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ABSTRACT A pattern-diversity antenna with 7 ports is proposed for multiple-input multiple-output
(MIMO) applications. Orthogonal modes are utilized to achieve high isolation among all 7 ports in
a relatively compact shared volume. As distinguishing feature from previous works, the concept of
tripolarization is generalized, allowing to design antennas with a large number of orthogonal patterns in
a single multi-port device. Based on this approach, a simple structure is proposed with only two printed
circuit boards (PCB) separated by an air gap. The proposed multi-port antenna can provide a high degree
of pattern and polarization diversity for the coverage of the whole upper hemisphere space. Measurements
confirm the following results for the fabricated prototype: 7.7% impedance bandwidth, higher than 20 dB
isolation among all ports with an antenna size of (0.61% x 7 x 0.061))% where A; is the free-space
wavelength at the lowest operating frequency.

INDEX TERMS Pattern diversity, tri-polarized antennas, tripolarization, high isolation, low-profile

antennas, MIMO antennas, monopolar antennas, orthogonal radiation patterns.

I. INTRODUCTION

ULTIPLE-INPUT Multiple-Output (MIMO) technol-

ogy have become one of most crucial concepts in
modern communications. In a MIMO system, the quality
of communications channel, i.e., the channel capacity, can
be significantly increased by appropriately combining the
scattering signals due to multipath effects. Theoretically,
this enhancement is multiplied with a greater number of
antennas. The research in MIMO antennas may broadly be
divided into two paths: (i) massive MIMOs, which contain
a very large number of spatially distributed antennas (iden-
tical in most cases) with configurations similar to a large
antenna array, (ii)) MIMO antennas with a smaller number
of ports in a single volume, for more compact devices such
as drones, handheld devices, and small base stations. For
the latter category, there is a vast literature on 2-4 port
designs, mostly focusing on coupling reduction techniques.
Within a constrained platform size, introducing more ports
while keeping high isolation is extremely challenging. Most
designs with more than four ports [1], [2], [3] exploit pat-
tern diversity, i.e., arranging identical antenna elements such
that their radiation maxima point in different directions.

One very interesting MIMO antenna development has been
the tripolarized antenna concept [4], which was first proposed
as an integration of three orthogonal dipoles, hence, the name
“tri-pole”. This type of antennas can provide three orthog-
onal radiation patterns with a theoretically infinite isolation
in case a perfect symmetry is maintained. The tripolarized
antennas in the literature have been developed based on
the concept of three “physically” orthogonal radiators [5],
[6], [7], [8] as similarly as in a tri-pole [4]. For appli-
cations with full ground plane, the antennas provide two
orthogonal broadside modes and one omnidirectional mode
with vertical polarization. These modes can be provided
by a single dielectric resonator with a relatively high pro-
file [9], [10]. Various radiating structures have been proposed
for lower antenna profile [11], [12], [13], [14], [15], [16],
[17] and/or wider operating bandwidth [18], [19], [20],
[21], [22], [23]. Several designs were specifically targeted
for different applications such as for Wireless Body Area
Network (WBAN) [24], [25], retrodirective array [26], and
vehicle-to-everything (V2X) communications [27].

This paper will extend the concept of tripolarized anten-
nas by considering each “polarization” as an orthogonal
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FIGURE 1. (a) Tri-polarized antenna original concept; (b) The design’s adaptation for
a large ground plane and (c) its typical 3D (co-polarization) radiation patterns. The 3D
patterns for two broadside modes are represented in 3" definition of Ludwig, Co-polar
(X) and Co-polar (Y) - corresponding to J, and J,, respectively - while the 3D pattern
for the omnidirectional mode represents the #-component gain. The figure is adapted
and modified from [23].

radiation pattern. From this perspective, different meth-
ods and techniques of multi-polarized antennas can be
developed while maintaining the main advantage of the
original/conventional tripolarized antennas, i.e., providing
polarization/pattern diversity in a compact device.

