This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation 1
information: DOI10.1109/TAP.2023.3335840, |IEEE Transactions on Antennas and Propagation

Spoof Surface Plasmon Polaritons Based
Antenna and Array by Exciting both
Even and Odd Mode Resonances

Lehu Wen, Wei Hu, Senior Member, IEEE, Bo Pang,
Qi Luo, Senior Member, IEEE, and Steven Gao, Fellow, IEEE,

Abstract—Spoof surface plasmon polaritons (SSPPs) based
antenna and array by exciting both even and odd mode
resonances are developed and investigated in this paper. Different
from others’ work and for the first time, we use the separated
corrugated grooves to achieve the consistent fundamental even
and odd mode resonances on the same SSPPs aperture. In this
way, the even and odd mode resonances can be operated in the
same frequency band. Also for the first time, we introduce the
SSPPs into an orthogonal-mode resonated antenna pursuing high
isolated radiation. New challenges including the feed methods and
impedance matching of two different resonant modes are
overcome by introducing the capacitive patch and triangular cuts
on the SSPPs. Finally, the SSPPs antenna and array were tested
for performance investigation. It is found that in addition to the
obtained wide overlapped impedance bandwidth of 14.8%, a very
high isolation of 29 dB is achieved in the developed compact
antenna element. The couplings between other antenna elements,
radiation patterns, gains, and efficiencies of the array are also
investigated. Both the measured and simulated results show that
SSPPs and the developed antenna can be very appealing in MIMO
applications owing to their orthogonal even-odd modes and
compact structures.

Index Terms—Even-mode resonance, odd-mode resonance,
spoof surface plasmon polaritons.

I. INTRODUCTION

AS a special kind of electromagnetic wave, spoof surface
plasmon polariton (SSPP) has been widely researched for
wireless communication systems [1]. By drilling holes or
etching grooves, SSPPs surface wave can be successfully
excited, bounded, and propagated along the metal structure. It
has the features of strong field confinement, decreased guided
wavelength, and nonlinear dispersion diagram [2]. Especially,
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the highly confined dispersion properties of the SSPPs show
that they can be utilized for the design of the compact-size and
broadband passive and active devices for different
communication systems.

SSPPs are the efficient and low-loss structures for
electromagnetic wave transmissions, and the SSPPs wave can
be transmitted mainly through two different modes, either
even-mode or odd-mode. They are widely used for realizing
different microwave components. Basically, SSPPs are
researched for designing low-profile and broadband
transmission waveguide devices [3]-[6]. Using the periodically
corrugated grooves under odd mode excitation [4], low
insertion loss transmission of less than 2 dB is realized in the
200 GHz band. SSPPs based power dividers [7]-[8], couplers
[9], and detectors [10] are also investigated using this new type
of transmission lines. In [7], an even-mode excited
ultrawideband three-way power divider is developed by using
periodically decorated metal and dielectric, which operates in
the frequency band of 3.0-11.8 GHz. Based on the
Pancharatnam Berry metasurface and diodes, direction
controllable SSPPs coupler is obtained in [9]. Using SSPPs
structure, the detector [10] can have 90% improvement of the
detection sensitivity over the low input RF power. As one of the
metasurface unit cells, SSPPs can also be used to designing
meta-coupler [11], frequency selective surface [12], and lens
[13]. By properly allocating non-resonant regions and resonant
regions on a zone plate, a high-Q lens is constructed in [13]
with thermally controlled selective and focusing behaviour.

