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A B S T R A C T   

In this paper, a wideband and high-gain circularly polarized (CP) antenna array with polarization-reconfigurable 
characteristics is presented based on the solid-state plasma (SSP). The proposed antenna is composed of 
switchable rotating radiation structures and a switchable feed network by simulating the different SSP branches. 
To investigate the CP operating mechanism, a reconfigurable CP element is designed through characteristic mode 
analysis (CMA). A switchable sequential-phase feed network is then proposed which can provide separately two 
rotational excitations. A spoof surface plasmon polariton (SSPP) is adopted for radiation patches to improve gain 
and axial ratio (AR) bandwidth. Finally, a high-gain and wideband 2 × 2 CP reconfigurable antenna array is 
designed. This array achieves left-hand circular polarization (LHCP) and right-hand circular polarization (RHCP) 
modes when different SSP branches are excited. The array has an overlapped impedance bandwidth of 61.9 % 
(3.17 to 6.01 GHz) and an overlapped AR bandwidth of 40.2 % (4.01 to 6.03 GHz) in two CP states, and the peak 
gain is 11.68 dBic.   

1. Introduction 

Recently, antennas with reconfigurable characteristics have received 
increasing attention in modern wireless communication systems. Of 
particular interest are circularly polarized (CP) reconfigurable antennas 
capable of generating both left-hand circular polarization (LHCP) and 
right-hand circular polarization (RHCP) radiations. Such antennas are 
highly convenient in communication systems such as GNSS, WLAN, and 
mobile satellite communication. They can effectively mitigate multipath 
fading losses, improve system capacity, and enhance link quality [1–3]. 
It is both meaningful and challenging to design a reconfigurable CP 
antenna with high gain, wide bandwidth, and compact dimensions. 

There are two essential techniques frequently utilized in the creation 
of CP reconfigurable antennas: the implementation of reconfigurable 
radiation components [4–7] and the utilization of reconfigurable feed 
networks [8–11]. However, antennas employing both methods tend to 
exhibit a shared drawback i.e., narrow bandwidths and inadequate gain. 
A reconfigurable Wilkinson power divider was fabricated in Ref. [12], 
capable of producing 0◦ and 90◦ phase differences. Feeding the antenna 
with this network can switch the polarization states between linearly 
polarized (LP) mode, LHCP mode, and RHCP mode. Nonetheless, its 

overlapped bandwidth is only 13.1 % and the peak gain is 9 dBi. In 
Ref. [13], a compact microstrip-slot line-CPW feed network has been 
reported to design a 2 × 2 polarization reconfigurable antenna array 
operating at S-band. However, the axial ratio (AR) bandwidth of this 
design is limited to only 14.5 %, presenting a formidable challenge in 
increasing the AR bandwidth of CP reconfigurable antennas. To over-
come this limitation, various methods have been proposed. In Ref. [3], a 
tuning resistor is introduced on the annular slot to significantly increase 
the AR bandwidth by approximately 27.9 %. In Ref. [5], by introducing 
a differentially-fed, L-shaped dipole as a perturbation to separate the 
degenerate modes, wideband CP radiation could be realized. A switch-
able cross-bowtie radiator is proposed to achieve wideband CP recon-
figurability [14], whose AR bandwidth is 21.7 %. In Ref. [15], 
Metasurfaces acting as parasitic elements can also enhance the AR 
bandwidth to 25.6 %. 

However, these technologies have limited bandwidth improvement 
for antennas and may increase the size. To further enhance the perfor-
mance of the antenna, the proposed design in this paper incorporates 
spoof surface plasmon polariton (SSPP) technology. SSPP have gener-
ated significant interest in the microwave community. These are elec-
tromagnetic (EM) excitations that propagate along corrugated metal 
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surfaces and exhibit characteristics that are similar to real surface 
plasmon polariton occurring at optical frequencies [16,17]. When pe-
riodic metal structures are employed, transversal magnetic surface 
waves can be sustained and effectively guided. The whole structure 
exerts an influence that reduces the plasma resonance frequency of the 
metal, enabling the achievement of this frequency band in microwave 
frequencies. Numerous antennas have achieved high gain through the 
introduction of SSPP [18–23]. The tight confinement of EM waves 
around the metal surface is a key benefit of SSPP. 

Additionally, many 2 × 2 arrays have recently been proposed to 
generate broadband CP radiation using the sequential-phase feed tech-
nique, including microstrip antennas [24–26], dipole antennas [27,28], 
and monopole antennas [29,30]. Although originally an LP element or a 
CP element with a limited bandwidth, a substantial CP bandwidth can be 
generated by exciting elements with appropriate sequential rotation and 
phase differences. The feeding network adopted direct 1-to-4 power 
dividers [24,25]. However, the feeding network utilized Wilkinson 
power dividers, 90◦ phase shifters, and 180◦ phase shifters to devise 
ultra-wideband CP antennas [26–30]. In Ref. [30], the feeding network 
employed three cascaded Wilkinson power dividers to further enhance 
the antenna bandwidth. 

