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ABSTRACT
Two circularly polarized (CP) 2× 2 array antennas based on the spoof
surface plasmon polariton (SPP) and spoof localized surface plas-
mon (LSP) are proposed. The antenna I is fed by a feed network to
increase the axial-ratio (AR) bandwidth. The spoof SPP and spoof LSP
are introduced to increase the gain through energy localization, and
the structure can suppress the cross-polarization to a certain extent
and obtain a wider axial-ratio beamwidth. In addition, the electro-
magnetic bandgap (EBG) is used to suppress surfacewaves to further
increase the gain. The size of antenna I is 1.27λg× 1.27λg× 0.18λg.
The impedance bandwidth and the AR bandwidth of antenna I are
72% (3.15–6.75GHz) and 55% (3.97–6.72GHz), respectively, and the
peak gain is 11.11 dBi. The antenna II optimizes the distance between
the two substrates according to antenna I to further increase the
gain.
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1. Introduction

In recent years, circularly polarized (CP) antennas have been used more andmore because
of their ability to minimize multipath interference and polarization mismatch. With the
development of communication technology, the requirements for communication capac-
ity have become higher, so the demand for broadband antennas is increasing, while the
traditional single CP patch antenna usually limits the AR bandwidth. Therefore, antenna
arrays are increasingly used to obtain higher gain and wider bandwidth [1].

The feed network is considered to be one of the most effective means to improve the CP
bandwidth in the antenna array. Therefore, a simple feed network matched by impedance
transformation is proposed [2–5]. However, this method cannot obtain a stable 90° phase
difference, resulting in only a narrow axial-ratio (AR) bandwidth.AT-structure sequential-
phase feed network is also widely used [6,7], but still did not obtain a wide AR bandwidth
due to its unbalanced power distribution and unstable phase difference. Therefore,Wilkin-
son power splitters and phase shifters are applied to the feed network to obtain a balanced
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power distribution and constant phase difference to improve the AR bandwidth [8–11].
In recent years, the electromagnetic band gap (EBG) structure has been used more and
more in antennas [12–14]. EBG is a periodic structure used to suppress the propagation of
harmonics and electromagnetic surface waves, and it also has the effect of anti-multipath
interference. Combining this structure with a microstrip patch antenna can increase the
gain of the antenna.

Surface plasmon polariton (SSP) has also attracted widespread attention in recent years.
SPP is collective oscillations that occur after the interaction of free electrons on ametal sur-
face and an incident wave. However, it is only effective in the optical frequency band and
cannot be used in the microwave frequency band. For this reason, researchers have done
a lot of research on artificial electromagnetic materials and realized spoof SPP that can
imitate the characteristics of SPP [15–17]. Spoof SPP is formed by etching periodic square
grooves on themetal surface, and electromagnetic waves are coupled to these etched square
grooves [18]. The plasma resonance frequency of the metal is reduced due to the influ-
ence of the whole structure so that it can be achieved in the microwave frequency band.
The spoof localized surface plasmon (LSP) is also widely used in the realization of the
microwave frequency band [19–21]. Spoof LSP etches periodic grooves on themetal closed
surface to increase the penetration of electromagnetic waves on the metal surface, thereby
generating LSP resonance. However, most of the improvement techniques for antenna per-
formance using Spoof SPP and Spoof LSP are still focused on beam scanning. This article
will utilize the constraint ability of Spoof SPP and Spoof LSP on electromagnetic waves to
enhance the antenna gain.

In this paper, two broadband CP 2× 2 array antennas based on spoof SSP and spoof
LSP are proposed. The antenna I is fed by the feed network to the radiation patche, and
an EBG structure is added to suppress surface waves to increase gain. In addition, the
antenna combines spoof SPP and spoof LSP to localize the energy to achieve the effect
of further enhancing the gain. The impedance bandwidth and AR bandwidth of antenna
I are 72% (3.15–6.75GHz) and 55% (3.97–6.72GHz), respectively, and the peak gain is
11.11 dBi. The antenna II adjusts the height of the probes based on the antenna I to fur-
ther increase the gain and combines with the spoof LSP to increase the AR bandwidth. The
impedance bandwidth of the proposed antenna II is 71.8% (3.14–6.73GHz), the measured
AR bandwidth is 53.2% (4.10–6.76GHz), and the peak gain is 12.05 dBi.