The paper will first revisit the concept of tripolarized
antennas with further discussion in Section II. Section III will
demonstrate a three-port antenna with three orthogonal radi-
ation patterns totally different from those of a conventional
dipole-based tripolarized antenna. Finally, we demonstrate
a 7-port MIMO antenna in Section IV with measurement
results in Section V. In this final design, four ports are
added to increase the pattern and polarization diversity. For
these additional four ports, high isolation is obtained from
both pattern orthogonalities and antenna spacing.

Il. CONVENTIONAL TRIPOLARIZED ANTENNAS

Figure 1(a) shows the original concept of tripolarized anten-
nas [4]. It consists of three orthogonal linear dipoles, all
excited symmetrically from the center. For many applica-
tions where a ground plane is present, the concept may be
represented as shown in Fig. 1(b) [23]. Here the electric
current J, and J, are placed a distance of about a quarter-
wavelength from the ground plane. The vertical dipole J,
is converted to a quarter-wavelength monopole on a ground
plane. Several techniques have been proposed to reduce the
antenna profile, ultimately creating a planar structure. These
includes using artificial magnetic conductor (AMC) [20],
replacing the monopole by a low-profile monopolar struc-
ture with shorting vias [12], [19], utilizing metasurfaces [21].
All the aforementioned designs share similar radiation pat-
terns from each port as shown in Fig. 1(c). Mode 1 and
Mode 2 produce two degenerated broadside patterns with
orthogonal polarizations. Mode 3 excitation yields an omni-
diretional pattern with vertical polarization, noting that the
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pattern is slightly conical in the upper half-space due to the
finite ground plane.

It can be shown that the three patterns in Fig. 1(c) are
orthogonal to each other. For clarification, two patterns are
said to be orthogonal if their cross-correlation integrated over
all angles is zero, i.e., p, = 0 for [28]

. |[F1(0,$)  F2(6, $)dR|”
©T TIF10, $)12dQ [ [F2(0, §)2dQ”

where e denotes the Hermitian product. For antenna with
100% efficiency, the value of p, can be calculated exactly
from the S-parameters as proved in [29]

e = ST, S12 + 85,5212
(=Sl +1522) (1 = (1212 + 1S1212))

Equation (2) shows that a zero coupling between two ports
of a lossless antenna, i.e., Sp;1 = 0, implies that the two
radiation patterns are orthogonal (p, = 0). In various cases
where the antenna structure and its excitations exhibit high
degree of symmetry, zero coupling can be straightforwardly
proved which leads to orthogonal patterns. A few examples
are the odd and even modes in a cavity or the degenerated
orthogonal modes (TMjp and TMy;) of a perfectly square
patch.

Since all antenna designers are familiar with the
terms “dual-polarized” or “dual-polarization”, the terms tri-
polarization suggests that another orthogonal polarization,
e.g., along z-direction, is basically added as in a tri-pole
antenna [4]. However, for any practical scenario, we may
just view a tripolarized antenna as a radiator that can provide
three orthogonal radiation patterns where the orthogonality
is defined as in (1) for p, = 0. The three orthogonal patterns
do not necessarily need to be the same as those shown in
Fig. 1(c). This perspective can inspire different methods to
generalize the concept and construct various types of MIMO
antennas with multiple orthogonal radiating modes with high
purity, thus allowing to keep a high isolation among all ports.

6]

(@)

lll. TWO AND THREE-PORT DESIGNS WITH
ORTHOGONAL OMNIDIRECTIONAL TOTAL POWER
PATTERNS

In this section, we will demonstrate a new three-port antenna
with three orthogonal patterns but different from those of a
conventional tripolarized antenna. These patterns all have
omnidirectional fofal radiated field (corresponding to power
or amplitude pattern).

