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ABSTRACT A co-designed (3+3)-port antenna for dual-band operation that requires no feeding or decou-
pling network is proposed and verified. The antenna consists of six ports which are divided into two
groups that resonate in two different frequency ranges. The basic radiating element is a tri-modal patch
in a folded snowflake-shaped structure with the largest antenna dimension of 0.48λ1 or 0.68λ2, where λ1
and λ2 are the wavelengths in air at the center frequencies of the lower and upper operating bands, respec-
tively. Measurement results show that the 10 dB impedance bandwidths of the two respective bands are
19.7% and 14.4%. The proposed antenna exhibits compact, multiport, multiband and broadside radiation
characteristics which are not only suitable for dual-band MIMO applications, but also for energy harvest-
ing systems with spatial and frequency diversities, or dual-function wireless systems with simultaneous
information and power transfer.

INDEX TERMS Broadside radiation, characteristic modes, multiport, multiband, multiple-input multiple-
output (MIMO) antenna, shared aperture.

I. INTRODUCTION

IN RECENT wireless communications research there is
a growing trend to reuse a common radiating area for

providing multiple antenna ports with different operating
frequency bands. This is different from a conventional multi-
band antenna which typically only consists of a single
port. The multiport approach to realize multiband anten-
nas is not only space saving, but it is needed when
different ports are dedicated for different services. One
recent example of such an antenna is a two-port circularly
polarized dual-band shared-aperture ultra high frequency
(UHF)/ultra-wideband (UWB) radio-frequency identification
(RFID) reader antenna [1]. Its multifunctionality is achieved
by placing four UHF sequential rotationally excited rectan-
gular patches outside a UWB radiator [1]. The integration
of a millimeter-wave (mm-wave) band antenna arrays into a
sub-6 GHz antenna is another example of this approach of
aperture area saving [2]–[4].

On the other hand, multiports can be used to pro-
vide orthogonal spatial subchannels for multiple-input,
multiple-output (MIMO) operation in the same frequency
band [5]–[8]. These subchannels provide a linear increase in
capacity with the number of antenna ports, without requiring
additional transmit power or spectral resource.
Furthermore, the number of available antenna ports can be

regarded as another dimension in ambient radio frequency
(RF) energy harvesting (EH) systems to collect more RF
power simultaneously [9]–[13]. In RF EH, each antenna
port is connected to an individual rectifier to convert RF
energy into direct current (DC). Then, DC combining can
be performed at the outputs of all rectifiers to raise the total
output DC voltage and DC power. One major benefit of
utilizing multiport antennas for EH is that space (MIMO)
and frequency (multiband) diversities can be obtained in
a multipath environment. Moreover, since the rectifier cir-
cuit can only achieve high energy conversion efficiency for
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TABLE 1. Comparison of tri-modal snowflake-shaped patch antennas.

a limited bandwidth in each port, the multiport approach
is favorable for increasing EH efficiency [11], [12]. In
addition to ambient RF EH, the system can be used for
information transfer (IT) and even localization, if a modula-
tor/demodulator (modem) is embedded. In [14], a compact
spiral antenna was used to carry out communication and
localization through UWB technology and EH in the UHF
band at the same time. As opposed to EH that opportunis-
tically extracts ambient RF energy, the concept of wireless
power transfer (WPT) involves a dedicated transmitter, which
can be used for charging devices [15]–[18]. More advanced
systems can perform simultaneous wireless information and
power transfer (SWIPT) [19]–[23], but there exists a trade-off
between the information and energy transmission.
In the context of creating multiports for both multiband

and MIMO operations, the wideband broadside tri-modal
patch antenna in [24] has undergone a further evolution, such
that a single compact radiating element can be shared by two
tri-port antennas working in two different frequency bands.
In particular, three new ports are created to excite a new
frequency band, on top of the existing tri-port setup in [24]
that excites a wideband dual-resonance. A comparison of
the features and performance of the proposed antenna and
existing tri-modal snowflake-shape patch antenna variants
is provided in Table 1. It is noted that comparisons of a
previous (single-band) variant of the proposed antenna with
two other (single-band) tri-port patch antennas have been
provided in [24, Table 1]. Like its predecessors [24]–[26],
the (3+3)-port design uses only capacitive feeds and requires

FIGURE 1. Receiver schematic with dual-band energy and data transmission
enabled.