2. Antenna design

2.1. Simulation of antenna I

The antenna I have a double-layer structure, as shown in Figure 1(a), with an overall size
of 1.27λg× 1.27λg× 0.18λg. The antenna is printed on the F4B (εr = 2.2, tan δ = 0.003)
substrate.

Figure 1(b) shows the geometry of the feed network. The input signal cannot only real-
ize equal power distribution through the Wilkinson power divider but also realize the
impedance transformation between the input and output ports. After the input signal is
divided into two channels, the adjacent ports have a stable 90° phase difference through
the microstrip line and the phase shifter respectively, to obtain a wider bandwidth. The
phase difference of 90° is realized by a quarter-wavelength difference microstrip line, and
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Figure 1. Geometry of the proposed antenna I: (a) structure of antenna I, (b) feed network, (c) side view,
(d) top view.

the wavelength is calculated by Eq. (1) to be 47mm [4].

λg = c
f
√

(εr + 1)/2
(1)

Figure 2 shows the s-parameters and phase of the feed network. Figure 2(a) shows that
the output power of adjacent ports is relatively stable. Figure 2(b) shows that the phase
difference between two adjacent ports can be maintained at about 90° between 3 and
7GHz, some of the instability may be due to the mutual coupling between the microstrip
lines. Figure 2(c) shows that the impedance bandwidth of the proposed feed network is
3.11–6.74GHz. The feed network feeds the radiation patches through four probes, and this
feedingmethod can be clearly seen from the side as shown in Figure 1(c). Figure 1(d) shows
the top view of antenna I. The radiation patches of the proposed antenna adopt a crescent-
shaped, that is, a small circle is subtracted from the circular radiation patch to introduce
disturbance, and two degenerate modes are generated to realize CP. The parameters have
been optimized and shown in Table 1.

The proposed antenna I is discussed in five steps, steps 1 and 2 are shown in Figure 3. The
smooth crescent-shaped radiation patches are used in step 1, the structure is to separate two
orthogonalmodes by subtracting a small circle from a large circular patch, so the size of the
crescent is a key parameter. From Figure 4(a), it can be seen that r4 has little effect on |S11|.
Figure 4(b) shows the AR simulation results for different r4 values. It can be seen that AR
deteriorates around 4GHz when r4 is larger than 9mm, while AR results are best and the
high-frequency bandwidth is slightly wider when r4 = 9mm. Figure 4(c) shows that the
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Figure 2. The simulated values of the proposed feed network: (a) power output of each port, (b) phase
difference of each port, (c) |S11| of the feed network.

Table 1. Detailed dimensions.

Parameter l1 w1 w2 w3 w4 w5 r1 r2 r3 h1 h2
Value (mm) 60 1.5 0.5 0.84 1.1 0.2 12 0.4 4 0.5 0.5
Parameter h3 a1 a2 a3 a4 a5 a6 d1 d2 d3 d4
Value (mm) 8 0.5 0.3 0.2 0.3 0.5 0.9 1 1 1 0.74
Parameter d5 d6 d7 k1 k2 k3 k4 k5 k6 k7 k8
Value (mm) 4 0.7 2.5 2 4 1 1.5 0.55 0.7 0.4 0.5

peak gain of the antenna is highest when r4 = 9.5mm and r4 = 10mm, but at this point,
the antenna AR deteriorates at around 4GHz. The gain peak is close when r4 = 8.5mm
and r4 = 9mm, while the gain peak is the lowest when r4 = 8mm. Due to the best AR at
r4 = 9mm, r4 is the most reasonable at 9mm.