A. TWO-PORT DESIGN

We can consider the structure shown in Fig. 2, which con-
sists of two conductive rings printed on two substrates
(Rogers Duroid 5880, relative permittivity of €, = 2.2,
loss tangent tané = 0.0009) separated by an air gap of
h, = 5 mm. The substrate thicknesses are #; = 1.578 mm
and hy = 0.787 mm, respectively. The bottom ring is excited
using two probe feeds while the top ring acts as a parasitic
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FIGURE 2. (a) A dual-port antenna with orthogonal radiation patterns. The optimized
parameters are r;, =22.5,r, =31, r;, =24, r, =42.5, hy =1.578, h, =0.787, h, =5
(unit: mm). Note: The inner pin of the SMA connectors are attached to the bottom ring.

TM,, - 0° mode (Port 1)
2000 V/m M,

TMy, - 45° mode (Port 2)

FIGURE 3. Simulated electric field (first row) and surface current (second row) on
the top layer of the antenna in Fig. 2. Left column: TMy,-0° mode, Right column:
TMq2-45°.

element that can extends the bandwidth. It is noted that this
structure was first used in [30], however, the modes and their
corresponding radiation patterns, which are quite interesting
and unique, were not fully analyzed and described. The S-
parameters of the antenna in Fig. 2 are the same as in the
3-port design in Section III-B (for Port 1 and Port 2) and
are not shown here fore brevity.

This double-ring structure can be excited with higher-order
modes of both rings, i.e., TM-0° and TMq,-45° (see the
electric field vector and surface electric current in Fig. 3).
The name of the mode is explained as follows: they are TM
(transverse magnetic) mode because the magnetic field vector
is perpendicular to the assumed broadside direction (z-axis);
the first index, i.e., 0, indicates that there is no variation
in radial direction (in cylindrical coordinates); the second
index, i.e., 2, indicates the number of cycle variations along
the azimuthal ¢-direction, the angle (0° or 45°) indicates the
¢-angle that gives the maximum of electric field. This angle
is required to distinguish between these two degenerated
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FIGURE 4. Simulated 3D total patterns and 2D normalized patterns in § = 45°-plane
for (a) TMp2. — 0° mode and (b)TMo, — 45° mode excitation of the antenna in Fig. 2.

modes. They are orthogonal to each other, which results in
very high isolation between the two antenna ports.

Let us now examine the radiation pattern resulting from
these two modes (Fig. 4). First, the 3D total gain (or power)
patterns of both modes are omnidirectional and appear sim-
ilar to Mode 3 in Fig. I(c). However, they are in fact
different when considering angular variations of polariza-
tion, which was not discussed in [30]. Figure 4 also shows
the 2D pattern for the two orthogonal components (Ey and
Eg) in a constant ¢-plane (at the maximum radiation direc-
tion 8 = Opmax = 45°). It can be observed that there are
nulls in each of the Ey or E4 patterns, which make the pat-
terns essentially different from the pattern of a monopole.
Thus, they should not be characterized as omnidirectional
patterns. Nevertheless, since the total gain is almost con-
stant with respect to ¢, the pattern might only be referred
as omnidirectional total power pattern (or total pattern in
short).

The radiation patterns in Fig. 4 are quite interesting and
are worth a theoretical explanation. The ring at the TM-0°
mode resonance can be considered as a superposition of
quadrupolar electric currents and magnetic currents as shown
in Fig. 3. The direction of the 4 equivalent magnetic cur-
rents M; is obtained from the field equivalence principle.
Considering the direction ¢ = 0°, the Eg-component con-
tributions from the radiated field of the 4 electric current
J; are totally canceled out due to the perfect destructive
interference from two pairs of electric currents (J2, J3) and
(J1, J4). However, there are constructive interferences from
the equivalent magnetic currents M, and My for the Ejy-
component in the direction ¢ = 0°. Similarly, considering
the direction ¢ = 45°, the 6-component of the radiated E-
field from the 4 magnetic currents M; are totally canceled out
due to the perfect destructive interference from two pairs of
equivalent magnetic currents (M, M3) and (M4, M1). Based
on the electric field distribution, it can be shown that these
equivalent magnetic currents are 45° offset by the electric
currents. Thus, for the TMq;-0° mode, Ey-pattern shows 4
nulls at ¢ = 45°,135°,225°,315° and Ey-pattern shows 4
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FIGURE 5. (a) 3D transparent view, (b) planar representation of the three-port
design with three orthogonal omnidirectional total patterns. Substrate arrangement,
top and bottom rings are the same as in Fig. 2. The optimized parameters are r; = 5,
rs = 6.4, r, =18, and d, = 1 (unit: mm).
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FIGURE 7. Simulated S-parmeters of the 3-port antenna design in Fig. 5.
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FIGURE 6. Fields from Port 1 and coupling to the center Port 3 due to (a) equivalent
magnetic currents and (b) surface electric currents.

