reconfigurable an-
tennas. The position of the two PIN diodes in this design is an important variable in
controlling the cross-polarization. Two adjacent sections of the ground are connected by
two PIN diodes at a distance of dPIN. Figure 6b explores the effect of different distances
of the two diodes on the antenna’s cross-polarization performance. When dPIN = 13 mm,
the antenna achieves a cross-polarization of —20 dB. This is due to the fact that at this
point the PIN diodes can be positioned to best shield the slot and reduce the individual
radiation from the short slot to the upper small patch; therefore, the improvement in cross
polarization can be obtained more noticeably in the higher frequency bands.

leavity=100mm —174 —— dPIN=13mm|
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Figure 6. Parametric analysis: (a) frequency response of 1S111 as a function of the side length of

g
o

the metal cavity and (b) frequency response of the antenna’s cross-polarization gain with dPIN at
2.4 GHz.

3. Simulation and Measurement Results

Modeling and investigation of the proposed antenna were carried out in the HFSS
simulator, a full-wave electromagnetic (EM) simulation software. In the simulations, the
ON-OFF state of the PIN diodes (MADP-000907-14020) were modeled according to the
equivalent circuit model (see Figure 7) provided by the datasheet.
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Figure 7. Equivalent circuit models for MADP-000907-14020: (a) ON-state and (b) OFF-state.

To verify the rationality of the antenna design, the proposed polarization-reconfigurable
antenna was fabricated and experimentally validated. Subl and Sub2 were processed
according to the standard printed circuit board fabrication process, consisting of a metal
cavity made of four aluminum metal frames. All structures were hinged together by metal
studs. The prototype of the proposed antenna is shown in Figure 8.

(@) (b)

(d)

Figure 8. Prototype of proposed polarization-reconfigurable antenna: (a) top view of Subl, (b) top

view of Sub2, (c) bottom view of sub2, and (d) setup for measuring radiation.

In the antenna impedance measurements, bias voltage was provided by a DC source.
During the test, the current of the DC source was 0.04 A at 3 V, which proves that the four
PIN diodes were all in normal operating condition. The simulated and measured 15111 of
the proposed antenna are depicted in Figure 9a. The measurements show good agreement
with the simulation results. It can be seen that the |S111 curves of the two states are highly
overlapped due to the symmetrical structure of the antenna. Meanwhile, the proposed
antenna exhibits dual-resonant behavior in the two resonant frequencies of 2.4 GHz and
2.8 GHz, which correspond to the TM1y/TMg; and T-TMjpo/T-TMg, modes. By coupling
these two neighboring resonant modes, the proposed antenna can achieve a wider —10 dB
impedance bandwidth of 2.15-2.94 GHz (30.1%).

Figure 10 shows the normalized radiating patterns of the proposed antenna on the
E- and H-planes at the two resonant frequencies in different states. The E-plane patterns
at the two resonant frequencies are in agreement with the theory of analysis, as shown
in Figure 3. Figure 9b reports the realized gain across the operating bandwidth of the
antenna for the main polarization and cross-polarization. The curves are similar to the
simulation results. The gain range of the proposed antenna is 6.5-9.5 dBi. In the simulation,
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the antenna has at least —19.5 dB cross polarization in both states and maintains —15 dB in
measurement. Figure 11 demonstrates the efficiency of the antenna, which is higher than

80% in the operating band.
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N ~ simulated state 2
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Figure 9. (a) Simulated and measured input reflection coefficients and (b) gain and co-gain frequency

response curves for states 1 and 2.
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(c)
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simulated phi= 0 deg — — measured phi= 0 deg
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Figure 10. Radiation patterns of: (a) state 1 and (b) state 2 at 2.4 GHz; (c) state 1 and (d) state 2 at

2.8 GHz.
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Finally, Table 3 shows comparisons with several previous polarization-reconfigurable
antennas. It can be seen that the proposed antenna provides a good balance of overall size
and functionality.

Table 3. Comparison with previous polarization-reconfigurable antennas.

Overlapped No. of Feeding Number of . Peak Gain  Radiation
Ref. Bandwidth Polarization Network Methodology Control Voltages Size at (dBi or dBic) Efficiency
[3] 1.18% 3 No 2 PIN Diodes 3 0.5 x 0.5 x0.016 2.55 N/A
[4] 23.20% 3 No Liquid Metal N/A* 0.82 x 0.82 x 0.08 7.24 90%
[6] 8% 6 Yes 6 PIN Diodes 10 0.625 x 0.625 x 0.16 7.07 N/A
7] 16% 3 Yes 8 PIN Diodes 9 0.65 x 0.65 x 0.067 438 N/A
[8] 1.60% 2 No 32 PIN Diodes 2 1.01 x 1.01 x 0.09 9.6 70%
9] 33.30% 3 No Mechanical rotation N/A 253 x2.53 x0.1 16.5 N/A
[11] 27.60% 3 No 4 PIN Diodes 5 0.4 x 0.4 x0.04 6.39 86%
This work 30.10% 2 Yes 8 PIN Diodes 2 1.19 x 1.19 x 0.11 9.5 80%
* N/A means Not Applicable.
4. Conclusions
A wideband polarization-reconfigurable microstrip antenna based on mode fusion
has been proposed. Two resonance points are achieved by multiplexing the TM;y and
transformed TMpg (T-TM3g) modes. By controlling the PIN diodes placed in the slots etched
on the ground, which minimized the influences of the DC biasing circuits, the orthogonal
line polarizations are able to switch with a wide impedance bandwidth of about 30.1%
in the fraction. The proposed antenna has a simple control bias circuit without complex
feeding networks, and has good efficiency over the operating bandwidth. With its low cost,
simple structure, and convenient switching method, this antenna represents a promising
polarization-reconfigurable design.
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