no feeding or decoupling network. In addition, all six ports
are available for use all the time, hence no switching is
needed. Figure 1 illustrates the flexible usage of the proposed
compact six-port antenna that supports dual-band operation.
The number of ports used for energy or information-related
transmission can be adjusted subject to the needs and receiver
circuitry. For example, three ports can be used for WPT
at Frequency 1, whereas the remaining three ports can be
allocated for IT at Frequency 2. When there is no dedicated
power source nor IT, then all six ports can be used for EH.
Moreover, since the three new ports also provide broadside
patterns, the dual-band antenna can also be used as array
elements for dual-band massive MIMO application.
This paper is organized as follows. In Section II, the

systematic design procedure underlying the proposed dual-
band antenna is provided. The evolution from a broadside
tri-modal patch antenna element is described using charac-
teristic mode analysis (CMA). Then, Section III provides the
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detailed geometry and dimensions of the proposed antenna.
Two groups of antenna ports corresponding to two different
resonant frequencies are circularly interlaced to provide dual-
band operation. In Section IV, the radiation performance
of the two groups of antenna ports is reported. Both sim-
ulation and measurement results of S-parameters, antenna
gains, total efficiencies and radiation patterns are included.
Then, a set of four dual-band tri-modal patch elements with
half-wavelength center-to-center element spacings is used
to explore the array performance in Section V. Finally,
conclusions are drawn in Section VI.

II. SYSTEMATIC DESIGN PROCEDURE
This section consists of two parts. The recently developed
wideband snowflake-shaped patch antenna [24] is first revis-
ited. By analyzing the characteristic modes (CMs) at the
high frequency band, potential regions for accommodating
additional antenna ports are identified. Then, the details on
how the tri-port antenna is evolved to become a (3+3)-port
antenna for dual-band operation are provided.

REVISITING WIDEBAND SNOWFLAKE-SHAPED PATCH
ANTENNA
The proposed co-designed (3+3)-port antenna is based on the
structure of the broadside tri-modal patch [24], which con-
sists of a folded snowflake-shaped radiator excited by three
capacitive loading plates underneath, as depicted in Figs. 2(a)
and 2(b). It is noted that both the snowflake-shaped radiator
and the loading capacitive plates possess third order rota-
tional symmetry when viewed from the top, which enables
identical impedance matching and radiation performance
from all three antenna ports. The tri-port antenna exhibits
wideband radiation property because two sets of three CMs,
i.e., modes 1, 2, 3 and modes 4, 5, 6 in Fig. 2(c), have been
utilized to produce dual resonances at each port. At each
resonance, three CMs are excited simultaneously, includ-
ing two broadside patterns and one non-broadside pattern,
enabling three antenna ports with broadside radiation to be
achieved with low pattern correlation. The eigenvalues in
Fig. 2(c) were obtained using the CMA feature of Altair
FEKO [27]. In this work, it is observed that modes 4, 5
and 6 retain moderate eigenvalues from 3.6 GHz onwards
(the highlighted region in the figure), which means that the
snowflake-shaped radiator has the potential to be slightly
modified to support an even wider bandwidth operation or
additional antenna ports at the higher frequency range. When
the capacitive loading plates in Fig. 2(b) are revisited, it can
be seen that the regions highlighted in red can be used to
accommodate three more antenna ports without increasing
the overall antenna size or sacrificing the rotational symme-
try. With this in mind, the possibility of achieving (3+3)-port
dual-band broadside antenna is investigated using CMA.
To study modes 4-6 more closely, the modal significance

(MS) of the structure is plotted up to 6 GHz in Fig. 3. It
should be noted that the twelve modes illustrated in the fig-
ure are numbered by their MS values at 2 GHz (i.e., mode 1

FIGURE 2. Broadside tri-modal patch antenna in [24]: (a) overall structure;
(b) capacitive loading plates with shorting pins; (c) eigenvalues (first six modes).

has the largest MS value, etc.). Modes 4-6 in Fig. 2(c) cor-
respond to modes 11, 12 and 9, respectively. It is noted that
the MS of these modes is above 0.5 at 5.5 GHz. Therefore,
the amplitude and phase of the characteristic electric field
(E-field) distributions under the radiator are examined at
5.5 GHz (see Fig. 4). It is observed that high E-fields are
present inside the black, red and white boxes over the three
modes (see Figs. 4(a)–4(c)). In addition, the phase distribu-
tions within these boxes (see Figs. 4(d)–4(f)) follow similar
behavior as in [24] and [26]. For example, if two individual
ports are located in the black and white boxes, respectively,
then a 180◦ phase difference is obtained between the exci-
tation of the second mode by the two ports. This would
introduce a negative term in the complex correlation of the
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FIGURE 3. Modal significance of broadside tri-modal patch antenna in [24].