Figure 5 shows the AR, |S11| and gain of the antenna at different patch radii (r1). It
can be seen that AR will deteriorate when r1is less than 12mm, and it will also exceed
3 dB at around 6.2GHz when r1 is greater than 12mm. This is because the magnitude of
the two orthogonal degenerate modes is different due to the different sizes of the patches.
Therefore, when r1 = 12mm is themost suitable, the AR bandwidth is 3.44–7.44GHz and
the relative bandwidth is 80%. Figure 5(b) shows the graph of |S11|, from which it can be
seen that the influence of r1 on the overall trend of |S11| is not very large. However, the
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Figure 3. Antenna improvement steps: (a) step 1, (b) step 2.

impedance of high-frequency will deteriorate slightly when r1 is larger than 12mm, which
is due to the impedancemismatch caused by the increase in the size of the radiation patches
at this time. As shown in Figure 5(c), the gain shifts towards lower frequency as r1 becomes
larger, because the size of the radiation patches of the antenna is affected by the wavelength
and thus changes the resonant frequency. In addition, the gain decreases when r1 is greater
than 12mm. This is because when the patch is too large, the adjacent patches are very close,
which makes the coupling serious and affects the gain.

In a word, the peak gain is 10.58 dBi when r1 = 12mm, but still cannot get a very high
gain at this time. Therefore, spoof SPP is introduced based on step 1 to increase the gain
of the antenna. Spoof SPP is formed by the electronic coupling resonance in the metal
periodic groove, so as shown in step 2, the smooth radiation patches are changed to a zigzag
shape. Periodic grooves are etched on themetal surface to limit the energy, thereby forming
a field enhancement at the interface between the metal and the medium to increase the
gain. Figure 6(a) shows that the peak gain at this time is 10.73 dBi, which is 0.15 dBi higher
than step 1. However, AR is deteriorated to a certain extent at around 4 and 6.4GHz due
to the change of amplitude, and further optimization steps need to be proposed to solve
this problem. But the |S11| of the two steps is not much different. To further verify the
proposed spoof SPP, the current density is also simulated. Figure 6(a) shows that step 2
has the largest gain improvement at 6.4GHz compared to step 1, so the current diagrams
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Figure 4. Simulate results for different r4: (a) |S11|, (b) AR, (c) gain.

of these two steps at this frequency are shown in Figure 7. It is evident that the edges of
the crescent-shaped radiation patches have obvious localized effects after adding periodic
grooves, which further confirms the effect of spoof SPP.

To improve the deteriorating AR and further increase the gain, steps 3–5 are shown in
Figure 8. The spoof SPP surface wave will be firmly bound to the surface of the structure,
which can greatly reduce the crosstalk between adjacent structures, and since it propa-
gates on the metal surface, the dielectric loss can be reduced to a certain extent. Therefore,
step 3 introduces spoof SPP into the feed network and uses its mode mismatch with the
microstrip line to suppress crosstalk, thereby reducing the coupling of the microstrip line
and improving the performance of the antenna. It can be seen from Figure 9(a) that the
peak gain at this time is 11.05 dBi, which is 0.32 dBi higher than step 2. At this time, the
AR deteriorated around 6.4GHz in step 2 is improved, but still, more than 3 dB around
4GHz, as shown in Figure 9(b). It can be seen from Figure 9(c) that this change has little
effect on |S11|. In step 4, the EBG is introduced, which suppresses the surface wave during
transmission to avoid the resulting parasitic coupling and loss, and converts it into space
radiation to increase the gain. As shown in Figure 9(a), the peak gain of step 4 is 11.13
dBi, which is 0.08 dBi higher than that of step 3. At this time, the AR around 4GHz is also
improved, and the structure does not have a big impact on the |S11|.
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Figure 5. Simulate results for different r1: (a) AR, (b) |S11|, (c) gain.

