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ABSTRACT We propose a compact and high isolation dual-polarized antenna array based on plasmonic
meta-structure operating at 2.58 GHz. The compact principle of the dual-polarized antenna is mainly
based on spoof surface plasmon polariton (SSPP) radiation patch to support SSPP modes, which is fed by
spatially coupled excitation. Due to the slow-wave feature of SSPPs, the size of dual-polarized radiation
patch is reduced to 0.2A9x0.2X1¢, and the total antenna size is reduced to 0.3949x0.3949, which is much
smaller than that of the traditional microstrip antenna with 0.549x0.5%¢. The cross-polarization coupling
between two polarization ports can be improved to below —32 dB, showing high isolation characteristics.
Besides, a 3x3 compact antenna array is also designed, fabricated, and measured to verify the feasibility
of its extension to larger-scale antenna systems. Both simulated and measured results of the proposed
compact antenna and the antenna array illustrate compact profiles, good +45° radiation performance,
and high isolation levels, which have potential application values for the massive multiple-input and
multiple-output (MIMO) base stations.

INDEX TERMS Compact antenna, high isolation, dual polarizations, spoof surface plasmon polaritons
(SSPPs), multiple-input and multiple-output (MIMO).

. INTRODUCTION

ASSIVE multiple input and multiple output (MIMO)

has increasingly become an indispensable technique
in base stations of the future communication systems.
It can significantly improve spectral efficiency, diversity
performance, and independent data streams existing between
the transmitters and receivers by adopting multiple anten-
nas [1]. As the main element of the MIMO antenna
array, dual-polarized antenna can provide polarization diver-
sity, improve channel capacity, and alleviate multipath
fading [2], [3], [4]. However, multiple dual-polarized anten-
nas are always bulky and heavy to form an array, which
bring a series of challenges in miniaturized massive MIMO
system.

Over the past decade, various methods have emerged
to design miniaturized and compact dual-polarized anten-
nas [S], [6], [7], [8], [9], [10], [L1], [12], [13], [14],
[15], [16], which can integrate more antennas in a lim-
ited space, and thereby improving the channel capacity
and spectrum efficiency of the existing communication
systems to support more users [17]. In [5], [6], [7], aper-
ture coupling stacked patches are applied to change the
conditions of the boundary surface, which reshape the radi-
ation performance and miniaturize the antennas. However,
these improvements are made at the expense of height, band-
width, and gain. In [8], [9], [10], dual polarization dielectric
resonator antennas have been proposed with the advan-
tages of low loss, compact size, and light weight. The
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high-dielectric constant materials increase process cost and
make the array too bulky for large-scale integration. In addi-
tion, high back-lobe radiation and low gain are the main
imperfections faced by most dielectric resonator antennas.
In [11] and [12], magnetoelectric dipole antennas make
frontward radiation fields coincide and the backward radi-
ations weaken, but their miniaturization abilities are very
limited. Folding dipole antennas can also transfer resonance
frequency to a lower operating band by installing parasitic
elements to provide compact antenna structure with enhanced
bandwidth [13], [14]. In addition, metamaterials have been
introduced to realize antenna miniaturization and radia-
tion performance improvement simultaneously [15], [16].
In [16], a compact flat antenna has been proposed, which
can operate at lower frequencies without increasing its
physical size by introducing metamaterial units below the
radiation patch. However, those metamaterial-based anten-
nas only reduce the radiation patches effectively, rather than
their overall profiles, which are unsuitable for large-scale
manufacturing.

Spoof surface plasmon polaritons (SSPPs) are special sur-
face electromagnetic (EM) waves with strong confinements
existing in the low frequency bands (e.g., terahertz, mil-
limeter wave, and microwave) [18], [19], [20], [21], which
can mimic similar characteristics of surface plasmon polari-
tons (SPPs) in the optical frequency [22], [23]. Due to the
properties of ultra-thin structure [24] and great compatibil-
ity with planar circuit [25], the SSPP-based structures have
been widely applied in antenna designs, such as leaky-wave
antennas [26], [27], [28], endfire antennas [29], [30], patch
antennas [31], [32], and helical antenna [33]. It has been
proved that the slow-wave characteristic of SSPPs can be
used for miniaturization design [31], [32], [33], [34], [35],
[36]. However, to the best of authors’ knowledge, the designs
of dual-polarized antenna and its array application based on
SSPPs have not been reported yet.