FIGURE 4. The z-directed characteristic E-fields at 0.2 mm below the top snowflake
patch in [24]: amplitude distribution of the first three modes at 5.5 GHz correspond to
(a)–(c); phase distribution of the first three modes at 5.5 GHz correspond to (d)–(f).

two port’s far-field patterns, i.e., (11) in [26], which helps
to lower their complex correlation. The same phenomenon
can be observed from the black and red boxes of the third
mode (see Fig. 4(f)). Therefore, three probes can be added
to the regions below the radiator that are bounded by the
black, red and white boxes, to produce a high-band resonance
at 5.5 GHz, while achieving pattern orthogonality between
these new ports. More importantly, the third order rotational
symmetry can still be preserved after this modification.

EVOLUTION OF CAPACITIVE PLATES FOR HIGH-BAND
EXCITATION
Guided by the above analysis, the three original loading
plates should be split into six, to allow these new probes
to be connected to separate loading plates than the three
original ports used to excite the low band. The six loading
plates can all be arranged at the same height and subjected to
the same air gap size, or divided into two groups subjected
to different air gap sizes, from the above snowflake-shaped
radiator. In this work, the new three loading plates are low-
ered such that they can be used to facilitate higher frequency

FIGURE 5. Broadside tri-modal patch antenna in [24] with newly added capacitive
loading plates: (a) geometry of six capacitive loading plates (units: mm); (b) modal
significance.

resonances (e.g., 5.5 GHz). However, it is also necessary to
check whether the additional splitting of the loading plates
will deteriorate the low frequency band resonances.
Figure 5 shows the geometry and MS of the snowflake-

shaped radiator [24] with six capacitive loading plates
underneath at two different heights above the ground plane
(5 mm and 7 mm), but without the feeding probes. The
newly added lower plates are displaced in angle by 60◦ with
respect to the original upper plates. The first twelve modes
are plotted in the figure, and as before they are numbered by
their MS values at 2 GHz. Compared to Fig. 3, it is observed
that the two original sets of three modes excited by 3 ports
for dual resonances [24] still exist, but the frequencies of
the lower resonances (modes 7, 8 and 10) have increased
from 2.4 GHz to 3.15 GHz. In addition, a new set of three
CMs (modes 1, 3 and 4) become resonant between 2 GHz
to 2.5 GHz due to the splitting of the three loading plates
into six. The modal patterns of the three CMs at 2.1 GHz
and 2.4 GHz are monopole and broadside, respectively. Since
their near-fields are similar to the two original sets of modes
in [24], they can be excited by the existing three ports to pro-
vide an additional resonance. Furthermore, Fig. 5(b) shows
that the MS of the third set of three CMs (modes 9, 11 and
12, resonant at around 4 GHz) retains high values (>0.5) up
to 6 GHz. Following the analysis of the modal properties
at 5.5 GHz in Section II-A, it can be expected that another
three probes connected to the newly added capacitive load-
ing plates can excite the snowflake-shaped radiator in the
higher frequency range.
The first advantage of using capacitive loading plates to

excite the radiator is that it provides flexibility in frequency
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tuning. As can be seen, the MSs of the three dominant
CMs in the proposed structure for the high band resonance
maintain high values from 4.5 GHz to 6 GHz. This implies
the antenna has the potential to be excited in that frequency
range. The capacitance introduced between the radiator and
the loading plate can be used to tune the resonant frequency
of the antenna [28], i.e., a larger plate or a smaller gap
between radiator and plate decreases the resonant frequency.
Therefore, the size of the loading plate and its height above
the ground plane are two critical parameters for the high-
band excitation. The second advantage of using capacitive
loading plates to excite the radiator is that the influence
among the ports can be minimized, i.e., the low-band and
high-band excitations can be adjusted individually by using
separate plates. Furthermore, the shorting pin added to each
loading plate helps to enhance the impedance matching. This
is particularly important for feeding probes that are subjected
to certain location constraints.
For the final structure, the overlaps between the 6 loading