Step 5 introduces the spoof LSP on the inside of the crescent-shaped radiation patches.
The spoof LSP is to etch periodic grooves on themetal surface to increase the penetration of
electromagnetic waves on the metal surface, resulting in the phenomenon of local surface
plasmon resonance. This allows electromagnetic energy to be well confined to the surface,
and field enhancement can be formed at the interface between the metal and the medium.
In addition to increasing gain through local energy, this structure can also suppress cross-
polarization to improve the axial-ratio beamwidth (ARBW). Figure 9(a) shows that the
peak gain at this time reaches 11.20 dBi, which is 0.62 dBi higher than that of the initial
step 1. It can be seen from Figure 10 that the ARBW is improved to a certain extent after
adding the spoof LSP because the cross-polarization is suppressed. At 5.8GHz, the 3-dB
ARBWof step 5 can reach 50°, which is 12° better than step 4. At 6.3GHz, the 3-dB ARBW
of step 5 is over 63°, which is 33° better than that of step 4. The proposed antenna improves
the two parameters of gain and 3-dB ARBW at the same time. The comparison between
the above five steps is shown in Table 2.

Figure 11 shows the dispersion curves of the unit structures of the spoof SSP and spoof
LSP described above. It can be seen that when the frequency is low, the dispersion curve
of the unit structure is very close to the dispersion curve of the light. As the frequency
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Figure 6. Comparison of step 1 and step 2: (a) gain, (b) AR, (c) |S11|.

Table 2. Comparison of different steps.

Step |S11|BW (%) AR BW (%) Peak gain (dBi)
3-dB ARBW at
5.8 GHz (°)

3-dB ARBW at
6.3 GHz (°)

Step1 70.4 79.6 10.58 39 30
Step2 70.4 43.4 10.73 31 ×
Step3 70.6 67.0 11.05 39 33
Step4 71 78.8 11.13 38 30
Step5 71.6 77.0 11.20 50 63

increases, the dispersion deviates more and more from the light and finally tends to be sta-
ble. When the dispersion curve tends to a straight line, the corresponding frequency is the
cut-off frequency. The dispersion of the unit structure is on the right side of the light, so this
structure is slow-wave transmission, causing electromagnetic waves to be confined in the
plane. It can be seen fromFigure 11 that when the other parameters remain unchanged and
the depth of the groove gradually increases, the more the dispersion curve deviates from
the light and the lower the cut-off frequency is. This shows that in the cut-off frequency
range, the electromagnetic wave confinement ability of themetal surface becomes stronger
as the depth of the groove increases. When the cut-off frequency is too low, it will cause
too much energy to be localized in the radiation patches, which will affect the antenna’s
radiation and worsen the gain. Therefore, the cut-off frequency cannot be too low.
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Figure 7. Current graph of radiation patches at 6.4 GHz: (a) step1, (b) step2.

Figure 8. Antenna improvement steps: (a) step 3, (b) step 4, (c) step5.

The current distributions of different phases at 5GHz are shown in Figure 12. The out-
put ports are equal in magnitude and orthogonal to each other in the range of 0°, 90°, 180°,
270° due to feeding by the feed network. Furthermore, the antenna is left-hand circularly
polarized (LHCP) since the current rotation direction is clockwise.

2.2. Simulation of antenna II

Since the proposed antenna has a two-layer structure, a parametric study on the distance
between the two substrates is performed. Figure 13(a) shows the |S11| of the upper and
lower substrates at different heights. When h3 = 4mm and h3 = 10mm, the |S11| will
deteriorate at around 3.5 and 6.2GHz, respectively. This is because the distance between
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Figure 9. Simulation curve of the five design steps of the antenna I: (a) Gain, (b) AR, (c) |S11|.