nulls at ¢ = 0°,90°, 180°, 270°. Similar explanation can be
applied for the TM,-45° mode.

In summary, the radiation patterns in Fig. 4 are consistent
with the electric and (equivalent) magnetic current distri-
butions shown in Fig. 3. Due to the inconsistency in the
polarization of a single pattern in azimuthal direction, this
type of radiation patterns might be not useful for point-
to-point communications. However, they are well-suited
for MIMO applications in a rich scattering environment.
Furthermore, the nulls in the patterns may be used for track-
ing or angle-of-arrival estimation, which is beyond the scope
of this paper.

B. THREE-PORT DESIGN

The design in Fig. 2 is now modified to add a port at its cen-
ter to excite the vertically polarized omnidirectional mode
of a top-loaded planar monopole [31], [32]. The design is
shown in Fig. 5. Apart from the added planar monopole,
all other design parameters are the same as in Fig. 2. A
ring gap is used to improved the impedance matching and
four shorting wires are used at the patch periphery to lower
the resonance frequency [33]. This structure is equivalent
to a magnetic current loop or a vertical electric current
(monopole) at the rings common center.

1) PROOF OF ORTHOGONALITY

Figure 6 shows the radiation sources when exciting Port 1
and Port 3. For easy visualization, the groups of electric
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currents and equivalent magnetic currents are separated into
2 subfigures. The coupling from Port-1 and Port-3 can be
written as a complex sum

4 4
C= Zcmi-FZCji
i=1 i=1

where Cy;; and Cj; are the coupling coefficients from each
of the current source M;, J;, respectively, produced by the
excitation of Port 1 to the center vertical current source J,
of Port 3. Due to symmetry and the anti-phase feature of the
current sources M;, C,;1 = —Cyp and Ccyz = —Che and
therefore ) C,; = 0. Same arguments can be applied for
the set of 4 electric currents, as shown in Fig. 6(b). Thus,
> Cji =0 and C = 0. Theoretically, the coupling between
Port-1 and Port-3 is zero due to symmetry considerations if
a pure mode TM-0° is excited. This also applies for the
coupling between Port-2 (TM;-45° mode) and Port-3.

Figure 7 shows the reflection coefficients and couplings
among all ports. For Port-1 and Port-2, there are two reso-
nances corresponding to the TMg, mode associated with the
excitation (bottom) ring and the parasitic (top) ring. It can
be observed that the coupling |S12| has deep minima at these
two frequencies. This is evidence that the modes are highly
pure on resonances, which yield a near perfect symmetry.
The coupling increases in the middle of the band (about
2.6 GHz) as perfect symmetry is no longer maintained.

The coupling from Port 3 to either Port 1 or Port 2 is
also very low at around —30 dB in the operating band.
Two minima of the coupling also occur at the resonance
frequency of each ring. The results indicate an important
feature: high isolation is often associated with the symmetry
of the structure.

3)

2) RADIATION PATTERN

The simulated 3D gain Gy, Gy patterns for each port are
summarized in Fig. 8. These three radiation patterns are
orthogonal to each other with very low coupling among
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FIGURE 8. Simulated 3D gain patterns of the 3-port antenna design in Fig. 5.
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FIGURE 9. The concept of adding 4™ port.

all excitation ports, similarly to a conventional tripolarized
antenna. Perfect orthogonality can be achieved with differ-
ential feeding, however at the cost of a more complicated
feeding network. As an aside, we note that higher-order
modes are utilized here, as this will provide a means to
extend the concept of tri-polarization and to add more ports
in the design as will be shown in the next section.