In addition to the aforementioned methods, characteristic mode 
analysis (CMA) has also been widely employed to physically understand 
the antenna working principle. CMA is an appropriate method for 
examining the operating mechanism of antennas, primarily by investi-
gating the current distribution of characteristic modes and analyzing the 
radiating behavior [31–37]. In Ref. [32], CMA is performed on a 
hexagon-shaped slotted patch to comprehend the concept of circularly 
polarized radiation. In Ref. [34], CMA is utilized to design an antenna 
that achieves wide bandwidth, compact size, stable pattern, and low 
cross-polarization. A wideband and high-isolated back-cover antenna 
pair for smartphones is designed by employing two sets of characteristic 
modes in Ref. [36]. In brief, CMA confers notable advantages in terms of 
improving the accuracy of antenna design. 

Positive-intrinsic negative (PIN) diodes and varactor diodes are 
commonly used to reconfigure the radiation aperture or peripheral bias 
circuit of an antenna, enabling reconfigurability of the antenna’s oper-
ating state. For PIN diodes, the operating frequency can be changed to 
meet specific requirements, but continuous scanning of the operating 
frequency is limited. On the other hand, varactor diodes provide an 
excellent solution for continuous frequency scanning; however, the low 
self-resonant frequency of commercial varactor diodes restricts their 
tunable frequency range. Additionally, micro-electro-mechanical system 
(MEMS) switches [38,39] and tunable materials are also available for 
reconfigurable antennas. Among these options, the use of tunable ma-
terials can serve as flexible radio frequency (RF) switches to alter the 

antenna structure [40]. For example, gaseous plasma, due to its high 
conductivity in the ionized state, can replace the metal parts of the an-
tenna to enable beamforming and resonant frequency transformation. 
However, the large size, high power consumption, and difficulties in the 
mass production of gaseous plasma formation devices limit their prac-
ticality. Solid-state plasma (SSP) antennas, a type of plasma antenna, 
utilize semiconductor and silicon processing technologies for the fabri-
cation of high-performance, high-yield transverse PIN devices [41]. By 
applying an external bias voltage, the SSP region exhibits metal-like 
characteristics, thus altering the antenna’s performance [42,43]. 
Compared to traditional reconfigurable antennas, SSP antennas offer 
advantages such as flexible operating frequency band switching, wide 
radiation direction range, and good stealth characteristics. As a result, 
they have become a popular research topic worldwide for achieving 
antenna miniaturization and enhancing wireless communication system 
performance [44]. 

This paper focuses on a wideband, high-gain CP reconfigurable an-
tenna. The antenna can switch between LHCP and RHCP by manipu-
lating different SSP branches. Here, CMA is applied to provide more 
insights into the antenna operation. The element with excellent CP ra-
diation performance at 4.87 GHz is first designed. A reconfigurable 
sequential-phase feed network has been designed based on the con-
ventional Wilkinson power divider capable of exciting LHCP and RHCP. 
SSPP is introduced to localize the energy, resulting in a 2.5 dBic increase 
in peak gain. These components are successfully combined with the feed 
network to realize a wideband and high-gain CP reconfigurable antenna 
with an overlapped bandwidth of 40.2 % from 4.01 to 6.03 GHz, and it 
also has a peak gain of 11.68 dBic. 

2. Design of CP element 

In this section, a concise exposition of the theory of CMA is presented 
initially, followed by a thorough investigation of the inherent circular 
polarization principle of the element informed by the CMA. 

2.1. Characteristic mode theory 

CMA is a technique that can visually describe the series of mutually 
orthogonal and convergent characteristic modes of arbitrarily shaped 
conductors without any excitation [32]. The characteristic modes are a 
completely orthogonal set utilized to extend all the corresponding cur-
rents and excitation far-fields induced by specific excitation sources. In 
other words, the induced current on a perfect electric conductor (PEC) 
can be represented as the superposition of characteristic currents, 
defined as Eq. (1) [36]. 

Fig. 1. Configuration of the proposed antenna element: (a) Schematic view, (b) Side view.  
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J =
∑N

n=1
Cn⋅Jn (1)  

where Jn is the characteristic current of mode n and Cn refers to the 
complex modal weighting coefficient (MWC) to be determined for each 
mode. The mode significance (MS) is an intrinsic property of the mode 
that is independent of any externally applied excitation sources. It rep-
resents the coupling ability between the characteristic mode and inter-
nal sources, defined as Eq. (2) [35]. 