In addition to the above passive devices, antennas based on
SSPPs are also widely investigated [14]-[20]. By properly
modulating SSPP unit cell, the bounded surface wave is
successfully excited for radiation [14]-[16]. In [15], two
different periods are modulated on the even-mode excited
SSPPs, and two beams radiate in both forward and backward
directions for the designed leaky wave antenna. To get a
unidirectional radiation, fixed endfire radiated antennas are
developed [17]-[18]. By using the microstrip-to-slotline
converter [18], the odd-mode radiation of the SSPPs is excited
with a stable endfire radiation covering a wide bandwidth of
2.4-5 GHz. In[19], by designing the SSPPs into a polarizer, and
a dual circularly polarized horn antenna is realized with a wide
axial ratio bandwidth of 26%. Recently, multiple-input
multiple-output (MIMO) technology has aroused researchers’
great interests owing to its advantage of using multiple
antennas to increase the system throughput for multiple users
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[21]. To achieve the low correlated and high isolated multi-path
signals for MIMO applications, orthogonal radiations are
utilized in the antennas design [22]-[26]. In [22]-[23],
dual-polarized patch mode is used for unidirectional radiation.
In [24]-[26], different orthogonal modes, such as the slot mode,
loop mode, characteristic modes, differential mode, common
mode, etc., are used for designing high isolated MIMO array
antennas.

In this work, for the first time, both the even-mode and
odd-mode radiations are successfully excited and
simultaneously utilized on the same SSPPs aperture with a wide
overlapped bandwidth and high isolation for MIMO
applications. First, different from others’ work, new corrugated
grooves with a dedicated separate distance are developed
aiming to achieve the consistent even and odd mode resonances
on SSPPs. So that the same or very close resonant frequencies
can be achieved for these two different modes on the same
SSPPs structure. Then, based on this SSPPs structure, both the
antenna element and array are developed for MIMO
applications. In the antenna design, we use different methods,
the capacitive patch and the triangular cuts, to overcome the
impedance matching problems firstly encountered in the even
and odd mode radiations in SSPPs. Finally, the MIMO array
antenna was designed, fabricated, and measured for
performance verification. Owing to the innate orthogonality of
even-odd modes on SSPPs, very high isolation of better than 29

dB is achieved between two driven ports in the antenna element.

In addition, benefiting from the introduced impedance
matching methods, a wide overlapped impedance bandwidth of
3.31-3.84 GHz (14.8%) is obtained. The other performances,
such as the couplings between other elements, radiation
patterns, gain, efficiencies, etc., are also investigated for MIMO
applications.

II. EVEN-ODD MODE OF THE SSPP UNIT CELL

In this section, planar SSPPs are developed and discussed for
the consistent even-odd mode resonances.

A. Consistency of Even-Odd Mode

It is known that the fundamental even and odd modes will
transmit on the SSPPs. However the two modes have the
different phase constants as they transmit on the same SSPPs.
This denotes that at a given resonant length, the resonant
frequencies of the even-mode and odd mode will be different.
This will be undesirable when we use the SSPPs as the
orthogonal resonators and want the same or similar working
bandwidths of the two modes.

In this work, two SSPP unit cells are compared and selected
aiming for a consistent transmission phase in both two modes at
the same given length. As shown in Fig. 1, unit cell 1 is
commonly selected as the SSPP unit cell for the guided wave
transmission. It is composed of double-sided corrugated
metallic grooves. Unit cell 2 is the type what we will use in this
work, which is also double-sided with corrugated grooves, but
the entire structure is split into two separate pieces at the center
with a dedicated separate distance of d1.
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Fig. 1. SSPP unit cells with different configuration. (Parameters in the unit cell:
L1=15 mm, W1=0.5 mm, d=4 mm, W2=1.5 mm, d1=0.5 mm.)
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Fig. 2. Dispersion curve of the unit cell 2 varies with (a) different split distances
d1 and (b) different widths W2.

Fig. 2 shows the dispersion characteristic of the two unit cells.
First, let us look at the dispersion curves changing with
different split distances (d1) in Fig 2 (a). Note that when d1
reduces to 0, the unit cell 2 will be degenerated into unit cell 1.
For unit cell 1 or d1=0, we can find the dispersion curves of two
fundamental modes are far away from each other as the designs
in [27]-[28]. This means that at a given working frequency, the
even and odd mode waves transmitted through the same unit
cell will have a large phase difference. This is quite undesirable
if we want a same resonant frequency using a same
transmission length. When we split the structure with the
distance, it is can be observed that phase constants of two
different modes are getting closer as the distance increases from
Omm to 0.5mm. Fig. 2 (b) shows the dispersion curve changing
with different width of the center metal (W2). It can be found
that by increasing the width of the center metal, the phase
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constants of two modes can be also getting closer. These two
parametrical studies show that we can change the split distance
and the width of the center metal to make the SSPP structure
have the same or very close resonant frequencies.
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Fig. 3. Current distributions of the unit cell 1 and unit cell 2 at different
even-odd resonant modes.