IV. ADDING MORE PORTS

At this point, a natural question may be raised: Is it possible
to add an omnidirectional patterns with horizontal polariza-
tion? This would correspond to patterns as for Port 3 in
Fig. 8 but with Gy and Gy being switched. Indeed, this pat-
tern is also mutually orthogonal with all three patterns shown
in Fig. 8. The dual omnidirectional patterns can be found in
literature such as [34], [35], [36], [37], [38], [39]. Another
observation from Fig. 8 is that the upper hemisphere is not
fully covered yet. The three-port design in Section III can
provide high polarization diversity in the angle 6 =~ 30° to
60° (due to the conical nature of the patterns from Port 1 and
Port 2). When approaching 6 = 90°, the monopolar pattern
from Port 3 can provide coverage with vertical polarization.
Besides, the broadside direction (f = 0°) is not covered
by any port. Thus, in this section, we will show a design
that solves all of the above issues with full polarization
diversity covering the whole upper hemisphere. It should
be emphasized the following result is not achievable in the
conventional tripolarized antenna.

First, we consider exciting an electric current J, (Port
4) whose phase center is along the ¢ = 0° direction, i.e., on
the x-axis (see Fig. 9). This electric current lies on the hor-
izontal xy-plane with the direction along the y-axis. The
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FIGURE 10. Final antenna design by adding 4 additional ports. The three-port
antenna structure is exactly the same as in Fig. 5. The optimized parameters are
wy = 2.5, wp, = 3.75, w,, = 0.925, /; =9.23, , =10.65, I3 = 6.23, r; =52, r; = 64,
rqg1 = 68.5, ry, = 73.5 (unit: mm) and g = 80°.
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FIGURE 11. Simulated coupling from Port 4 to Port 1, 2, 3 for two cases « = 0° (no
rotation as in Fig. 9) and « = —22.5° (as in final realization in Fig. 10).

coupling between Port 3 and Port 4 is bound to be very low
due to their orthogonal polarization, as this represents the
case of having two orthogonal dipoles at some distance. For
the coupling from Port 1 to Port 4, we can first neglect the
interaction with the equivalent magnetic currents M; as these
also have orthogonal polarization compared to J,. Due to
symmetry and the anti-phase nature of J;, the couplings from
Ja to Jo and J3 cancel each other (similarly for J; and J4).
Thus, theoretically, when perfect symmetry is maintained,
the couplings from Port 4 to Port 1 and Port 3 are zero.
However, due to the 45° rotation, the coupling from Port
2 to Port 4 is not zero. Thus, a tradeoff can be made by
rotating the current J, by either 22.5° or —22.5°. Finally,
3 more ports can be added by rotating J, by 90°, 180° and
270°.

The concept in Fig. 9 is realized as shown in Fig. 10. Four
horizontal electric dipoles are added, corresponding to Port
4-7 excitation. This group of dipoles is rotated by an angle
a = —22.5° with respect to the x-axis. Figure 11 shows
the coupling from Port 4 to Port 1, 2, 3 for « = 0° and
a = —22.5°. For the case o = 0°, the coupling from Port 4
to Port 1 and Port 2 is very small (about —40 dB), which
agrees with the theoretical explanation above. However [S42|
is high (about —18 dB). By making a tradeoff between [S42|
and |S41| with @« = —22.5°, the values of |S4»| and [S4|
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FIGURE 12. Photograph of the fabricated prototype: (a) top view and; (b) bottom
view; (c) side view.

become similar and reach a level of nearly —20 dB (or
better).