Figure 10. Simulate AR against theta: (a) 5.8 GHz, (b) 6.3 GHz.

the upper and lower plates will produce different degrees of coupling, thereby chang-
ing the amplitude. At the same time, there is little difference in impedance bandwidth
between h3 = 6mm and h3 = 8mm. Figure 13(b) shows that the gain increases as the
height between the two substrates decrease. When h3 = 6mm, the gain peak value is the
highest. However, it can be seen from the AR comparison shown in Figure 13(c) that when
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Figure 11. Dispersion diagrams of different plasmonic structures: (a) LSP, (b) SPP1, (c) SPP2, (d) SPP3.

the height between the substrates changes, the AR will also deteriorate due to the cou-
pling between the two layers. The AR when the height of the antenna I is h3 = 8mm
is the best result. When the antenna is at the height with the highest gain, that is, when
h3 = 6mm, the AR value of 3.66–4.07GHz exceeds 3 dB, which causes the bandwidth of
antenna II to be 0.84GHz narrower than that of antenna I, and the relative bandwidth
deteriorates 16.6%. Although the gain is increased, the loss of AR bandwidth makes it not
worthwhile.

To this end, as shown in Figure 14, spoof LSP is combined with the feed network. The
zigzag-shaped periodic groove structure is used to locate the energy, which reduces the
coupling between the two layers that is increased due to the short distance, thereby improv-
ing AR. Figure 15(a) shows the AR simulation results before and after the introduction
of spoof LSP in the feed network. It can be seen that before the spoof LSP is added, the
AR exceeds 3 dB within 3.67–4.07GHz, the AR bandwidth is only 65.2% (4.07–7.33GHz).
After the introduction of spoof LSP, the AR simulation results are significantly improved
around 4GHz and increased to 76.6% (3.43–7.26GHz). In addition, Figure 15(b) shows
the gain simulation results before and after the introduction of spoof LSP. It can be seen
that while improving the AR, the gain is also slightly improved, and the peak gain reaches
12.15 dBi.

Compared with the antenna I, the gain of antenna II is increased by 0.95 dBi, but the
3-dB ARBW will inevitably deteriorate as the gain increases. The antenna I improve the
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Figure 12. Antenna current distribution at 5 GHz: (a) 0°, (b) 90°, (c) 180°, (d) 270°.

3-dB ARBW while increasing the gain, and antenna II further increases the gain based on
antenna I, so both are meaningful.

3. Experimental verification

To verify the simulation results, Figure 16 shows the fabricated designed antenna I and
antenna II. The |S11| and other indicators of the antenna are measured by a vector network
analyzer and a Microwave Anechoic Chamber, respectively.

3.1. Measurement of antenna I

As shown in Figure 17(a), the measured impedance bandwidth is 72% from 3.15GHz to
6.75GHz, which is roughly the same as the simulated impedance bandwidth. Figure 17(b)
shows the measured AR bandwidth is 55% from 3.97–6.72GHz, which is not quite the
same as the simulated one. The AR value deteriorates in the low-frequency band before
4GHz. This may be due to the limited range of probe lengths that can be selected, so
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Figure 13. Simulate results for different h3: (a) gain, (b) AR, (c) |S11|.

Figure 14. Geometry of the feed network with spoof LSP.
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Figure 15. Comparison of feed network with and without spoof LSP: (a) AR, (b) gain.

Figure 16. Photograph of the fabricated prototype: (a) antenna I, (b) antenna II.

there is an error of about 0.6mm between the probe size used in the experiment and
the simulation, and it may also be caused by welding errors. In addition, the bending of
the double-layer substrate, metal oxidation and the substrate itself may all cause errors.
Figure 17(c) shows the measured and simulated gain results of the antenna. It is clear that
the simulated and measured results are basically consistent, and the measured peak gain
is 11.11 dBi. Generally speaking, slight errors may be caused by manufacturing errors and
instability inmeasurement. The normalized radiation patterns at 5.8 and 6.3GHzwere also
measured in the actual verification, as shown in Figure 18(a,b), respectively. LHCP can be
observed at the two frequency points, and the LHCP is at least 15 dB higher than the right-
hand circularly polarized (RHCP) in the main polarization direction, which also verifies
the existence of CP. At 5.8GHz, the LHCP is 15 dB higher than the RHCP from −30° to
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Figure 17. Comparison of measured and simulated curves of antenna I: (a) |S11|, (b) AR, (c) gain.