In this paper, a compact dual-polarized antenna array
based on SSPPs is proposed. The antenna consists of dual-
polarized SSPP-based radiation patch excited by a spatially
coupled feeding structure and vertical metallic walls (MWs).
Due to the slow-wave characteristic of SSPPs, the radiation
patch size and total antenna size are effectively reduced
to 0.249%x0.21¢ and 0.3940x0.391¢, respectively. Simulated
results of the compact dual-polarized SSPP antenna are
verified by measurements, showing good =+45° radiation
characteristics and high isolation level within the operat-
ing frequency band. Then, a 3x3 compact antenna array is
fabricated and measured to verify the feasibility of its exten-
sion to larger-scale antenna systems. The proposed SSPP
antenna has significant advantages of compact size and high
capacity, which has potential applications in the MIMO base
stations.

Il. COMPACT PRINCIPLE AND ANTENNA DESIGN
The configuration of the +45° radiation patch based on
SSPPs is illustrated in Figure 1(a), which is a cross-shaped
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FIGURE 1. (a) Configuration of the SSPP radiation patch where P=1.8 mm, a=1 mm,
W;=2 mm, W,=1.3 mm, and L,=24 mm. (b) Dispersion curves of the traditional
microstrip structure and the SSPP structure.

corrugated metallic path composed of several SSPP units
whose hg varies evenly from the edge (hgmax=9.7 mm) to
center (hgmin=0.9 mm). The simulated dispersion curves
of traditional microstrip structure and SSPP structure are
depicted in Figure 1(b), in which the SSPP line uses the
average value of SSPP units with different hs. It can be
observed that the dispersion curve of SSPP structure devi-
ates increasingly away from that of traditional microstrip
line at a fixed frequency, which means that the larger propa-
gation constant can be achieved at a fix frequency, showing
significant slow-wave characteristic. According to the patch
antenna theory [37], the operating frequency and relevant
dimension parameters of the typical TMjp mode can be
obtained by
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FIGURE 2. Calculated RBWs of (a) the normal patch antenna using dielectric
materials with different permittivities (¢,) and (b) the spatially coupled excited antenna
according to the change of h at 2.58 GHz.

where &, and p, are the average permittivity and permeabil-
ity of the metal SSPP patch, eref and puref are the equivalent
relative permittivity and permeability of the fringing capac-
itance structure (without metal patch), and &, and u, are the
relative permittivity and permeability of the material below
the patch. Besides, i, Lp, and AL are the patch height, patch
length, and the fringing capacitance length, respectively.
Compared to microstrip structure, SSPP structure has a
larger propagation constant (k,), which is calculated by:

ky = w/Epity )

where w represents the angular frequency. The larger
ky means the larger &pup, then the smaller f. can be
achieved according to (1), so that the antenna can have
smaller electrical dimension, resulting in a more compact
size.

Bandwidth performance is one of important indicators for
dual-polarized antenna, and the relative bandwidth (RBW)
of the proposed SSPP antenna can be calculated by [37]

RBW = 3.77((8, — 1)/53>(W/L)(h/ko)

\/ (refttrereotto) / (epitp) )

Figure 2(a) shows the calculated RBWs of the dual-
polarized microstrip antenna using dielectric substrates with
different permittivities (&) according to the change of h
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FIGURE 3. Simulated (a) reflection coefficients and (b) dispersion curves of the
SSPP unit using different dielectric substrates (thickness of 2 mm) and spatial
coupling feeding (patch height of 25 mm).