Fig. 4. Configuration of planar even-odd mode excited SSPPs. (Parameters
detail, W0=20 mm, L0=40 mm, d=4 mm, L1=15 mm, W1=1 mm, L2=10 mm,
W2=1.5 mm, d1= 0.5mm, W3= 0.5mm.)

To further illustrate the working principle of the different
dispersion characteristics in these two unit cells, Fig. 3 shows
the current distributions of the two unit cells under different
even and odd mode resonances. As can be seen, the even-mode
current distributions on the two unit cells are very similar, so
that the split on the center metal has nearly no effect on the
resonance of the even-mode resonance. However, the
odd-mode current distributions on the two unit cells are
different, especially at the center of the structures. It can be seen
in unit cell 1, the current of unit cell 1 at the center becomes
weak due to the inverse continuous currents on a same metal.
Whereas for unit cell 2, the currents are evenly distributed on
two separate vertical metals with inverse direction and strong
magnitude due to the strong edge coupling effect. Because of
the center split, the even-mode current magnitude distribution
and odd-mode current magnitude distribution on the two
separate metals of unit cell 2 are very similar, except their
inverse current directions on the right part. Therefore, unit cell
2 can have very close even-mode and odd-mode resonance
frequencies at the same structure.

B. Planar Even-Odd mode Excited SSPPs

Based on the discussed SSPP unit cell, a model of planar
even-odd mode excited SSPPs is studied and shown in Fig. 4 to
further illustrate the consistent even-mode and odd-mode
resonances. As shown in Fig. 4, this model is composed of four
SSPP unit cells. The unit cell has the same configuration as the
developed SSPP unit cell 2. To conveniently excite the
even-mode resonance, a lumped port 1 is inserted between a
rectangular ground and the SSPPs. Note that a narrow center
strip is introduced to connect the two separate metals for the
convenience of the even-mode excitation. Another lumped port
2 is inserted in the split to excite the odd-mode resonance with
the feed distance of L2 to the ground plane.
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Fig. 5. Input (a) resistance and (b) reactance of the even-odd mode excited
SSPPs.

Fig. 5 shows the input impedance of even-odd mode excited
SSPPs. First as can be seen in Fig. 5 (a), when port 1 (even
mode) is excited, there are two resonant resistance-peaks
between 3.4 GHz and 3.5 GHz. While when port 2 (odd mode)
is excited, there are three resonant resistance-peaks in the
similar bandwidth. The flat and wide resistance curve for port 2
implies that the SSPPs under odd-mode excitation can have a
low-Q resonance compared to the even-mode excitation. The
curves in Fig. 5 (b) shows that the input reactances of the SSPPs
under both two modes excitations are inductive. Therefore,
there will be a challenge in matching the two modes in design
of SSPP based antennas.

Copyright © 2023 Institute of Electrical and Electronics Engineers (IEEE). Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, in any current or
future media, including reprinting/republishing this material for advertising or promotional purposes, creating new collective works, for resale or redistribution to servers or lists, or reuse of any
copyrighted component of this work in other works by sending a request to pubs-permissions@ieee.org. See https://journals.ieeeauthorcenter.ieee.org/become-an-ieee-journal-author/publishing-
ethics/guidelines-and-policies/post-publication-policies/ for more information



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation 4
information: DOI10.1109/TAP.2023.3335840, |IEEE Transactions on Antennas and Propagation

