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ABSTRACT:Apolarization reconfigurablemetasurface broadband antennawas proposed. A 2×2metasurface was used to achieve circular
polarization (CP) characteristics, and four resistors were embedded to achieve linear polarization (LP). Among them, characteristic mode
analysis (CMA) was used to discover the CP characteristics of the metasurface. Adding resistors changed the direction of the mode
current, which causes CP to switch to LP state. The design results were validated through fabrication and measurement. The measured
results show that the impedance bandwidth (IBW) is 21.1%, the axial ratio bandwidth (ARBW) 12.9%, and the peak gain (PG) 7.7 dBic
at 6.8GHz in the CP state, its IBW 21.0%, and the PG 4.7 dBi at 7.0GHz in the LP state. The proposed antenna has the characteristics
of broadband, polarization reconfigurability, easy processing, and low cost, and its operating frequency can be used in the C-band of
wireless communication.

1. INTRODUCTION

With the rapid development of satellite communication, re-
mote sensing and telemetry, radar and radio, the demand

and application scenarios of CP antenna are increasing [1–3].
Compared with LP antenna, CP antenna has many significant
advantages. It can eliminate the loss caused by polarization
distortion in communication, effectively reduce signal leakage,
and resist the interference of natural factors. To meet the multi-
functional requirements of the communication system, recon-
figurable antenna has been studied by some scholars, which
can realize the diversification of antenna performance [4, 5].
Reconfigurable antennas are divided into frequency reconfig-
urable [6–8], pattern reconfigurable [9–12], polarization recon-
figurable [13–16], and hybrid reconfigurable [17–20] antennas.
The emergence of reconfigurable antenna has played a positive
role in promoting the performance improvement, cost compres-
sion, volume reduction, and mass reduction of the entire wire-
less communication system.
In terms of the reconfigurable antenna performance, polar-

ization reconfiguration is flexible for receiving and transmit-
ting signals. The methods to realize polarization reconfigura-
tion are different, and the selection and location of devices are
particularly important. In [13], an antenna is proposed, which
uses six PIN diodes to achieve left-handed circular polarization
(LHCP), right-handed circular polarization (RHCP), and LP.
Switching between CP and LP can also be achieved with fewer
PIN diodes, as [14]. In addition to the above, the dielectric res-
onator was applied in [15] and realized the conversion between
vertical polarization (VP) and horizontal polarization (HP). An
antenna using liquid metal flowing in the specified direction
to realize the conversion among LHCP, RHCP, and LP is re-
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ported in [16]. Some hybrid reconfigurable antennas are also
accompanied by polarization reconfiguration, such as simulta-
neous polarization and pattern reconfiguration in [17], simul-
taneous polarization and frequency reconfiguration in [18, 19],
and simultaneous polarization, frequency, and pattern reconfig-
uration in [20]. For implementing polarization reconfiguration,
diodes are most commonly used to achieve the orthogonal di-
rection of current. The key to polarization reconfiguration is to
change the direction of current at the appropriate location.
In this letter, a polarization-reconfigurable metasurface an-

tenna with the wideband characteristic was studied. Firstly, a
microstrip antenna was designed, incorporating metasurface to
achieve CP, and CMA was used to analyze the mechanism of
CP implementation on metasurface. Secondly, four resistors
were loaded, and through CMA that they changed the orthog-
onal characteristics of the current, achieving LP. The proposed
design can be converted between CP and LP. Finally, the feasi-
bility of the proposed antenna designmethod is verified through
antenna fabrication and measurement.

2. DESIGN AND ANALYSIS OF THE PROPOSED AN-
TENNA

2.1. Antenna Configuration
As illustrated in Fig. 1, the antenna includes a microstrip an-
tenna substrate (F4B, εr = 2.65, tan δ = 0.0015) and a meta-
surface substrate (FR4, εr = 4.4, tan δ = 0.02). A radiation
patch and a ground are respectively attached above and below
the substrate, and a metasurface is attached above another sub-
strate. Four resistors are loaded at the middle position between
two metasurfaces to connect them. The connection between
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FIGURE 1. The exploded view of the polarization reconfigurable meta-
surface wideband antenna. The dimensions are (w = 60, w1 = 2,
w2 = 11.5, w3 = 27, w4 = 9.6, q = 14.4, w6 = 6, p = 1, h1 = 1,
h2 = 3, and ha = 3) [(Units: mm)].

the two substrate layers is fixed using nylon screws, and it is
fed with a 50Ω SMA.