at 2.58 GHz. It can be found that with the introduction of
a larger k, by SSPPs, the RBWs always maintain within
a low range of below 2% for different common dielectric
materials with thickness <2 mm. Although the RBWs can
be improved by increasing h, it will cause difficulties in
manufacturing and higher processing cost, as well as makes
the antenna too bulky to be applied. Figure 2(b) illustrates
the calculated RBWs of the antenna using spatially cou-
pled manner according to the change of & (patch height)
at 2.58 GHz. Two L-shaped probes and a nylon dielectric
column are used to feed and fix the SSPP patch, respec-
tively, resulting in the permittivity of the equivalent dielectric
material below the patch becoming slightly larger than &,
which is approximately set as 1.1. The energy from input
ports is fed into the L-probes, and then coupled to the
metallic SSPP patch. It can be seen that by spatial cou-
pling feeding, the RBW can be increased to more than
5% regardless of height limitation. The schematic config-
urations of the normal microstrip antenna and the spatially
coupled excited antenna are also shown in the inset of
Figures 2(a) and (b), respectively. Figure 3(a) shows the
simulated reflection coefficients of antenna using differ-
ent dielectric substrates (with permittivities of 2.2, 3.3, and
4.4) and spatial coupling feeding, which indicates the same
bandwidth expansion effect by spatial coupling feeding as
Figure 2. Besides, Figure 3(b) illustrates simulated disper-
sion curves of SSPP for the two types of design schemes. It
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FIGURE 4. (a) Configuration of the dual-polarized antenna without and with MWs.
(b) Simulated reflection coefficients and isolation coefficients without and with MWs.
(c) Simulated vector electric field distributions without MWs in the xoz plane.

(d) Simulated vector electric field distributions with MWs in the xoz plane.

can be seen that the effect on miniaturization by using high-
permittivity dielectrics always occurs in the higher frequency
range, which can be replaced by spatial coupling feeding
on the desired 2.58 GHz without affecting the premise of
miniaturization.

Another important performance for dual-polarized antenna
is the isolation level between the two polarizations, which
can be improved effectively by using MWs to surround the
antenna. Figure 4(a) shows the configuration of the dual-
polarized antenna without and with surrounding MWs, whose
height is equal to patch height and the thickness is 1 mm.
Figure 4(b) illustrates the simulated reflection coefficients
and isolation coefficients of the antennas without and with
MWs. It can be seen that the MWs hardly cause deviation
of the resonance frequency from the reflection coefficients
(S11), while the isolation coefficients (S71) are observably
reduced from —11 dB to —35 dB. Moreover, to further
reveal the underlying working mechanisms of the decoupling
method, the simulated vector electric field distributions of
the antenna in the xoz plane without and with MWs are
shown in Figures 4(c) and (d), respectively. As is shown
in Figure 4(c), without MWs, the vector electric field is
directed from the ground plane towards the patch, which
is almost parallel to the probe placed vertically, resulting
in large coupling effect. On the contrary, by using MWs
with the same height as patch, the position of zero electric
potential (ground plane) is raised, making the vertical com-
ponent of the vector electric field greatly reduced shown in
Figure 4(d), which leads to lower coupling.
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FIGURE 5. (a) Schematic configuration of the proposed dual-polarized SSPP
antenna. (b) Structure of the feeding part where L;=4.5 mm, L,=26 mm, W_.=2 mm,
H;=0.5 mm, H;=30 mm, and H,=3 mm. (c) Bottom view where R;=0.75 mm,

R>=2.59 mm, R;=2.3 mm, Ry=1 mm, W= 2R,;=1.5 mm, L,=15.2 mm, and d=16 mm.

lll. DESIGN, FABRICATED, AND MEASUREMENT

OF COMPACT SSPP ANTENNA

The schematic configuration of the proposed compact dual-
polarized antenna is shown in Figure 5(a), which is com-
posed of a SSPP radiation patch, metallic walls, and a
spatially coupled feeding part as discussed above. As shown
in Figure 5(b), the feeding part consists of a nylon dielec-
tric column, two L-shaped copper probes with a bend angle
of 90°, and a two-port microstrip structure whose dielec-
tric substrate is Rogers RT5880 with relative permittivity
of 2.2, loss tangent of 0.0009, and thickness of 0.508mm,
as shown in Figure 5(c). The port impedance of feeding
via-hole is designed as 50 €2, which is connected to the
bottom 50-$2 input feeding microstrip line. The SSPP radia-
tion patch with thickness of #,=1 mm is installed by the
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FIGURE 6. Simulated (a) electric field distributions and (b) surface currents on the
top layer of the SSPP antenna at 2.58 GHz.