With the presence of the ground plane, each dipole
will radiate with a horizontally polarized broad beam
towards the direction it is pointing to, i.e., ¢ =
—22.5°,67.5°,157.5°,247.5° in the & = 90° plane. This
arrangement enables the coverage of all directions in the
upper hemisphere. For each direction, dual-polarization is
available from at least 4 ports, providing a great diversity in
pattern and polarization. Furthermore, the isolation from all
ports are all better than approximately 20 dB in simulation
(which will be confirmed by measurement later).

Finally, if all four ports 4-7 are excited with the same
phase and same magnitude then a horizontally polarized
omnidirectional pattern can be achieved as demonstrated
in [37].

V. ANTENNA MEASUREMENT AND RESULTS

The optimized 7-port antenna introduced in Section IV
has been fabricated and measured to validate the proposed
concept. A photo displaying the top and bottom view
of the fabricated prototype is shown in Fig. 12. This
section will summarize the simulated and measured of
S-parameters, radiation patterns, gain and efficiency of the
antenna.

A. S-PARAMETERS

First, Fig. 13 plots the results for the reflection coefficients
at Port 1, 2 and 3. In general, reasonable agreement between
simulation and measurement is obtained. A minor shift
(about 1.5%) in the operating frequency range and a slight
degradation in |S7;| and |S22| levels are observed. Those
effects are due to a possible mechanical inaccuracy in the
gap between the two substrates, the fabrication tolerance
and the variation of substrate properties including its per-
mittivity and thickness. A very minor beach of the condition
|Syn] < —10 dB occurs at 2.6 GHz (about —9.3 dB). Full-
wave simulation indicates that this issue can be solved by
slightly adjusting the air gap h,. As expected, reflection
coefficients for Port 1 and 2 are almost identical while Port
3 shows a much wider bandwidth, which is typical for a
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FIGURE 13. Reflection coefficients at Port 1, 2 and 3.
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FIGURE 14. Coupling coefficients among port 1, 2 and 3. The highlighted central
part is the overlapped impedance bandwidth provided by Port 1, 2, and 3.

low-profile monopolar antenna with shorting wires [31]. The
overlapped operating bandwidth is from 2.49 to 2.69 GHz,
i.e., corresponding to 7.7% fractional bandwidth.

The coupling coefficients among Port 1, 2 and 3 are shown
in Fig. 14. As expected, the coupling coefficients from Port 3
to either Port 1 or Port 2 are quite low (less than —26 dB) due
to their orthogonal patterns. The coupling between Port 1
and Port 2 shows some local minima, which corresponds
to the frequencies where nearly pure orthogonal modes are
excited at Port 1 and Port 2. Overall, the measured isolation
is better than 22 dB across the operating bandwidth.

The reflection coefficients for Port 4, 5, 6 and 7 excitation
are shown in Fig. 15. Ports 4-7 show almost identical reflec-
tion coefficients as expected since they are basically identical
antennas pointing in different directions. The impedance
bandwidth for Ports 4-7 covers the overlapped bandwidth
of Port 1-3. Thus, the overall overlapping bandwidth of all
ports is from 2.49 to 2.69 GHz.

The coupling coefficients from Port 4 to Port 1-3 are
shown in Fig. 16. The coupling coefficients from Port 5, 6
or 7 to Port 1-3 are similar and are not shown here for brevity.
Very good agreement with simulation is obtained. Finally,
the coupling among Port 4-7 are also shown in Fig. 17.
Due to symmetry, we only need to show to coupling from
Port 4 to Port 5, 6 and 7. High isolation of better than
20 dB is obtained as predicted by full-wave simulations. It
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FIGURE 15. Reflection coefficients at Port 4, 5, 6 and 7. The simulation results are
identical for all of these ports. The highlighted central part is the overlapped
impedance bandwidth provided by Port 1-3.
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FIGURE 16. Coupling coefficients from Port 4 to Port 1, 2, 3. The highlighted central
part is the overlapped impedanced bandwidth provided by Port 1, 2, 3.
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FIGURE 17. Coupling coefficients from Port 4 to Port 5, 6, 7. The highlighted central
part is the overlapped impedance bandwidth provided by Port 1, 2, 3.

is noted that the pattern for Port 4 and Port 6 have the
same polarization. So for such pairs, (i.e., Port 4 & Port 6,
Port 5 & Port 7) the high isolation is obtained by antenna
spacing and the fact that each pattern points toward opposite
directions.