plates are removed. The corresponding MSs of the final
structure are plotted in Fig. 6. In this case, the probe feeds
are included as shorts in the FEKO simulation, as typically
performed for CMA on structures with feeds. It can be seen
that the antenna has the potential to excite the first two
sets of CMs to produce dual resonances around 3.5 GHz to
4.5 GHz using its original three ports, as in [24]. Moreover,
it also can utilize its three new ports to excite the third set of
CMs to produce resonances at around 5.5 GHz. Compared
with Fig. 5, it is observed that the size reduction of capacitive
loading plates and the insertion of probe feeds not only alter
the bandwidths of the modes, but also move resonances to the
higher frequency range. This shift has in fact enhanced the
MS of the dominant modes at the high band, while allowing
the low-band dual resonance to be maintained. The high MS
at the high band also facilitates better impedance bandwidth
than the original intention of exciting these modes with MS
of between 0.5-0.6.
A summary of the proposed antenna working mecha-

nism is:

• The original tri-port snowflake-shaped patch antenna
exhibits wideband radiation property utilizing two sets
of three CMs.

• By further analysis, one set of three CMs retain
moderate eigenvalues at the higher frequency range,
which means that the snowflake-shaped radiator has the
potential to support additional ports at that frequency
range.

• Locations of additional ports are identified due to the
observed 180◦ phase difference in the modal electric
nearfields, which introduces a negative term in the
complex correlation of any two ports’ far-field patterns
(resulting in low correlation among the additional ports).

• To facilitate the high-band resonance, the excitation
should be less capacitive, resulting in lower capacitive
loading plates being required.

FIGURE 6. Modal significance of proposed antenna structure with all six probes
replaced by shorts.

• Two groups (3+3) of antenna ports corresponding to two
different resonant frequencies are circularly interlaced
to provide dual-band operation.

III. CO-DESIGNED DUAL-BAND BROADSIDE TRI-MODAL
PATCH ANTENNAS
In the previous section, the original design in [24] has been
evolved by introducing three additional capacitive loading
plates with shorting pins to the structure in the red regions
indicated in Fig. 2(b), leading to a (3+3)-port dual-band
antenna.
Figure 7 shows the geometry of the modified six-port

broadside tri-modal patch antenna. From Fig. 7(a), it is
observed that the snowflake-shaped radiator can be decom-
posed into two Y-shaped structures with different sizes (pink
and green dashed lines encircled). It has been shown that
the different sizes and loading conditions (with or without
folded parts) help to create the dual resonances that were
used to widen the impedance bandwidth of the antenna [24].
Furthermore, the three newly added capacitive loading plates
are lower in height to help excite the resonance at the high
frequency band. The larger spacing between the radiator
and each of these new plates provides a smaller capacitance,
resulting in a less-capacitive feed to excite the antenna in the
higher frequency band. The geometry of the loading plates
are simplified into radial shapes to ease prototyping and to
avoid any overlap. The largest dimension given in the figure
is 37.1 mm and the material used is 0.5 mm-thick copper
(for ease of folding). The pink and green capacitive loading
plates are of different heights, which help to set the reso-
nant frequency of the respective antenna ports. In particular,
the pink plates that are fed by ports 1, 3 and 5 excite three
modes of the patch at each of the two resonances, as in [24],
resulting in a wideband performance. On the other hand, the
green plates that are fed by ports 2, 4 and 6 are introduced
in this work to excite three other modes at a higher band.
In Fig. 7(b), it can be seen that there are six capacitive

loading plates distributed in a circular arrangement under the
snowflake-shaped radiator. Each loading plate is connected
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FIGURE 7. Geometry of proposed co-designed two broadside tri-modal patch
antennas (units: mm): (a) plan view; (b) plan view without radiator; (c) side view;
(d) side view without radiator; (e) perspective view; and (f) perspective view without
radiator.