nylon dielectric column directly above the metal ground
and fed through L-shaped probes. When f;=2.58 GHz is
chosen as the operation frequency, k,= 69.4 m~! can be
obtained from dispersion curve and (ep,up)m: 43%x107°
s/m can be calculated from (5). The L-probe coupling feeding
design can be regarded as a microstrip transmission struc-
ture with air-dielectric substrate, then &rf=/ref=1 can be
calculated from (2). In addition, the side length of SSPP
patch is Ly=2hsmax+W1+2W2=24 mm, which is only about
0.2X¢ at 2.58 GHz. Substituting all the above parameters
into (1), the edge length AL=13.7 mm can be calculated, and
H{=H. ~28 mm can be obtained from (3) as well. After all
the parameters are determined, we can calculate the antenna
length L=45 mm, whose total size is 0.3919x0.39A¢.
Figure 6 demonstrates the full-wave simulated electric field
distributions and the surface currents on the top layer of
the proposed SSPP antenna for +45° (Port 1) and —45°
(Port 2) feeding, respectively. As shown in Figure 6(a), the
electric fields are larger at the radiation-edge (+45°-edge)
compared to those at the middle, which is attributed to radi-
ating current flowing mainly along the radiation-direction
(£45°-direction), as shown in Figure 6(b). Besides, electric
fields around both radiation edges of each polarization have
identical amplitudes but opposite phases. Hence, it can be
concluded that the radiation mode is the normal dipole mode,
whose operating frequency is determined by the propagation
constant and the physical length of the radiation patch along
the +45°-direction for each polarization.

To validate the analysis above, the proposed compact
SSPP antenna is fabricated and measured. Figures 7(a) and
(b) show the top view and bottom view of the fabricated
antenna, respectively, in which a small cross groove is etched
in the middle of the patch by a nylon button, allowing
the patch to be better fixed on the nylon medium column
by using a nylon buckle. Both simulated and measured
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S-parameters are provided in Figure 7(c). The reflection
coefficients (S7;) are lower than —10 dB from around 2.52
to 2.64 GHz, showing the —10dB RBW is 5.4%, which
is consistent with the theoretical value in Figure 3(b). The
isolation coefficients (S7;) are around —32 dB or lower,
illustrating high isolation characteristics within the operat-
ing frequency band. Figures 8(a)-(c) illustrate the simulated
and measured 2D far-field radiation patterns of E-plane and
H-plane at 2.58 GHz when port 1 is fed at frequencies of
2.53 GHz, 2.58 GHz, and 2.63 GHz, respectively. It can
be seen that all the measured gains in the z-direction are
above 5.3 dBi, showing a good agreement with the simulated
results. Besides, the cross-polarization lower than —25 dB
is observed over the operation band, which demonstrates
good radiation performance. The measured gains are slightly
lower than those of simulations due to the errors in com-
plex sample fabrication, assembly processes, as well as the
welding errors of the vertical copper MWs. Figure 9 demon-
strates the simulated and measured gains and the simulated
total efficiencies of the compact antenna, showing the gains
near the center operating frequency are larger than 5.5 dBi,
and the radiation efficiencies are almost larger than 85% in
whole frequency band from 2.52 to 2.64 GHz. All the results
indicate the high-efficiency radiations around the operating
frequency.

Table 1 summarizes the performance comparison between
the proposed dual-polarized antenna and some related
works. Compared with antennas printed on dielectric
substrates [7], [8], [11], the SSPP antenna has obvious
advantages in patch size and total size, which avoids the use
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TABLE 1. Comparison between the proposed SSPP antenna and some published dual-polarized works.