MSn =
1

|1 + jλn|
(2) 

MS and MEC together measure the contribution of each mode in a 
given excitation source to the total EM field. As evidenced by (2), the 
value of MS changes between 0 and 1. Furthermore, in practical antenna 
simulation analysis, a characteristic mode can be considered a resonant 
mode if MS > 0.7 [33]. 

The characteristic mode theory defines a series of characteristic 
currents on the PEC body. These currents generate a characteristic 
electric field in free space. There exists a fixed phase difference between 
the tangential component of the characteristic current and the charac-

teristic electric field, which is referred to as the characteristic angle 
(CA), defined as Eq. (3) [35]. 

CAn = 180◦ − tan− 1(λn) (3) 

Circular polarization can be achieved by simultaneously exciting a 
pair of orthogonal modes. The two modes should meet the following 
requirements: (1) MS of the two modes should be quite close and able to 
achieve the resonance requirements. (MS1 = MS2), (2) there should be a 
90◦ difference between the CAs, with CA1 = 135◦ and CA2 = 225◦, (3) 
the characteristic current directions of the two modes should be 
orthogonal to each other, and (4) the maximum radiation direction in 
the far-field pattern should be consistent. 

2.2. CP element design based on CMA 

A schematic and side view of the proposed CP antenna element is 
shown in Fig. 1. The antenna element is composed of top and bottom 
copper layers, printed on Substrate 1 and Substrate 2. The substrates are 
F4B with a relative permittivity of 2.2, a loss tangent of 0.003, and a size 
of l1 × l1. It is noteworthy that the radiation patch of the antenna has 
undergone an evolution from a standard monopole design by 

Fig. 2. (a) MS and (b) CA for the first four modes of the proposed antenna element.  

Fig. 3. Modal currents and radiation patterns of mode 1-mode 4 at 4.87 GHz.  
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introducing two chamfered triangles, and one of which is connected to 
the remaining polygonal shape. The detailed parameters are as follows: 
l1 = 40 mm, d1 = 20 mm, d2 = 10.7 mm, d3 = 9.3 mm, d4 = 0.7 mm, h1 =

9 mm, h2 = 0.5 mm, and h3 = 0.5 mm. 
For a comprehensive understanding of CP implementation of the CP 

element, CMA is applied to meticulously analyze the intrinsic modes of 
this element at various frequencies. The MS and CA of the first four 
modes mode 1-mode 4 are shown in Fig. 2. As can be observed in Fig. 2 
(a), both mode 1 and mode 2 exhibit a modal significance of 0.7 at 4.87 
GHz, thus suggesting the possibility of exciting the first two modes 
jointly at this frequency. Fig. 2(b) further reveals a 90◦ difference be-
tween the characteristic angles of these two modes at 4.87 GHz. 
Therefore, simultaneous excitation of mode 1 and mode 2 leads to the 
emission of CP radiation. 

In order to further analyze the CP radiation characteristics of the 
metal patch, modal currents and radiation patterns of the first four 
modes (mode 1-mode 4) at 4.87 GHz are presented in Fig. 3. It is 
remarkable that the modal current J1 is linearly polarized in the y-axis 
direction, whereas the modal current J2 is linearly polarized in the x-axis 
direction. As both two modes share the same MS value, mode 1 and 
mode 2 are a pair of degenerate modes. Moreover, modal current J3 
exhibits a clockwise rotation, while modal current J4 is symmetric to the 
x-axis. Mode 1 and mode 2 exhibit similarity in their radiation patterns 
owing to their orthogonality and degeneracy, with mutually perpen-
dicular polarization. In contrast, mode 3 and mode 4, being of higher 
order, are considered irrelevant. Therefore, a pair of orthogonal radia-
tion fields, characterized by identical amplitudes and a phase difference 
of 90◦, can be generated through the simultaneous excitation of mode 1 
and mode 2. As a result, the antenna achieves CP radiation at 4.87 GHz. 

3. 2 £ 2 CP reconfigurable antenna array 

3.1. Array configuration 

It is well known that the excitation of the antenna element with a 
suitable sequential phase difference can produce an appreciable CP 
bandwidth. A 2 × 2 CP reconfigurable antenna array is further designed 
based on the CP antenna element. Fig. 4 shows the geometry of the 
proposed reconfigurable antenna array, with an overall size of 1.0λ ×
1.0λ × 0.09λ (where λ is the wavelength in free space at the lowest 
operating frequency). 