26°, and at 6.3GHz, the angle is from −15.5° to 20°. There is a slight difference between
the measured and simulated results, which may be caused by the fact that the upper and
lower dielectric plates are not completely parallel.

3.2. Measurement of antenna II

As shown in Figure 19(a), the simulated impedance bandwidth is 71.8% from 3.14GHz
to 6.73GHz, which is basically the same as the simulation result. Figure 19(b) shows the
measuredAR bandwidth is 53.2% from 4.10 to 6.76GHz, which is not quite the same as the
simulated one. This may be due to impedance mismatch caused by parasitic capacitances
generated when soldering the probes, resulting in an AR value higher than 3 dB in the
low-frequency band before 4.10GHz, which is slightly worse than the simulation results.
Figure 19(c) shows the measured and simulated gain results of the antenna, and it can be
seen that the overall trend of the two is basically consistent, with a measured peak gain
of 12.05 dBi. The normalized radiation patterns at 5.8 and 6.3GHz were also measured
in the actual verification, as shown in Figure 20(a,b), respectively. Since the structure of
the proposed antenna is relatively symmetrical, the symmetry of the radiation patterns is
better. It is clear that the antenna is LHCP at both 5.8 and 6.3GHz, the LHCP is 15 dB
higher than the RHCP from −26.5° to 10.7°, and at 6.3GHz, the angle is from −27.1° to
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Figure 18. Normalized radiation patterns of antenna I at: (a) 5.8 GHz, (b) 6.3 GHz.

Table 3. Comparison with other antennas.

Ref. Size (λg) |S11| BW (%) AR BW (%) Peak gain (dBi)

[4] 0.94× 0.94× 0.017 100 50 7.5
[8] 2.25× 1.67× 0.11 72.6 69 10.38
[10] 1.25× 1.88× 0.14 80 62 12
Antenna I 1.27× 1.27× 0.18 72 55 11.11
Antenna II 1.27× 1.27× 0.13 71.8 52.3 12.05

22.9°. The measured results are well-matched with the simulated results. Finally, Table 3
lists the performance comparison between the antenna arrays in other references and the
proposed antenna I and antenna II. It can be seen from Table 3 that the size of the antenna
is smaller than that in Refs. [8,10]. Although the antenna in Ref. [4] has a smaller size, its
gain is much smaller than the proposed antennas.
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Figure 19. Comparison of measured and simulated curves of antenna II: (a) |S11|, (b) AR, (c) gain.

4. Conclusion

Two CP 2× 2 antenna arrays combined with the spoof SPP and spoof LSP are pro-
posed in this paper. The proposed antennas use a feed network and crescent-shaped
radiation patches, which effectively enhance the impedance and AR bandwidth. The
antenna I combine this structure with the spoof SPP and spoof LSP, and uses periodic
grooves to locate the energy to increase gain while suppressing cross-polarization. In
addition, EBG is also used in this article because it can suppress surface electromag-
netic waves. The antenna II adjusts the distance between the two substrates on this basis
and combines the ability of the spoof LSP to restrain electromagnetic waves to reduce
the coupling between the two substrates. To verify the simulation results, we fabricated
the proposed antenna and measured it. The antenna I can reach 72% (3.15–6.75GHz)
measured impedance bandwidth and 55% (3.97–6.72GHz) measured AR bandwidth, the
peak gain is 11.11 dBi. Antenna II can reach 71.8% (3.14–6.73GHz) measured impedance
bandwidth and 53.2% (4.10–6.76GHz) measured AR bandwidth, the peak gain is
12.05 dBi.
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Figure 20. Normalized radiation patterns of antenna II at: (a) 5.8 GHz, (b) 6.3 GHz.
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