Overall, the antenna achieves an overlapped impedance
bandwidth of 7.7% (with |S{;| better than —9.3 dB) and
isolation better than 20 dB among all 7 ports. It should be
emphasized that this isolation is achieved without using any
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FIGURE 19. Normalized radiation patterns for Port 1, 2 excitation in the ¢ = 45°
plane.

additional decoupling structures. The isolation is obtained
mainly due to the orthogonality of the radiation patterns.
Furthermore, while decoupling structures can work very well
in the case of two or three antennas [40], [41], [42], it
might be critically challenging to design such decoupling
structures simultaneously working for a large number of
ports within a compact structure as demonstrated in this
paper.
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FIGURE 20. Normalized radiation patterns for Port 4, 5, 6, 7 excitation.

B. GAIN AND RADIATION PATTERNS

The normalized radiation patterns for Port 1, 2, 3 in the
¢ = 0° and ¢ = 90° plane are shown in Fig. 18. Very good
agreement between simulation and measurement is obtained.
The antenna has quite low cross polarization, i.e., better than
about —20 dB with just a few exception where measured
cross-pol is slightly larger mainly due to the imperfection
of our anechoic chamber.

A quick glance at the 2D patterns in Fig. 18 suggests that
all Port 1, 2 and 3 exhibit omnidirectional patterns while the
patterns for Port 1 and Port 3 seem to be similar. However,
only Port 3 provides an omnidirectional pattern with vertical
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FIGURE 21. Simulated and measured realized gain for Port 1-4 excitation.

polarization. As explained in Section III, the omnidirection-
ality for Port 1 and Port 2 is only applicable for the fotal
pattern. The patterns for Ey and Ey (6 and ¢ component of
antenna gain) are not omnidirectional. The radiation patterns
for these two ports at ¢ = 45° are shown in Fig. 19, which
confirms the theory and prediction shown in Section III.

Finally, the radiation patterns for the E-plane and H-plane
of the dipoles excited from Port 4-7 are shown in Fig. 20. For
Port 4-7, the E-plane is the xy-plane or & = 90°-plane. The
H-plane corresponds to ¢ = —22.5°,67.5°, 157.5°, 247.5°
for Port 4, 5, 6, and 7 respectively. Good agreement between
simulations and measurements is observed. The antenna can
radiate a horizontally polarized broad beam with maxima
towards different angles ¢ = —22.5°,67.5°, 157.5°, 247.5°
corresponding to Port 4, 5, 6, and 7 excitation. For E-plane
measurement, low measured cross-polarization is obtained
which agrees well with simulation predictions. However,
the measurement on the H-plane shows higher cross polar-
ization (even at & = 90°). Thus, the high measured
cross-polarization in the H-plane is likely due to the imper-
fection of measurement in the chamber, e.g., the effect of
the antenna stand.

All patterns in the H-plane indicate that the broadside
direction (6 = 0°) is also covered with polarization diversity,
i.e., linear polarization with electric field in the direction of
¢ = —22.5°,67.5°,157.5°, 247.5°, with a gain dropping by
just about 2-3 dB compared to the maximum gain.

Finally, the measured and simulated maximum realized
gain for Port 1-4 excitation are shown in Fig. 21. The results
for Port 5, 6 and 7 are almost identical with that of Port 4
and not shown here for brevity. Good agreement with simu-
lations is generally observed at all ports. It is noted that the
operating frequency is slightly shifted to the left for Port 1
and 2 excitation (see Fig. 13), which can also be observed
in the gain profile. The slightly higher gain in measurement
compared to simulation is attributed to the imperfection of
our chamber: the multipath effects can cause some ripples
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TABLE 1. Summary of measured results for all ports of the proposed antenna.