to one coaxial probe (grey circle) and one 1 mm-diameter
copper shorting pin (black circle). Although the feed and
shorting pin on each plate can be placed at arbitrary locations
along the plate for impedance matching, they are aligned
along the center line of the plate to enhance the radiation
pattern symmetry. In addition to impedance matching, it is
found that by sliding the feed position along the line, the
resonant frequency at the port will also be changed. For
example, when the feeds for ports 2, 4 and 6 are moved
towards their respective shorting pins, the resonant frequency
at the high-band decreases.
The six plates are made of 1 mm-thick copper and can be

regarded as one sixth of a circle, but the radii of plates in
pink and green are 8.8 mm and 9.2 mm, respectively. It is
noted that the radii of plates also provide some flexibility in
fine tuning the resonant frequencies. For example, the reso-
nant frequency at the high-band will shift up by about 2% if
all six plates have the radii of 8.8 mm. The side views of the
proposed antenna with and without the radiator are depicted
in Figs. 7(c) and 7(d), in which SubMiniature version A
(SMA) connectors can be seen at the bottom. The ground is
printed on both sides of a circular FR-4 epoxy board with
a diameter of 100 mm. It should be noted that the radiator
does not touch to the capacitive loading plates nor ground
plate. Foam material is used to support the radiator in the
prototype. Figures 7(e) and 7(f) show the three-dimensional
geometry with and without the snowflake-shaped radiator.
The six ports arrangement is also provided in which ports

1 and 4 are lying on the yz-plane. It can be seen that the
co-designed dual-band broadside tri-modal patch antennas
retains the third order rotational symmetry of its predeces-
sors [24]–[26], where ports 1, 3 and 5, and ports 2, 4 and 6
are two sets of three ports that share similar matching and
radiation performances.
One challenge of prototyping the antenna is in accommo-

dating six SMA connectors within a small area. Therefore,
the locations of antenna probes cannot be too close to the
center and this reduces the flexibility to improve matching
and adjust resonant frequency by changing probe locations.
On the other hand, the locations of shorting pins and the
separations between adjacent capacitive loading plates can
also be utilized to adjust the impedance matching.
To further verify that the three resonances generated by

the proposed antennas are mainly contributed from the three
sets of CMs shown in Fig. 6, the complex correlation
coefficients (CCCs) of the port pattern with each modal
pattern (of interest) are computed at 3.65 GHz, 4.30 GHz
and 5.80 GHz, based on the results in Fig. 6. The computed
CCCs are provided in Table 2. It is noted that ports 1 and
4 are the excited antenna ports for calculating CCCs at the
first two and third resonances, respectively. The other five
unexcited ports are terminated with 50 ohm loads. The first
six modes at each resonance are calculated and the modes
are numbered by their MS values at their respective three
frequencies. We also map these modes to Fig. 6, which show
that the three sets of CMs (modes 3, 4, 5; modes 7, 8, 9;
modes 10, 11, 12) are indeed excited. Due to the narrowband
characteristic of modes 7-9, the contributions of the second
resonance are not as clearly attributed to these three modes
as those of the other two resonances. Modes 4 and 5 are
found to also provide 16% and 9% in the radiated power
of port 1, respectively. Nevertheless, modes 7, 8 and 9 do
contribute substantially in power (65%) at 4.30 GHz.
In summary, the five antenna design steps are:
1) Use the wideband snowflake-shaped patch antenna as

a starting point.
2) Analyze the MS of the antenna structure at the high

band.
3) Determine the locations of additional ports from

the characteristic E-fields at the high band and add
additional capacitive plates.

4) Adjust the additional capacitive plates’ size and height
for high-band excitation.

5) Fine tune the dimensions of the antenna structure to
facilitate both low-band and high-band resonances.

IV. ANTENNA PERFORMANCE
In this section, both simulation and measurement results of
S-parameters, antenna gains, total efficiencies and radiation
patterns are presented for validating the proposed antenna
design. The simulation is performed in the time-domain
solver of the 2020 CST Microwave Studio Suite [29]. The
dimensions of the prototype shown in Fig. 8 are the same
as those provided in Fig. 7.
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TABLE 2. Computed complex correlation coefficients.

FIGURE 8. Prototype of co-designed two broadside tri-modal patch antenna.

FIGURE 9. S-parameters of co-designed two broadside tri-modal patch antennas:
(a) simulation; (b) measurement.

Figure 9 shows S-parameters of the proposed dual-band
tri-modal patch antennas. It should be noted that due to
the third order rotational symmetry of the structure, ports

FIGURE 10. Radiation performance of co-designed two broadside tri-modal patch
antennas: (a) gains of ports 1 and 4; (b) efficiencies of ports 1 and 4.