Fig. 4(a) is the schematic view of the antenna array. The antenna 
array is a double-layer structure with a sequential-phase feed network 
feeding the radiation patches through four metallic probes. Fig. 4(b) is a 
top view of the CP reconfigurable antenna array. The left and right 
rotational switching of the radiation patch is achieved by exciting SSP 
branches (1–8) so that they correspond to the phase of the four ports in 
the reconfigurable feed network. SSPP is introduced to improve the gain 
and bandwidth, periodic jagged slots are excavated into the radiation 
patch, while notches are etched around the smooth metal. Four addi-
tional serrated metal shapes are printed at the corners of the lower 
surface. Fig. 4(c) shows a schematic of the reconfigurable feed network, 
where the input signal can be equally distributed through the Wilkinson 
power divider. To make the four ports of the feed network have the 
characteristics of left or right rotation switching, nine SSP branches (A-I) 
are introduced to make it reconfigurable. The detailed parameters are as 
follows: l2 = 75 mm, d5 = 1 mm, d6 = 1.1 mm, d7 = 3.1 mm, d8 = 0.4 
mm, d9 = 0.6 mm, d10 = 0.5 mm, d11 = 1 mm, d12 = 5.5 mm, a1 = 3, a2 =

0.5 mm, a3 = 1.2 mm, h4 = 6 mm. 
The SSP of the proposed antenna is generated by the transverse 

structure of silicon-based PIN units. As the bias voltage increases, the 
carrier concentration within the entire region increases. When it reaches 
approximately 2 V, the carrier concentration in the entire region reaches 
1018 cm− 3, and the plasma exhibits sufficient conductivity [45]. At this 

Fig. 4. Structure diagram of the antenna: (a) Schematic view, (b) Top view, (c) Feed network.  
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point, the entire region exhibits metallic-like characteristics and is in a 
conductive state; otherwise, it displays dielectric characteristics and is in 
a cutoff state. The increase in carrier concentration upon excitation 

further affects the plasma frequency ωp and the collision frequency ωc, 
as shown in Eqs. (4) and (5). Therefore, the frequency-dependent 
permittivity of the SSP can be described by the Drude model in Eq. (6) 
[46,47]. 

ωp =

̅̅̅̅̅̅̅̅̅̅

e2ne

ε0me

√

(4)  

ωc = 1.7 × 1011 nn
2.7 × 1019

̅̅̅̅̅̅̅̅
T

300

√

(5) 

Table 1 
Antenna reconfigurability.  

Polarization The excited SSP branches Not excited SSP branches 

LHCP 1, 3, 5, 7, A, D, and G 2, 4, 6, 8, B, C, E, F, H, and I 
RHCP 2, 4, 6, 8, B, C, E, F, H, and I 1, 3, 5, 7, A, D, and G  

Fig. 5. Path of feed network and the equivalent circuits for LHCP.  

Fig. 6. Path of feed network and the equivalent circuits for RHCP.  
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ε(ω) = ε∞+
ωp

ω2 + jωωc
(6)  

where the e = 1.6 × 10− 19C, me = 9.11 × 10− 31 kg, and ε0 = 8.854 ×
10− 12F/m are the electron charge, electron mass, and vacuum permit-
tivity, respectively. From Eqs. (4) and (5), it can be seen that ωp and ωc 
are primarily determined by the free electron density ne, neutral particle 
density nn, and plasma temperature T. In this paper, ω∞, ωp, and ωc are 
finally determined as 12.8, 2.9 × 1014 rad/s, and 1.65 × 1013 1/s, 
respectively [49]. The relationship between the SSP branches and the 
reconfigurability of the CP reconfigurable antenna could be summarized 
in Table 1, the corresponding circuit is in an open state when the SSPP 

branch is not excited. 

3.2. Reconfigurable sequential-phase feed network 

Reconfigurable sequential-phase feed network adopts Wilkinson 
power divider to ensure the balanced distribution of input signal power. 
After dividing the input signal into two channels, a 90◦ phase difference 
between port2 and port3 (port4 and port5) is achieved with a λ/4 delay 
line, and a 180◦ phase difference between port3 and port4 is achieved 
with a λ/2 delay line. By selecting the appropriate feeds, the feed 
network can produce the required excitation for LHCP and RHCP, 
altering the transmission path of the signal. 

Fig. 7. Simulated results of the feeding network for LHCP: (a) Magnitude of the S-Parameters and (b) Phase difference between different ports.  

Fig. 8. Simulated results of the feeding network for RHCP: (a) Magnitude of the S-Parameters and (b) Phase difference between different ports.  

Fig. 9. (a) Step 1, (b) Step 2, and (c) Step 3 of 2x2 CP reconfigurable array design.  
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Figs. 5 and 6 illustrate the feed path and equivalent circuit diagrams 
of the reconfigurable sequential-phase feed network at LHCP and RHCP. 
The reconfigurable feed network can generate the required excitation 
for LHCP when SSP branches A, D, and G are excited. Conversely, it can 
provide the necessary excitation for RHCP when SSP branches B, C, E, F, 
H, and I are excited. 