Fig. 6 gives the current distributions when port 1 and port 2
are excited respectively at 3.45 GHz. This further confirms the
even-mode and odd-mode resonances are correctly excited
through port 1 and port 2. First as can be seen in Fig. 6 (a), when
port 1 is excited, even-mode current is overserved on the SSPPs
with symmetrical distribution. While in Fig. 6 (b), symmetrical
odd-mode current distribution is observed on the SSPPs. It can
also be noticed that due to the close coupling from the bottom
ground plane, the first SSPP unit cell has stronger current
magnitude under both two excitations. This would be the
possible reason of strong reactance under both even-mode and
odd-mode resonances. Fig. 7 shows the respective 3D radiation
patterns when port 1 and port 2 are excited. Owing the
orthogonal even-mode and odd-mode current distributions on
the SSPPs, orthogonal 3D radiation patterns are obtained as
shown in Fig. 7 (a) and Fig. 7 (b). This shows the good patterns
diversity of two different resonant mode.
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Fig. 6. Current distribution on the even-odd mode excited SSPPs when (a) port
1 is excited and (b) port 2 is excited.
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Fig. 7. Simulated 3D radiation patterns of the even-odd mode excited SSPPs
when (a) port 1 is excited and (b) port 2 is excited.

III. SSPPS-BASED MIMO ANTENNA

Based on the above method to improve the consistency of the
even-odd mode resonances on the SSPPs, SSPPs-based antenna
element and its array are designed and developed for mobile
terminal MIMO applications.

A. Element Design

Fig. 8 shows the configuration of the proposed SSPPs-based
MIMO antenna element. As shown in Fig. 8 (a), the element is
designed under a mobile phone platform using a common
ground size of 150 mmx70 mm. The element is arranged at the
center of the long side-edge to analyze its impedance and
radiation performances. Both the mobile terminal ground

platform and the antenna are printed on the low-cost FR4
substrate with the relative permittivity of 4.4 and thickness of
0.8 mm.

Fig. 8 (b) shows the detailed view of the antenna element.
The copper of the antenna shown in the orange colour is printed
on the back layer of the substrate, and the copper in green
colour is printed on the front layer of the substrate. The
even-mode radiation of the SSPPs is realized by exciting port 1
through a 50Q microstrip line. Three conducting vias are used
to connect the microstrip feedline to the back SSPPs. The
odd-mode radiation of the SSPPs is realized by exciting port 2
through a coaxial cable. The outer conductor of the coaxial
cable is soldered to the front copper of the antenna, while the
inner conductor is penetrated through the substrate, and then
soldered to the back copper of SSPPs. Note that the outer
conductor of the coaxial cable at the other end is also connected
to the ground plane for a stable performance in its input
impedance. But the soldering distance (d1) is quite flexible and
adjustable, as long as it is soldered to the main ground plane.
The front copper is also connected to the back SSPPs through
two vias for electrical connection.

MIMO element
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Fig. 8. Configuration of the designed SSPPs-based MIMO antenna element
within a mobile phone platform. (a) 3D view, (b) enlarged view, and (c) top
view. (Key design parameters in the figure, d1=15 mm, W1=1.2 mm, L1=6.4
mm, L2=2.4 mm, L3=4 mm.)

Fig. 8 (c) shows the top view of the designed SSPPs MIMO
antenna, feed microstrip line and coaxial cable are hided for a
better view. Five SSPP unit cells are utilized to excite the
even-odd modes resonances. To get a better radiation for
even-mode resonance and reduce the coupling from the
reference ground plane, two symmetrical triangular cuts with
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the lengths of L1 and L2 are removed from the SSPPs at the
bottom. In addition, to get a better radiation efficiency for
odd-mode resonance, the green patch with the width of W1 and
length of L3 is introduced on the front layer for additional
capacitance compensation.