3 and 5, and ports 4 and 6 will exhibit the same radiation
performance as port 1 and port 2, respectively (subjected to
60◦ or 120◦ rotation along φ). Similarly, several mutual cou-
pling combinations will be the same, such as S21 = S32. It
can be seen that port 1 offers a simulated 10 dB impedance
bandwidth from 3.50 GHz to 4.15 GHz, which agrees well
with the measured bandwidth from 3.48 GHz to 4.25 GHz.
For port 2, the simulated 10 dB impedance bandwidth is
from 5.20 GHz to 5.88 GHz, which is also close to the
measured result of 5.11 GHz to 5.90 GHz. In terms of mea-
sured fractional bandwidth and largest antenna dimension
at the center frequency, port 1 offers 19.7% bandwidth for
the size of 0.48λ1, whereas port 2 yields 14.4% bandwidth
for the size of 0.68λ2, where λ1 and λ2 are the free space
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FIGURE 11. Radiation patterns of co-designed two broadside tri-modal patch
antennas with simulation (solid), measurement (dash-dot), E-phi (red/ orange), and
E-theta (blue/ violet). Port 1 at 3.7 GHz is (a)-(c), port 1 at 4.1 GHz is (d)-(f), and port 4
at 5.5 GHz is (g)-(i). The xz-plane is in (a), (d) and (g); the yz-plane is in (b), (e) and (h);
and the xy-plane is in (c), (f) and (i).

wavelengths at the center frequencies of the two bands (i.e.,
3.865 and 5.505 GHz). In addition, most of the coupling
coefficients are below −15 dB in the two frequency bands.
The minimum isolation S41 is found at around 4.1 GHz to
4.2 GHz. This is due to the E-fields at these frequencies are
also high at the high-band feed positions, causing increased
coupling across the two frequency bands. Owing to the ori-
entation of the antenna ports, port 2 does not align with the
xz-plane nor the yz-plane. To better reflect the far-field results
particularly for radiation patterns, port 4 is chosen instead
of port 2 to represent the performance of the second group
of antennas. Figure 10 shows simulated and measured gains
and total efficiencies of the proposed antenna. It is found
that the peak gains and total efficiencies measured from
port 1 and port 4 are 7.86 dBi and 87.2%, and 6.10 dBi and
88.3%, respectively. The radiation patterns in three standard
cuts taken from port 1 and port 4 are presented in Fig. 11.
The results show that the measurements and simulations
agree well with each other. Broadside radiation patterns are
obtained over the two frequency bands from the two antenna
ports.
In Fig. 12, several MIMO metrics are also provided based

on simulation results, which include diversity gain, total
active reflection coefficient (TARC), mean effective gain
(MEG), and ergodic capacity. The 3 × 3 ergodic capacity
results were obtained for the case of no channel knowledge
at the transmitter, as well as 100% total efficiency and no
correlation of the transmit antennas. The results for both

FIGURE 12. MIMO performance of co-designed two broadside tri-modal patch
antennas: (a) diversity gain; (b) TARC of port 1 (c) TARC of port 2; (d) MEG; (e) ergodic
capacity at 3.7 GHz; (f) ergodic capacity at 4.1 GHz; (g) ergodic capacity at 5.5 GHz.

ideal and the proposed antennas at the receiving side were
calculated. It should be noted that due to the rotation sym-
metry of ports 1, 3, 5 and ports 2, 4, 6, some ports results
are duplicated and so omitted in the figures for simplicity.
For Figs. 12(e)–(g), the channel capacity losses (CCL) at
3.7 GHz, 4.1 GHz and 5.5 GHz can also be obtained by
taking the difference of ergodic 3 × 3 capacity between the
ideal case of complex independent and identically distributed
(iid) channels (with no efficiency loss or correlation due to
the antennas) and the case with correlation and efficiencies
included [30].

V. MIMO ARRAY DISCUSSIONS
With the third order rotational symmetry, the proposed co-
designed two broadside tri-modal patch antenna is inherently
suitable for concatenating as a MIMO array, e.g., for massive
MIMO operation [24]. The rotational symmetry provides a
balanced environment for identical matching and radiation

774 VOLUME 2, 2021



FIGURE 13. Geometry of four elements co-designed two broadside tri-modal patch
MIMO array.