2.2. The CP Mechanism of the Proposed Antenna

For rectangular microstrip antennas, the calculation of their ra-
diation patch is shown in [21]. The calculated resonant fre-
quency of antenna I is approximately 7.5GHz. As shown in
Figs. 2–3, the resonance effect of antenna I is not ideal. Con-
sider implementing CP and chamfering antenna I, as shown in
antenna II. The polarization effect of antenna II is better than
that of antenna I, but it does not achieve the required perfor-
mance. Antenna III has been distributed with right angled mi-
crostrip lines, and its resonance and polarization states are im-
proved, but it does not achieve CP. To achieve CP, metasurfaces
were introduced.
For metasurface, the CMA in [22, 23] is used to analyze an-

tenna mechanisms. In CMA, the mode significance (MS) can
discover the resonance potential of the structure. When MS
⩾ 0.707, it has the potential for resonance, physically defined
as,

MS = 1/ |1 + jλn| (1)

 
FIGURE 2. The evolution process of the microstrip antenna.

For symmetric metasurfaces, the condition for achieving CP
is that the characteristic current direction is orthogonal. Fur-
thermore, mode electric fields can be synchronized in phase or
offset by 90◦,

Ex0 = Ey0 (2)
Ex(t) = Ex0 cos(ωt+ φx) (3)
Ey(t) = Ey0 cos(ωt+ φy ± π/2 + 2nπ)

= ±Ex0 sin(ωt+ φx) (4)

When |Ex0| = |Ey0| = E0, the phases φx and φy are orthogo-
nal and satisfy the relationship, indicating LHCP and RHCP,

∆φ = φx − φy =

{
+π/2(RHCP )
−π/2(LHCP )

(5)

Figure 4 shows the MS for mode analysis, where Mode 1
and Mode 2 coincide as the main mode. Its resonant band-
width is 5.15–9.0GHz, covering the resonant bandwidth of an-
tenna III. Other modes played an auxiliary role in 6–7GHz.
Fig. 5 shows their characteristic currents, with the current di-
rections of Mode 1 and Mode 2 being orthogonal. Fig. 6 shows
the simulation results after loading the metasurface, with an
IBW of 21.85% (6.66–8.29GHz), an ARBW of 11.1% (7.08–
7.91GHz), a PG of 8.3 dBic, and the radiation efficiency (RE)
greater than 80% within the resonant bandwidth. Its CMA ver-
ified that the addition of the metasurface enabled antennas to
achieve the CP characteristic.

2.3. Analysis after Loading Resistors
Considering the change in polarization state, it is necessary to
change the current directions ofMode 1 andMode 2. Due to the
difficulty in measuring and installing diodes and other devices,
resistors are loaded between the metasurface units. Similarly,
CMA was performed on the metasurface loaded with resistors
to analyze its mechanism. As shown in Fig. 6, the MS changes
significantly after loading resistors. The MSs of Modes 1, 2,
3, and 6 are significantly lower than 0.707, indicating no res-
onance potential. Mode 4 and Mode 5 only serve as auxiliary
functions. However, the characteristic currents of Modes 1, 2,
3, and 6 become chaotic. Combining Fig. 7 and Fig. 8, the load-
ing resistance changed from CP to LP. Fig. 9 shows the simu-
lation comparison of loaded resistors. Its IBW hardly changes,
and its gain increases with the increase of resistance value. Its
ARBW is greater than 3 dB. Table 1 provides a comparison of
simulation parameters for unloaded and loaded resistors.
From Fig. 9(a) and Table 1, it can be seen that the RE of the

antenna is lower than that of the antenna without resistors. The
reason is that resistors cause loss resistance, resulting in loss
efficiency and a decrease in RE. Considering the gain, 151Ω
and 200Ω are more suitable. In comparison, the efficiency and
AR of 151Ω are relatively stable.

3. MEASUREMENT OF THE PROPOSED ANTENNA
From design to simulation, to machining and measurement
in Figs. 10–12, the feasibility of the designed antenna has
been verified. The measurement shows two states: one with-
out loaded resistors and the other with four resistors loaded.
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(a) (b)

FIGURE 3. Simulation results of the evolution antennas: (a) |S11| and gain, (b) AR.

TABLE 1. Simulation results under resistors states.

Device Value (Ω) Pol. AR BW (%) IBW (%) PG (dBi) RE (%)
No No No 11.1 21.8 8.3 82.1–87.7

Resistors

51 LP / 22.4 3.0 55.6–68.9
100 LP / 22.3 4.1 60.1–65.6
151 LP / 22.2 4.8 61.4–65.2
200 LP / 22.1 5.5 60.0–68.1

TABLE 2. Comparison of the antenna’s performances (N. A: Not applicable).