Fig. 9 gives the simulated S-parameters of the designed
SSPPs-based MIMO antenna element. It can be seen that a
broad bandwidth is obtained at both two ports. The impedance
bandwidth for S;1<-6 dB is 3.15-3.8 GHz, while the impedance
bandwidth for S»<-6 dB is 3.3-3.85 GHz. Because of the
different quality factor in even-mode and odd-mode resonances,
and also the asymmetrical effect of the reference ground plane,
the bandwidths of two modes are different. The overlapped
impedance bandwidth for both S;;<-6 dB and S»<-6 dB is
3.3-3.8 GHz. Most importantly, because of the nature
orthogonality of even-mode and odd-mode resonances, high
isolation of more than 32.7 dB is obtained within the impedance
bandwidth.
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Fig. 9. Simulated S-parameters of the designed SSPPs-based MIMO antenna
element.
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Fig. 10. Input impedance of port 1 for even-mode excitation when with and
without the triangular cuts.

B. Effect of the Triangular Cuts

In the antenna element design, the symmetrical triangular
cuts on the SSPPs are used to compensate the strong coupling
between SSPPs and the reference ground plane. Fig. 10 shows
the antenna input impedance when with and without the two

triangular cuts. When without the cuts at the two corners, strong
coupling from the ground plane causes the input resistance very
low, with the average value close to 25Q within the interested
bandwidth. In addition, we can see the coupling is inductive,
especially at the upper band-edge. To reduce the coupling
effect from the ground plane, the triangular cuts at SSPPs
corners are introduced. It can see that, the input resistance is
increase substantially to around 50€, and the input reactance
varies around zero at the upper bandwidth. Therefore, the input
impedance bandwidth can be improved for the even-mode
radiation on SSPPs.
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Fig. 11. S-parameters of the designed SSPPs MIMO antenna vary with the
different (a) cut length L1 and (b) cut length L2.

Fig. 11 gives the detailed influences on the input impedance
bandwidth from the triangular cuts in two-dimensional lengths
L1 and L2. As shown in Fig. 11 (a), the change of L1 have a
greatly effect on the bandwidth in the upper frequency band. As
the increase of L1, the bandwidth shifts to upper frequency,
which causes the reflection coefficient at the center slightly
increased. The change of L1 has nearly no effect on the
reflection coefficient of port 2, and the curves of Sy, are almost
overlapped. Compared to the effect of L1 in Fig. 11 (a), the
effect of L2 in Fig. 11 (b) is more obvious, this is because that
the variance of L2 will involve the cuts on the more or less
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SSPP unit cells. Therefore as the change of L2, the reflection
coefficient curve of S;; changes substantially at the upper
band-edge, which causes the resulted bandwidth seriously
reduced or increased. In addition, we can find L2 has a slight
effect on the upper band-edge of port 2. This is because the
length of the SSPP unit cells also has influence on the
odd-mode resonance. From the two parameters, it can also be
found that they have very slight effect on the lower frequency
bandwidth. By tuning these two parameters, the upper
frequency band can be effectively improved.

C. Effect of the Capacitive Patch

To get a good impedance matching for odd-mode radiation at
port 2, the green copper patch connected to the outer conductor
plays an important role in improving the impedance bandwidth.
Fig. 12 shows the input impedance of port 2 when with and
without the patch. It can be seen that when without the patch,
the input impedance of SSPPs is inductive with the most of
imaginary part greater than 0. Therefore, additional capacitance
should be introduced to cancel this undesired inductance. A
rectangular patch, which is equivalent as a capacitor, is
connected to the outer conductor of the coaxial cable to
improve the impedance bandwidth for port 2.
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Fig. 12. Input impedance of port 2 for odd-mode excitation when with and
without the patch.
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Fig. 13. S-parameters of the designed SSPPs MIMO antenna vary with the
different patch length L3.

Fig. 13 shows the S-parameters changing with different
lengths of the patch. Note that when L3=1 mm, it also means
that no additional patch is connected to the outer conductor of
the coaxial cable. As can be seen in the figure, the impedance
bandwidth for port 2 can be improved by the introduced patch.
As the increase of the length of the patch, more capacitance is
compensated at port 2, and the impedance bandwidth of port 2
can be further improved.

D. Effect of the Feed Coaxial Cable
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Fig. 14. S-parameters of the designed SSPPs MIMO antenna when the outer
conductor of the coaxial cable is shorted or not shorted to the reference ground
plane.
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Fig. 15. S-parameters of the designed SSPPs MIMO antenna changing with
different shorting distance d1 for port 2.