FIGURE 14. Simulated S-parameters of co-designed two broadside tri-modal patch
MIMO array: (a) reflections; (b) mutual couplings w.r.t. port 1; (c) mutual couplings
w.r.t. port 10.

performances when elements are arranged in 60◦ transla-
tion as illustrated in Fig. 13. For simplicity, the array only
consists of four elements (24 ports), but it is sufficient to

FIGURE 15. Simulated radiation patterns of co-designed two broadside tri-modal
patch MIMO array with E-phi (red), and E-theta (blue). Port 1 at 3.7 GHz is (a)-(c), port 1
at 4.1 GHz is (d)-(f), and port 10 at 5.5 GHz is (g)-(i). The xz-plane is in (a), (d) and (g);
the yz-plane is in (b), (e) and (h); and the xy-plane is in (c), (f) and (i).

capture the main (first-order) effects of neighboring ele-
ments. In the figure, the center-to-center spacings are kept
in 40 mm for all elements, which is equivalent to 0.52λ1
and 0.73λ2, respectively. It should be noted that the num-
bers shown in the figure refer to the antenna port numbers:
Ports with odd and even numbers correspond to the low-band
and high-band excitations, respectively. The dimensions of
the snowflake-shaped radiators and capacitive loading plates
are as given in Fig. 7. The array ground plane is merged
from the circular ground plane of each element (diameter
of 100 mm).
Figure 14(a) shows the reflection coefficients of eight rep-

resentative ports. In the array design, although no specific
mutual coupling suppression technique has been adopted,
the coupling effects among all broadside tri-modal patch
elements have not severely deteriorated the low-band and
high-band resonances. The two 10 dB impedance bandwidths
of different ports are generally preserved when compared to
those of the single element given in Fig. 9(a).
The mutual coupling coefficients with respect to ports 1

and 10 are provided in Figs. 14(b) and 14(c), respectively.
The two ports are selected as they are located in the mid-
dle and fully surrounded by other ports. Therefore, ports
1 and 10 can be used for quantifying mutual couplings
corresponding to the ports with low-band and high-band
excitations in general. Due to the geometrical symmetry,
some port combinations can be omitted in the figures. It
is found that all couplings are lower than −10 dB, and

VOLUME 2, 2021 775



CHIU et al.: CO-DESIGNED 3+3 PORT DUAL-BAND BROADSIDE TRI-MODAL PATCH ANTENNA

FIGURE 16. Simulated radiation performance of co-designed two broadside
tri-modal patch MIMO array: (a) gain; (b) efficiency; (c) envelope correlation
coefficient.

most of them are below −14 dB and −22 dB for low-
band and high-band resonances, respectively. In the proposed
array configuration, the two dominant factors contributing to
mutual coupling level are the relative separation and in-band
operation of the two elements. To further reduce mutual cou-
pling effects, shorting/choke walls can be utilized in between
every two adjacent elements. However, this involves a trade-
off between coupling performance and more complicated
fabrication process.
In addition to the S-parameters, the radiation performances

are also examined for the array of four co-designed two
broadside tri-modal patch elements. The radiation patterns
of the proposed antenna array of port 1 at 3.7 GHz and
4.1 GHz and port 10 at 5.5 GHz are provided in Fig. 15.
Figures 16(a) and 16(b) show the gains and efficiencies of
eight representative antenna ports. The envelope correlation

coefficients (ECCs) calculated from different port far-field
radiation patterns are depicted in Fig. 16(c). The ECCs of
the proposed dual-band array elements should be analyzed
in two separate frequency bands (low-band and high-band)
according to the port combinations with odd or even num-
bers, i.e., dash lines and solid lines correspond to low-band
and high-band ECCs, respectively.

VI. CONCLUSION
In this paper, a co-designed (3+3)-port antenna for dual-band
operation is proposed and tested. The fundamental working
principle of the antenna is similar to the existing wideband
broadside tri-modal patch antenna. By introducing three addi-
tional capacitive loading plates and adjusting their heights,
a single radiator can be shared by two groups of tri-modal
patch antennas working at different frequency bands. The
proposed antenna is not only intended for use as massive
MIMO element (unit cell) as in previous snowflake-shaped
patch designs, but also opens up a new possibility of fully
utilizing the antenna aperture for energy and information
transmission.
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