Ref Operating RBW Patch Size Total Size ?ﬁiiﬁgé‘; Patch Center Gain Is;ia::;clm
’ Frequency (GHz) (%) (Aoxo) (Aoxo) (mm)/z Height (L) (dBi) (dB)
[71 3.62-3.77 4 0.29x0.29 1x1.06 3.7/2.2 / NG 32
[8] 2.50-2.76 9.9 0.34x0.34 0.5%0.5 7/38 / 5.6 43
[11] 1.62-2.87 56 0.48x0.48 1.0x1.0 4/5.7 / 8.8 30
[13] 0.69-0.96 16.4 0.28x0.28 NG / 0.29 9 25
1.58-2.77 0.3x0.3/ 0.68x0.68/
[14] 471-6.18 54.71/27 1L0x1.0 1717 / 0.29/0.72 10/10 41/35
1.67-1.88 0.29x0.6/ 0.98x1.37
[16] 1.91-2.24 11.8/15.9 0.32x0.68 1.12x1.56 / 0.1/0.08 12.5/13 28/28
This 2.52-2.64 5.4 0.2x0.2 0.39x0.39 / 0.24 5.7 32
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FIGURE 8. Simulated and measured radiation patters of SSPP antenna. (a) E-plane
and (b) H-plane at 2.53 GHz. (c) E-plane and (d) H-plane at 2.58 GHz. (e) E-plane and
(f) H-plane at 2.63 GHz.

of expensive and bulky dielectric materials. One the other
hand, compared with the compact designs without dielec-
tric substrates in [13], [14], and [16], the compression of
the overall profile is more obvious. Thus, by applying SSPP
technology, the dual-polarized antenna has been verified to
be designed in an ultra-compact size effectively.

IV. DESIGN, MEASUREMENT, AND DISCUSSION
OF ANTENNA ARRAY

As described in Introduction part, the advantages of minia-
turized antenna will be even more obvious in the array
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FIGURE 9. Simulated and measured gains and simulated total efficiencies.

applications. Specifically, due to the size reduction of
antenna elements in an array, more antennas can be placed
in a fix area, which will increase the number of commu-
nication channels and increase the communication capacity
for the larger-scale array. However, for most existing minia-
turized antennas [5], [6], [7], [8], [9], [10], [11], [12], [13],
[14], [15], [16], [31], [32], [33], their performance and appli-
cation in arrays have not been discussed and verified yet.
Therefore, in this section, the array designed based on com-
pact antennas and potential problems (e.g., complex feeder
layout and mutual coupling effect) in practical applications
will be discussed in detail.

As an example, a 3x3 six-port SSPP antenna array
is fabricated, whose top and bottom views are shown
in Figures 10(a) and (b), respectively. Since the distance
between adjacent antennas is compressed to 0.39A¢, the
feeding lines need to be arranged flexibly in a small area
to ensure that the feeder branches do not overlap and
have high isolation. As is shown in Figure 10(b), the bot-
tom feeding network consisting six independent series-fed
microstrip lines is designed, which meets the requirement
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FIGURE 10. Photographs of the fabricated 3x3 six-ports SSPP antenna array.
(a) Top View. (b) Bottom View.
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S-parameters where Sy, is the reflection coefficient Port 0’ and Sj, (i=1, 2, 3) are the
transmission coefficients of Port 1°, Port 2°, and Port 3’, respectively. (c) Simulated
transmission phases of Sjo.

of independent transceiver components according to the
distinctive feature of massive integrated MIMO array in
practical applications. Among these series-fed lines, Port
1, Port 3, and Port 5 are connected to +45°-polarization
radiation, while Port 2, Port 4, and Port 6 are used to
feed —45°-polarization radiation, respectively, whose initial
widths remain Wy, satisfying 50-Q impedance matching.
Assuming that the energy received by Antenna n# is Py
(n=1, 2, 3), and R is the ratio of the energy prop-
agated to the subsequent antennas to Antenna n#, the
design guidelines for series-fed microstrip lines are as
follow:

3
Z Pi|/P.=R (6)
i=14+n
Zin = \/«/13/(\/1_e+ 1)20 %
Zan = VR-Z ®)

in which Z, and Z,, correspond to the impedances of
branches width Wy, and W,,, respectively, which are used
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FIGURE 12. Simulated and measured S-parameters of the antenna array.
(a) Reflection coefficients. (b) Co-polarization coupling. (c) Cross-polarization
coupling between adjacent ports. (d) Cross-polarization coupling between
nonadjacent ports.