In the design of the SSPPs MIMO antenna element, one
should be noted is that the shorting of the outer surface of the
coaxial cable to the reference ground plane has a significant
effect on the isolation performance. Fig. 14 shows the
S-parameters of the designed antenna element when the outer
conductor of the coaxial cable is shorted or not shorted to the
reference ground plane. It can be seen that when the coaxial
cable is not shorted to the ground, a poor isolation is obtained
between the two ports. Although a much wider impedance
bandwidth is achieved compared to the case of the shorted
cable, the poor isolation denotes the unregulated wave will
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transmit between two ports. The even-mode radiation and
odd-mode radiation are not orthogonal with strong couplings.
To get a high isolation between two driven ports and an
excellent MIMO performance for the developed antenna, the
outer conductor of the coaxial cable for port 2 should be
connected to the reference ground plane.
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Fig. 16. Configuration of the designed SSPPs MIMO array antenna for mobile
terminal applications.
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Fig. 17. (a) Photograph and (b) measured S-parameters of the fabricated
prototype of the MIMO array antenna.

Because the shorting of the outer surface of the coaxial cable
has an important role in improving the isolation of two driven
ports, the question is will the S-parameters be changed with
different shorting distances? This effect is studied and the
results are shown in Fig. 15. It can be seen in the figure that, the
shorting distance has nearly no effect on the S-parameters of
the designed SSPPs-based MIMO antenna element, as long as
the outer conductor of the coaxial cable is shorted to the
reference ground plane. The reflection coefficient curves of two
ports are nearly unchanged, and the coupling coefficients
between two parts are well below -30 dB within the impedance

bandwidth. Therefore, the coaxial cable can be connected quite
freely as long as the outer conductor is connected to the
reference ground plane.

E. Array Realization

Based on the SSPPs antenna element, an eight-port MIMO
array antenna is developed, and its 3D view of the array
configuration is shown in Fig. 16. As can be seen in the figure,
four antenna elements are arranged at the two long-edges of the
main circuit board with the distance of 75 mm. Each antenna
element has the same configuration as the previously discussed
element. The array antenna was then fabricated for further
S-parameters and radiation patterns investigation at the
University of Kent and Xidian University. Fig. 17 (a) shows the
photograph of the fabricated array antenna prototype.
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Fig. 18. Measured couplings of the fabricated MIMO array antenna. (a)
Couplings between element-1 and element-2. (b) Couplings between element-1
and element-3

The measured S-parameters of the single SSPPs antenna
element in the array are shown in Fig. 17 (b). Note that owing to
the symmetry of the array structure, only S-parameters of one
element are shown in the figure for brevity. The simulated
results are also given in the figure for a good comparison. As
can be seen, the measured impedance bandwidth for S;,<-6 dB
is 3.08-3.84 GHz. The measured impedance bandwidth for
S2<-6 dB is 3.31-3.9 GHz. So the overlapped impedance
bandwidth for two driven ports is 3.31-3.84 GHz. In addition, it
can be found that a high isolation of over 29 dB is achieved
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within the impedance bandwidth. Compared the simulated
results, the measured results have a slight frequency band shift
to the lower frequency.
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Fig. 19. Measured normalized radiation patterns of element-1 when (a) port 1 is
excited at 3.4 GHz, (b) port 2 is excited at 3.4 GHz, (c) port 1 is excited at 3.7
GHz, and (d) port 2 is excited at 3.7 GHz.

The coupling between the adjacent elements are also
investigated and shown in Fig. 18. Fig. 18 (a) shows the
measured couplings between element-1 and element-2. As can
be seen, the strong coupling is existed between port-1 and
port-3, it is the coupling between the same even-mode
radiations for different elements. The worst coupling is -15.6
dB in the working frequency band, which is good enough for
mobile terminal MIMO applications. The coupling between
other ports for element-1 and element-2 are quite weak and well

below -25 dB. Fig. 18 (b) shows the measured couplings
between element-1 and element-3. It can be seen that the
coupling between two even-mode excited radiations is still
stronger than the couplings between other ports. However, all
these couplings are very weak, and lower than -28 dB.