Ref.
Profile
(λ0)

ARBW
(%)

IBW
(%)

PG
(dBi)

Max. RE
(%)

PINs/Resistors/
Capacitances/
Inductances

Reconfigurable
type

2024/[6] 0.03
1.5 (RHCP)
1.6 (RHCP)

5.1 (RHCP)
6.2 (RHCP)

4.40
4.80

90.0 2 capacitances Frequency

2023/[9] 0.08 N. A
9.3
8.2

7.15
3.94

N. A 2 PINs Pattern

2024/[13] 0.04 11.2
11.7 (CP)
11.6 (LP)

4.20
5.35

N. A 4 PINs and 3 inductances Polarization

2021/[15] 0.21 N. A
18.1 (HP)
16.8 (VP)

2.04
1.10

70.8 Dielectric resonator Polarization

2021/[17] 0.07 30.0
21.0 (HP)
22.0 (VP)

3.66
4.38

N. A 16 PINs Polarization and pattern

This work 0.17 12.9
21.1 (CP)
21.0 (LP-R)

7.70
4.70

87.7
65.2

4 resistors Polarization

FIGURE 4. The MS of the metasurface.

When no resistor is loaded, its IBW (|S11|) is 6.62–8.18GHz
(21.1%), its IBW (|S22|) 6.60–8.30GHz (22.8%), its ARBW
7.01–7.98GHz (12.9%), and its PG 7.7 dBic at 6.8GHz. When
four resistors are loaded, the polarization state is CP to LP. A re-
sistance value of 151Ω was selected for measurement, with an
IBWof 6.60–8.15GHz (21.0%) and a PG of 4.7 dBi at 7.0GHz.
Figure 13 shows the radiation patterns of LHCP and RHCP

at 7.4GHz and 7.6GHz. The proportion of LHCP is relatively
high near 0◦, while RHCP is relatively high in other areas, es-
pecially around 180◦. Both LHCP and RHCP exhibit radiation
phenomena. Compared to 7.4GHz, LHCP is offset by 5◦–10◦
at 7.6GHz. Fig. 14 shows the radiation pattern after loading
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(a) (b) (c)

(d) (e) (f)

Mode 1 Mode 2 Mode 3

Mode 4 Mode 5 Mode 6

FIGURE 5. Characteristic currents of an unloaded resistors metasurface.

(a) (b)

FIGURE 6. Simulation results of metasurface broadband CP antenna: (a) |S11| and gain, (b) AR and RE.

FIGURE 7. The MS of the metasurface after loading resistors.

four resistors. Both the E and H planes have offset phenom-
ena, which do not affect the radiation performance of the an-
tenna. Overall, measurement errors exist due to the assem-
bly and welding of the antenna, but the consistency between
simulation and measurement meets the requirements. Table 2
compares the performance of several antennas. The profiles of

[6, 9, 13] are lower than the proposed antenna, but their band-
width is relatively narrow. The profile of [15] is high; the band-
width is narrow; the gain is low. The profile of [17] is low, and
the ARBW is wide, but the low gain and 16 diodes make an-
tenna measurements more complex (The solid line represents
simulation, and the dashed line represents measurement.)
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(a) (b) (c)

(d) (e) (f)

Mode 1 Mode 2 Mode 3

Mode 4 Mode 5 Mode 6

FIGURE 8. Characteristic currents of metasurface after loading resistors.

(a) (b)

FIGURE 9. Simulation comparison results of the antenna after loading resistors: (a) |S11| and gain, (b) AR and RE.

(a) (b)

FIGURE 10. Prototype and measurement: (a) Fabricated antenna, and (b) the anechoic chamber for measurement.
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(a) (b)

FIGURE 11. The simulated and measured results when no resistor is loaded: (a) |S11| and gain, and (b) |S22| and AR.

FIGURE 12. The simulated and measured results when resistors are loaded (151Ω): |S11| and gain.

(a) (b)

(c) (d)

FIGURE 13. The simulated and measured radiation patterns when no resistor is loaded: (a) xoz plane at 7.4GHz, (b) yoz plane at 7.4GHz, (c) xoz
plane at 7.6GHz, (d) yoz plane at 7.6GHz.

(a) (b)

FIGURE 14. The simulated and measured radiation patterns when resistors are loaded: (a)E andH-plane at 7.0GHz, (b)E andH-plane at 7.5GHz.
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4. CONCLUSION
A metasurface broadband polarization reconfigurable antenna
has been proposed. The proposed innovative antenna uses re-
sistors to switch between CP and LP. CMA was used to ana-
lyze the CP mechanism of the metasurface. After loading re-
sistors, the direction of current was blocked, achieving LP. Its
key performance advantages include broadband, switching be-
tween two polarizations, simple structure, and low cost. This
antenna can be used in the C-band (4GHz to 8GHz) for wire-
less communication.
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