The simulation results of the sequential-phase feed network are 
shown in Fig. 7 when the antenna operates at LHCP. Fig. 7(a) demon-
strates that the impedance bandwidth meets the requirement from 3.5 to 
7.0 GHz (|S11| < − 10 dB), and the magnitudes of the four outputs are 
close. Fig. 7(b) shows the phase differences between these four ports. It 
can be seen that these four ports (Port2, 3, 4, and 5) have around 90◦

Fig. 10. Simulated results of AR of step 1 for different h4: (a) LHCP, (b) RHCP.  

Fig. 11. Simulated results of |S11| of step 1 for different h4: (a) LHCP, (b) RHCP.  

Fig. 12. Simulated results of gain of step 1 for different h4: (a) LHCP, (b) RHCP.  
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phase difference. Similarly, when the antenna operates at RHCP, Fig. 8 
(a) presents the impedance bandwidth of the reconfigurable feed 
network from 3.0 to 5.8 GHz, and the impedance bandwidth meets the 
requirement (|S11| < − 10 dB). The phase difference of each port (Port2, 
3, 4, and 5) is almost 90◦ as shown in Fig. 8(b). 

3.3. Gain and AR bandwidth improvement with SSPP 

The reconfigurable antenna array is optimized in three steps. Step 1 
is shown in Fig. 9(a), the patch adopts the form of the CP element 
analyzed by CMA in the previous section, without any excavation. Step 2 
is formed using SSPP based on the step 1 design, as depicted in Fig. 9(b). 
Periodic square slots are introduced in the center and edges of the ra-
diation patch. Moreover, SSPP structures are printed on the four corners 
of the lower surface of the dielectric substrate to form the step 3, as 
shown in Fig. 9(c). 

As different SSP branches on the radiating patch are excited, the 
antenna can switch between LHCP and RHCP, as shown in Fig. 9(a). 
When the SSP branches (1, 3, 5, and 7) are excited and the others are in 
an open state, the antenna operates at LHCP. Conversely, when the SSP 
branches (2, 4, 6, and 8) are excited and the others are in an open state, 
the antenna operates at RHCP. In the optimization of step 1, since the 
height between the top and bottom substrate of the antenna has a sig-
nificant effect on radiation performance, we focus on the height h4 be-
tween the two substrate layers. It can be seen from Fig. 10(a) that the 
antenna operates at LHCP, AR has different degrees of deterioration at 
4.5–4.8 GHz when h3 is too high or too low, and only when h4 = 6 mm, 
the antenna has the least AR deterioration at 4.7 GHz. Furthermore, 
Fig. 10(b) indicates the impact of h4 on AR when the antenna operates at 

RHCP. AR has different frequency points that do not meet the re-
quirements from 3.75 GHz to 6.0 GHz (AR < 3 dB), and only when h4 =

6 mm, AR is fully compliant. As shown in Fig. 11(a), it can be observed 
that the reflection coefficient of the antenna operating in LHCP remains 
essentially unchanged with the variation of h4. However, Fig. 11(b) re-
veals that when h4 = 6.5 mm, there are non-compliant (|S11| < − 10 dB) 
regions in the reflection coefficient of the antenna at frequencies ranging 
from 3.83 GHz to 4.32 GHz and from 4.65 GHz to 5.23 GHz. When h4 =

6 mm, the reflection coefficient in both states is less than − 10 dB. Fig. 12 
(a) demonstrates that when h4 = 5 mm, the antenna operating in LHCP 
achieves maximum gain. Compared to 5 mm, when h4 = 6 mm, the peak 
gain decreases by approximately 0.66 dBic. Fig. 12(b) reveals that when 
the antenna is operating at RHCP, the gain of the antenna is depressed at 
4.9 GHz, which indicates that further optimization of the antenna is 
needed. When h4 = 6 mm, the peak gain of the antenna decreases by 
about 0.7 dBic compared with 5 mm. Consequently, considering the AR 
and reflection coefficient, h4 = 6 mm is considered to be the best option. 

The step1 antenna still has certain indicators that do not meet the 
standard after optimization. Specifically, as discussed above, when 
operating in LHCP, there are frequency points where AR has deterio-
rated and the gain is depressed at 4.9 GHz in RHCP. To address these 
shortcomings, SSPP technology is adopted. The SSPP wave is a surface 
EM wave that propagates along periodic metal grating structures in a 
slow wave form. SSPP exhibits strong confinement and advantages such 
as easy parameter control. As a significant method for studying its 
characteristics, dispersion parameters are influenced by key physical 
parameters, including unit width, spacing between metal gratings, and 
depth of the metal grating. The propagation constant β associated with 
the geometric parameters of the SSPP unit is expressed by Eq. (7) [48]. 