to control the output amplitudes. In our design, Zy is
50-2 characteristic impedance and P1:P;:P3 is set as 1:1:1,
then the widths W, and W,, can be calculated according
to (6)—(8) and comprehensive formulas of the microstrip
line. The lengths Iy (j=1, 2, 3,..., 8) are used to control
the output phases, in which Z}:l lnj = 3/4kg and Ipg=
1/4Ag (Ag is guided wavelength of microstrip line), respec-
tively. Besides, the Ih9+/m1o should remain unchanged for
all antennas without any length limitation. Obviously, for /i
(G=1,2,3,...,7), we have enough flexibility to define length
of each branch, which provides the basis for designing feed-
ers in compact array. Therefore, two kinds of feeding lines
are designed as shown in Figure 11(a), in which Z7=1 Imj is
used for Port 1, Port 2, Port 5, and Port 6, and >_;_, l;nj is
used for Port 3 and Port 4, whose simulated output ampli-
tudes and phases are illustrated in Figures 11(b) and (c),
respectively, showing good energy distribution effect and in-
phase feed around center operating frequency. It should be
noted that this design method can be extended to the feeding
line with more output terminals, and the output amplitudes
and phases can be arbitrarily designed as required.

The fabricated 3x3 antenna array is fully measured.
During the measurements, the ports without feeding signals
are terminated by 50-Q matching loads. Only S-parameters
fed from port 1, port 2, and port 3 are presented due to
the symmetry of antenna array. The simulated and mea-
sured S-parameters of the array are shown in Figure 12.
According to the results in Figure 12(a), all the reflection
coefficients remain at —10 dB or better within the whole
operating frequency band from 2.52 to 2.64 GHz, which
illustrates a good match with the results of the single antenna.
Figure 12(b) illustrates that the isolation coefficients between
adjacent ports (S31 and S42) are lower than —13 dB while
the co-polarization isolation coefficients between nonadja-
cent ports (S51) are less than —20 dB. The cross-polarization
isolation coefficients are shown in Figures 12(c) and (d),
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FIGURE 13. Simulated and measured radiation patters of the antenna array at
2.58 GHz. (a) E-plane and (b) H-plane when port 1 is excited. (c) E-plane and
(d) H-plane when port 2 is excited. (e) E-plane and (f) H-plane when port 3 is

FIGURE 14. Schematic configuration of the fabricated antenna array with DS where
L=45 mm, H,=40 mm, g;=14 mm, g.=4 mm, g;=3.5 mm, g;=3 mm, and gs=13 mm.
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FIGURE 15. Measured S-parameters of the antenna array without and with DS.

indicating that the cross-polarization isolation coefficients
can be maintained at a low level of below —20 dB for
antenna itself (S21, S43) and nonadjacent antennas (Sa,
Se61, and Ss2), which will remain below —15dB for adjacent
antennas (S3p). It can be concluded that all the isolation
coefficients are maintained at a low level, especially for
antenna itself and non-adjacent input ports. Figure 13 shows
the radiation patterns of E-planes and H-planes at 2.58 GHz,
illustrating the gains of all ports are above 8 dBi. The
measured results are in good agreement with the simulated
results, indicating good radiation performance with —17 dB
cross-polarization.

Through the measured results, it can be seen that the
whole antenna array has compact overall profile and good
radiation performance, but there is only a defect that the adja-
cent antennas have a slightly larger coupling level (around
—13 dB). In fact, the designed 3x3 array can cover all
the coupling cases in a large-scale array, which contains a
central antenna element surrounded by eight elements, four
side antenna elements and four corner antenna elements.
Therefore, the coupling characteristics of a larger-scale
antenna array can be directly evaluated from the designed
33 array.

V. FURTHER PERFORMANCE IMPROVEMENT
BY ADOPTING DECOUPLING SURFACE

In this section, we designed a decoupling surface (DS) to fur-
ther improve decoupling effect of the MIMO antenna array,
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(a) Reflection coefficients. (b) Co-polarization coupling. (c) Cross-polarization
coupling between adjacent ports. (d) Cross-polarization coupling between
nonadjacent ports.

thereby achieving better system performance [41], [42], [43],
[44], [45], [46], [47], [48], [49]. The schematic configura-
tion of the antenna array covered with a DS is shown in
Figure 14. The DS unit consists of several equilateral L-
shaped and cross-shaped metal reflectors, which are printed
on a 1 mm-thick dielectric substrate of FABM265 with the
relative permittivity of 2.65 and loss tangent of 0.001. The
L-shaped and cross-shaped metallic structures are designed
to suppress co-polarization and cross-polarization coupling,
respectively.