Port | —10-dB Bandwidth | Total Gain Pattern | Polarization & Max. Gain Direction | Max. Realized Gain
Gg : 0 = +40°,¢ = 0°,90°
1 2.49 - 2.69 GHz Ominidirectional 7.4 dBi
Gy : 0 =140°,¢ = —45°,45°
Gp : 0 = +40°,¢p = —45°,45°
2 2.49 - 2.69 GHz Ominidirectional 7.6 dB
Gy 0= +£40°,¢ = 0°,90°
3 2.39 - >3.20 GHz Ominidirectional Gg : 0 = +45° 5.7 dBi
4 2.46 - 2.82 GHz Unidirectional Gy :0=90° ¢ = —22.5° 4.5 dBi
5 2.44 - 2.78 GHz Unidirectional Gy :0=90°¢ = 67.5° 4.5 dBi
6 2.37 - 2.76 GHz Unidirectional Gy :0=90° ¢ =157.5° 4.5 dBi
7 2.42 - 2.78 GHz Unidirectional Gy :0=90° ¢ = 247.5° 4.5 dBi
TABLE 2. Comparison between the proposed antenna and recent multi-port antennas in literature.
No. of Relative Minimum Polarization
Ref. size (A%) Coverage
Ports bandwidth | isolation (dB) Diversity
(1] 0.41 x 0.41 x 0.41 6 5% 9 dB 3D space Yes
2] 2.0 x 1.7 x 0.46 6 21.2% 45 dB Azimuth plane No
[3] 0.572 x ™ x 0.14 6 80% 20 dB Azimuth plane No
[30] 0.522 x 7 x 0.061 4 6.5% 24.5 dB Upper hemisphere Yes
Proposed | 0.612 x 7w x 0.061 7 7.7% 20 dB Upper hemisphere Yes

The isolation is quoted as the minimum value across the overlapped bandwidth.

AL is the free-space wavelength at the minimum operating frequency.

in gain, which may lead to a slight overestimation of the
measured gain. The simulated efficiency is better than 95%
for all ports across the overlapping impedance bandwidth,
which is expected for a passive antenna at this frequency
range. Based on the gain and pattern measurements, it is rea-
sonably expected that the practical efficiency is also high. To
summarize, the antenna performance for each port excitation
is illustrated in Table 1.

C. DESIGN COMPARISON

The comparison of the designs with recent multi-port pattern-
diversity antennas (with the number of ports at least 4) is
shown in Table 2. It is noted that these antennas are quite dis-
tinct in number of ports (which crucially affect the isolation
and antenna size), space coverage and polarization diversity.
Thus, it is in general difficult to have a direct compari-
son. Nevertheless, one can observe that the proposed design
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exhibits a low-profile structure with the largest number of
port while keeping relatively high isolation. It also covers
the whole upper hemisphere (which suitable for applica-
tions such as vehicular platform integration) with polarization
diversity.

VI. CONCLUSION

A seven-port pattern-diversity antenna has been presented in
this paper. The concept of tripolarization has been general-
ized, which inspired an initial design with three orthogonal
omnidirectional total gain patterns. Then four more ports
have been added, which utilize both pattern orthogonality
and antenna spacing to achieve high isolation. These four
additional ports are designed to ensure a high degree of
pattern/polarization diversity at any direction in the upper
hemisphere space. An antenna prototype has been fabricated
and measured, which confirm the theoretical prediction. For 7
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ports, the antenna has a relative compact and low-profile
structure with the size of (0.612 x 7 x 0.061))\13‘ where Ay is
the free-space wavelength at the lowest operating frequency.
The antenna achieves an operating bandwidth of 7.7% from
2.49 GHz to 2.69 GHz. Across the bandwidth, the isolation
between any two ports is better than 20 dB. It should also
be noted that high isolation is achieved exploiting only the
orthogonality of the pattern and antenna spacing, i.e., without
any additional decoupling structures.
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