Fig. 13. Simulated dispersion diagrams of different plasmonic structures: (a) SSPP 1, (b) SSPP 2, (c) SSPP 3.  
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β = k0

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 + (v/U)
2tan2(k0h)

√

(7)  

where k0 represents the free-space wave vector, v denotes the unit width, 
U represents the spacing between metal gratings, and h represents the 

depth of the metal grating. The transverse electric field (Et) on one side 
of the SSPP transmission line decays exponentially and can be expressed 
as Eq. (8) [19]. 

Ht(x, y) = Ane− αye− jβx (8) 

Fig. 14. Current graph of radiation patches of LHCP at 4.7 GHz: (a) Step 1, (b) Step 3 and RHCP at 4.9 GHz: (c) Step 1, (d) Step 3.  

Fig. 15. Comparison of |S11| for different feeding points: (a) LHCP, (b) RHCP.  
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Et(x, y) =
− α
jωε0

Ane− αye− jβx (9)  

β2 − α2 = k2
0 (10)  

where An is a constant and ε0 is the relative dielectric constant of the 
metal. The SSPP mode exhibits as an inhomogeneous plane wave on the 
propagating side, with the confinement of the plasma surface wave 

dependent on the attenuation constant α. The confinement ability of the 
electromagnetic field decreases as α decreases, indicating a larger lateral 
field extension into free space. Combining Eqs. (10) and (8), Eq. (11) 
[48] can be obtained: 

α =
k0vtan(k0h)

U
(11)  

Eq. (11) indicates that we can adjust the attenuation constant α and 

Fig. 16. Comparison of AR for different feeding points: (a) LHCP, (b) RHCP.  

Fig. 17. Comparison of gain in three steps: (a) LHCP, (b) RHCP.  

Fig. 18. Comparison of AR in three steps: (a) LHCP, (b) RHCP.  
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control the lateral field extension by changing the value of h. Specif-
ically, when the frequency is constant, a larger h leads to a lower cutoff 
frequency, as well as larger wave vectors and propagation constants, 
thus enhancing the confinement ability of the surface EM wave. 
Therefore, in the design SSPP related microwave devices, we can adjust 
the cutoff frequency or dispersion characteristics by controlling the 
depth of the metal grating. 

Based on the analysis above, the depth of the metal grating is dis-
cussed as the main parameter. The dispersion curves of the different 
SSPP units and the light line are depicted in Fig. 13. It can be seen from 
Fig. 13 that the dispersion curve of the unitary structure of these three 
SSPPs is situated to the right of the light line, indicating slow-wave 
transmission and hence demonstrating that the periodic structure has 
a binding force on surface EM waves, ultimately leading to improving 
the antenna gain. 

Further optimization is still needed for AR and gain in Step 1. 
Therefore, a comparison of current distribution between Step 3 with 
SSPP loading and Step 1 is performed, as shown in Fig. 14. During the 
design process of Step 1, when the antenna operates at LHCP, there are 
still non-compliant regions in AR at 4.7 GHz. Therefore, the current 
distribution between Step 3 and Step 1 at 4.7 GHz is compared for LHCP 

operation, as shown in Fig. 14(a) and (b). When the antenna operates at 
RHCP, a significant dip is observed at 4.9 GHz in the antenna of Step 1. 
Thus, the current distribution between Step 3 and Step 1 at 4.9 GHz is 
compared for RHCP operation, as shown in Fig. 14(c) and (d). By 
comparison, it is found that the energy on the patch loaded with SSPP 
has become more concentrated around the metal grid, and as mentioned 
before, SSPP has played a certain binding effect on EM waves. 

The excitation structure of characteristic modes can be divided into 
inductive coupling excitation (ICE) and capacitive coupling excitation 
(CCE) structures. For electric field-coupled excitation, CCE structures 
can be placed at the minimum characteristic current or maximum 
electric field locations. On the other hand, for magnetic field-coupled 
excitation, ICE structures can be placed at the locations of maximum 
characteristic current or magnetic field. Furthermore, the reseach results 
demonstrate that the impact of ICE excitation structures on the char-
acteristic modes of the original structure is relatively small compared to 
CCE excitation structures [50]. In the discussed antenna, a CCE feeding 
structure is utilized. The characteristic currents shown in Fig. 3 indicate 
that the feeding point should be placed at either point A or B in Fig. 9(c). 
However, following the adoption of the SSPP structure, the energy of the 
radiating patch becomes more focused around the metal grid, 

Fig. 19. Comparison of |S11| in three steps: (a) LHCP, (b) RHCP.  