Then the antenna array with the DS is measured in the
same test environment. The comparisons of the measured
S-parameters of the array without and with DS are shown in
Figure 15. It can be seen that —10 dB bandwidth within the
operating frequency band is achieved for all ports as shown
in Figure 15(a), illustrating that the DS almost has no influ-
ence on the desired resonance of the array. Figure 15(b)
illustrates the co-polarization coupling isolations between
adjacent antennas (S3; and S43) can be improved by around
15 dB to over 22 dB, while the co-polarization isolation
between nonadjacent antennas (Ss5;) remains at a high level
of over 22 dB by loading DS. Figure 15(c) illustrates all the
cross-polarization isolation coefficients between two adja-
cent ports can be improved to below —23 dB, in which the
improvement of adjacent ports (S3p) is particularly signifi-
cant. In fact, the cross-polarization coupling of the antenna
itself maintains high levels (Sp; and S43), while the DS
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TABLE 2. Comparison between the proposed antenna array and other published arrays using DS techniques.

Frequency Element DS Height Isolation Complexity of Array
Ref. (GHz) Distance (\o) (o) (dB) Antenna Type DS Configuration
[46] 4.23-4.82 0.5 0.45 24 Patch Antenna Single 4x4
[47] 3338 0.71 0.33 25 Monopole Single 2x2
[49] 3338 0.5 04 25 Sageered - Complicated 4-4-4-4
ipole
This work 2.52-2.64 0.39 0.24 22 Patch Simple 3x3
Antenna
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FIGURE 16. Measured radiation patters of the antenna array without and with DS at
2.58 GHz. (a) E-plane and (b) H-plane when port 1 is excited. (c) E-plane and
(d) H-plane when port 2 is excited. (e) E-plane and (f) H-plane when port 3 is excited.

is mainly used for decoupling the adjacent antennas (S3;).
Figure 15(d) demonstrates that the cross-polarization iso-
lation coefficients between two nonadjacent ports are all
improved to below —23 dB, and the closer the distance
between antennas, the more significant the improvement
effect. Figure 16 shows the measured radiation patterns at
2.58 GHz, showing that the beam widths basically maintain
the same with or without DS, but the radiation directions
are almost corrected to +z direction due to the reduc-
tion of mutual coupling. Besides, the results illustrate that
good cross-polarization ratios can be retained, which are
better than —19 dB for all input ports. Figures 17(a) and
(b) demonstrate the measured gains and simulated efficien-
cies. Since the mutual coupling are reduced effectively by
DS and more power is radiated along the normal direction
(+z direction), the gains and total efficiencies are slightly
enhanced as well, in which the gains are enhanced by
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Frequency (GHz)

FIGURE 17. (a) Measured gains and (b) simulated total efficiencies of the antenna
array without and with DS.

around 0.6 dB and the total efficiencies are almost larger
than 80% within the operating frequency band from 2.52
to 2.64 GHz.

We have also compared the proposed antenna array with
previously reported works using DS techniques, as shown
in Table 2. It can be found that the proposed array not only
exhibits of compact size, but also has a lower overall profile
than other arrays which benefits from the strong binding
of SSPP modes. Therefore, the proposed compact antenna
array not only has significant advantages in the miniaturized
element size and compact overall size when a DS is loaded,
but also can still keep a high isolation level.

VI. CONCLUSION

In this paper, a compact dual-polarized SSPP antenna array
has been designed, fabricated, and measured. The imple-
mentation of the miniaturized antenna mainly relies on the
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large propagation constant of SSPPs, which reduces the patch
size and the total size to 0.2X19x0.219 and 0.391¢x0.391,
respectively. By using spatially coupled excitation and ver-
tical MWs, the RBW and isolation level and of the antenna
reach around 5.7% and above 32 dB, effectively. Besides, a
3x3 compact antenna array has been fabricated and mea-
sured, showing good radiation performance and compact
overall profile. Both simulated and measured results indicate
that the SSPP-based compact antenna has significant advan-
tages of compact patch size and total profile, which can be
extended to design larger-scale antenna array. It is expected
that the proposed design has strong practical application
values in highly integrated massive MIMO base stations.
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