Fig. 19 shows the measured normalized radiation patterns of
element-1 at the different driven ports and in the different
planes for the fabricated MIMO array antenna. It can be seen
that, due to the different resonant modes at the different driven
ports, the radiation patterns at the different ports are not similar.
This will help to increase the patterns diversity for mobile
terminals. In addition, it can be found that when driven by
different ports, the maximum radiation directions are almost
orthogonal. This will also be beneficial to improve the diversity
of radiation patterns. Overall, compared to the simulated
radiation patterns, the measured radiation patterns have a good
agreement with the estimated results.
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Fig. 20. Measured peak realized gains and total efficiencies of the element-1 in
the MIMO array antenna.
TABLE I

COMPARISON OF THE RECENTLY PUBLISHED MIMO ANTENNAS

Radiator Size Thickness BW

Ref. Ooxho) ) (GH?7) RBW Isolation Efficiency
[22]  0.29x0.29 0.06 3336  87% >27dB N.G.
[23] 0.29x0.29 0.037 3.65-3.81 43% >31dB N.G.
[24]  0.33x0.07 0.026 3436  57% >17.8dB 59%-73%
[25] 0.32x0.32 0.019 33-38  141% >20dB >40%
[26] 0.33x0.058 0.019 3436 55% >24dB >60%
vg)l;ls( 0.35x0.08 0.01 3.31-3.84 14.8% >29dB 60%-70%

Fig. 20 shows the measured peak realized gains and the total
efficiencies of the elment-1 when driven by different ports.
Note that the total efficiency is in consideration of the
mismatch loss at the port, and it is calculated based on the
measured peak realized gain and the directivity. As can be seen,
although port-1 has a wider impedance bandwidth compared to
the port-2, it has a relatively lower realized gain and lower total
efficiency. This is perhaps due to the current cancellation when
the antenna working in even-mode radiation. When the
element-1 is working in even-mode radiation, the realized gain
is around 4 dBi, and the total efficiency is around 60%. When
the element is working in odd-mode radiation, the realized gain
is around 4.5 dBi, and the total efficiency is around 70%.
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Table I compares the performances of the proposed SSPPs
based MIMO antenna with other recently developed MIMO
antennas. Note that in the table, A, is the freespace wavelength
at the center operation frequency. We can see that the proposed
MIMO antenna has a compact radiator size of 0.354,%0.084,
with a thin thickness of 0.012, (0.8 mm). In a good comparison,
a wide overlapped impedance bandwidth of 14.8% is achieved
for this compact radiator size. Owing to the introduction of the
natural orthogonality between the even-mode and odd-mode
radiation, high isolation of 29 dB is obtained for the developed
MIMO element. Therefore, observing the performance
comparison in the table, the proposed SSPPs based antenna
element and its array can be good candidates for mobile
terminal applications.

IV. CONCLUSION

This paper presents the works on the SSPPs based compact
antenna and array for MIMO applications by using even and
odd mode resonances. A new SSPPs structure composed of
corrugated grooves with a dedicated separate distance is
proposed with consistent even and odd mode resonances.
Therefore, SSPPs can have resonances in the same working
frequency band. In addition, even and odd mode radiations are
successfully and respectively excited at the same SSPPs
aperture using the developed driven methods. Due to the
difference in the resonance modes, challenges of impedance
matching at two driven ports are overcome by introducing the
capacitive patch and triangular cuts on the SSPPs structure.
Finally, the compact SSPPs based element and array were
developed for MIMO applications. Both the measured and
simulated results prove that the element can have a wide
impedance bandwidth of 3.31-3.84 GHz with a high isolation of
29 dB. The low couplings between antenna elements,
diversified radiation patterns, high realized gain, and radiation
efficiency show that the designed SSPPs array antenna can be a
good candidate for MIMO applications.
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