Fig. 20. Current distribution at 5 GHz of LHCP: (a) 0◦, (b) 90◦, (c) 180◦, and 
(d) 270◦. 

Fig. 21. Current distribution at 5 GHz of RHCP: (a) 0◦, (b) 90◦, (c) 180◦, and 
(d) 270◦. 
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influencing the initial characteristic currents. As a result, point C is 
identified as a new feeding point, as demonstrated in Fig. 9(c). 

The reflection coefficient of different feeding points is depicted in 
Fig. 15. It can be observed that when located at point A, the impedance 
matching experiences slight degradation. Fig. 16 presents the AR of the 
three feeding points. When an external current source is applied at 
points A and B, the AR of two CP states undergoes significant degrada-
tion, which is consistent with the previous discussion that energy be-
comes localized at the metal grid after the SSPP structure is 
implemented. Therefore, point C is reselected as the new CCE excitation 
point, at which both impedance matching and AR exhibit good 
performance. 

Fig. 17 depicts a comparison of the gain for three steps, demon-
strating that the overall antenna gain for both polarizations is substan-
tially improved from 4.3 to 5.2 GHz with the loading of the SSPP. Fig. 17 
(a) shows that when the antenna operates at LHCP, the gain of the an-
tenna at 4.4 GHz is increased from 8.6 to 11.3 dBic. Fig. 17(b) shows that 
when the antenna operates at RHCP, the gain of the antenna at 4.8 GHz 
is increased from 9 to 11.5 dBic. This further demonstrates that the 
confinement of EM waves by SSPP plays a significant role in enhancing 
the antenna gain. Fig. 18 depicts a comparison of the AR for three steps. 
As seen in Fig. 18(a), when the antenna operates at LHCP, the AR of Step 
2 at 4.6 GHz still does not meet the requirement compared to Step 1, 
while Step 3 shows a significant optimization over Steps 1 and 2, and the 
AR of step3 exhibits a broader bandwidth of 0.9 GHz compared to step2. 
This is due to the suppression effect of the SSPP structure loaded at the 
bottom of the dielectric substrate on the surface waves. Fig. 18(b) shows 
that when the antenna operates at RHCP, the AR of Step 3 and Step 2 has 
no significant change, but compared with Step 1, the effective band of 
AR is moved from 6.5 GHz to 6 GHz after loading SSPP, although there is 
a part of shrinkage, the gain of the antenna at the center frequency point 
has a significant improvement, so it is considered worthwhile. Fig. 19 
depicts a comparison of the reflection coefficient for three steps. It can 
be seen from Fig. 19(a) and (b) that loading SSPP has no significant 
effect on the reflection coefficient of the antenna, regardless of whether 
the antenna is operating at LHCP or RHCP. 

In light of the close relationship between the phase rotation of an 
antenna and its electric field vector, Figs. 20 and 21 depict the current 
distribution of the antenna in LHCP and RHCP at 0◦, 90◦, 180◦, and 270◦

at 5 GHz. Due to the excitation of the sequential phase feed network, it is 
evident that the radiation patch exhibits current distributions at 0◦, 90◦, 
180◦, and 270◦ that are mutually orthogonal. The current in Fig. 20 
exhibits clockwise rotation, thus confirming that the antenna operates at 
LHCP. Conversely, Fig. 21 highlights the counterclockwise rotation of 
the current, thereby indicating that the antenna operates at RHCP. 

4. Experimental verification 

To verify this CP reconfigurable antenna array design, the final 
optimized model is fabricated and tested. Due to limitations in fabrica-
tion conditions, it is difficult to directly fabricate the antenna by loading 
a real SSP. Therefore, it is necessary to use copper as a substitute for SSP 
to fabricate an equivalent model, as shown in Fig. 22. Fig. 23(a) and (b) 
depict the equivalent feed network and radiation patch of the antenna 
operating at LHCP, respectively. Fig. 22(c) and (d) show the equivalent 
feed network and radiation patch of the antenna operating at RHCP, 
respectively. The antenna array is successfully assembled and positioned 
within an antenna chamber for the test, as shown in Fig. 23. 

Fig. 24 shows the measured |S11| of the fabricated antenna at two CP 
states. As demonstrated in Fig. 24(a) and (b), the measured relative 
impedance bandwidth is 114.7 % (2.08 to 7.68 GHz) in the LHCP state 
and 72.8 % (2.88 to 6.16 GHz) in the RHCP state. The simulation results 
fit the measured results well. Moreover, the measured AR curves are 
shown in Fig. 25, Fig. 25(a) shows that when the antenna operates at 
LHCP, the measured AR bandwidth is 38.5 % (4.15 to 6.13 GHz), which 
is a reduction of 0.5 GHz compared to the simulated result of 47.4 % 

Fig. 22. Photograph of the fabricated equivalent prototype: (a) Feed network 
of LHCP, (b) Radiation patch of LHCP, (c) Feed network of RHCP, (d) Radiation 
patch of RHCP. 

Fig. 23. The equivalent assembled prototype array and microwave anechoic 
chamber measurement diagram: (a) Assembled array of LHCP, (b) Assembled 
array of RHCP, (c) Measurement of LHCP, (d) Measurement of RHCP. 
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(4.01 to 6.5 GHz) at high frequencies. Additionally, Fig. 25(b) demon-
strates that when the antenna operates at RHCP, the measured AR 
bandwidth is 42.6 % (3.45 to 4.48 GHz, 4.68 to 5.57 GHz), which is a 
slight degradation of 0.2 GHz in the central frequency point compared to 
the simulated result of 53.1 % (3.5 to 6.03 GHz). This could be due to the 
slight deformation of the dielectric substrate caused by the heating 
during the antenna soldering process or potential errors during the 

measurement. The measurement results of antenna gain are shown in 
Fig. 26. Fig. 26(a) demonstrates that when the antenna operates at 
LHCP, the measured gain is consistent with the simulation, with an 
improvement of approximately 0.4 dBic in the range of 5 GHz to 5.25 
GHz, and a peak gain of 11.48 dBic. Fig. 26(b) shows that when the 
antenna operates at RHCP, the gain experiences a shift of approximately 
0.1 GHz towards lower frequencies in the center frequency range, with a 

Fig. 24. Comparison of simulated and measured |S11|: (a) LHCP, (b) RHCP.  

Fig. 25. Comparison of simulated and measured AR: (a) LHCP, (b) RHCP.  

Fig. 26. Comparison of simulated and measured gain: (a) LHCP, (b) RHCP.  
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peak gain of 11.68 dBic. These errors are likely caused by the fabrication 
process. 

The far-field radiation patterns of the two planes simulated and 
measured are plotted in Fig. 27 and Fig. 28, respectively. Fig. 27(a) and 
(b) respectively illustrate the radiation patterns at 4.4 GHz and 5 GHz 
when the antenna operates at LHCP. The isolation of the RHCP and 
LHCP in the broadside direction (θ = 0◦) at 4.4 GHz can reach 28.1 dB 
and 28.4 dB at the xoz and yoz planes, respectively, (17.2 dB and 17.8 dB 
for two planes at 5 GHz). Fig. 28(a) and (b) respectively depict the ra-
diation patterns at 3.9 GHz and 4.8 GHz when the antenna operates at 
RHCP. At this state, the isolation at 3.9 GHz can reach 16.9 dB and 18.5 
dB at the xoz and yoz planes, (18.8 dB and 17.7 dB for two planes at 4.8 
GHz). The measured results show that the radiation patterns of the 
proposed array has good symmetry and stable orientation, and the 
measurement agrees well with the simulation. 

Table 2 presents a comparison of the performance of the proposed CP 
reconfigurable antenna with other polarization-reconfigurable antennas 
in recent years. The antenna has a smaller size and a larger overlapped 
bandwidth in comparison. Although the gain of Refs. [3] and [13] is 
higher, meanwhile the lateral dimensions of the antenna are much 
larger. Compared with Refs. [8] and [12], the proposed antenna exhibits 
a smaller size, higher gain, and wider bandwidth. In summary, we have 
demonstrated a compact, wide bandwidth, and high-gain CP 

reconfigurable antenna array. 

5. Conclusion 

A high-gain and wideband CP reconfigurable antenna array with a 
size of only 1.0λ × 1.0λ × 0.09λ based on SSP has been presented in this 
paper. The antenna can achieve the switching between LHCP and RHCP 
by manipulating different SSP branches on the feeding network and 
radiation patch. The measurement results indicate that when the an-
tenna operates at LHCP, it exhibits an impedance bandwidth of 114.7 % 
(2.08 to 7.68 GHz), an AR bandwidth of 38.5 % (4.15 to 6.13 GHz), and 
a peak gain of 11.48 dBic. When the antenna operates at RHCP, it has an 
impedance bandwidth of 72.8 % (2.88 to 6.16 GHz), an AR bandwidth of 
42.6 % (3.45 to 4.48 GHz, 4.68 to 5.57 GHz), and a peak gain of 11.68 
dBic. The proposed antenna has potential applications in wideband and 
multi-polarization wireless platforms, increasing overall channel ca-
pacity and mitigating polarization mismatch issues in complex channels. 
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Fig. 27. The simulated and measured normalized patterns at LHCP state: (a) 4.4 GHz, (b) 5 GHz.  
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