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Abstract— This paper presents a planar omnidirectional
multiple-input multiple-output (MIMO) antenna with pattern
phase diversity. The profiles of conventional dual-polarized
omnidirectional MIMO antennas are too high to be planar
integrated due to the limited bandwidth of vertical-polarized
element. Therefore, a dual-channel horizontal-polarized MIMO
antenna is proposed for the planar integration of omnidirectional
MIMO antenna. The antenna is formed with four-element folded
dipole array, and a compact feed network with two sets of 90°
progressive phases is employed to feed the two channels with
shared elements, thus the antenna can be integrated into a
sheet of substrate with an ultralow profile of 0.8 mm. Although
the polarization and radiation pattern (amplitude) of the two
colocated channels are the same with each other, a high isolation
is still achieved as a result of the orthogonal pattern phase.
A prototype was fabricated to validate the performance. The
measured highest isolation between two channels is 31.7 dB,
and −10 dB isolated bandwidth is 2.29–2.57 GHz (11.7%) with
S11 < −14 dB and envelope correlation coefficient less than
0.05, which shows a good diversity performance. Therefore,
the proposed dual-channel antenna gives a feasible solution for
the planar integration of the omnidirectional MIMO system.

Index Terms— Antenna diversity, antenna radiation patterns,
multiple-input multiple-output (MIMO), pattern phase diversity,
planar integration.

I. INTRODUCTION

IN RECENT years, dual-polarized antennas are widely
employed in multiple-input multiple-output (MIMO) sys-

tems to enhance the channel capacity [1]. In addition,
omnidirectional pattern antennas have received great atten-
tion in some wireless communication systems such as the
wireless local area networks and base stations. Therefore,
many researchers focused on the dual-polarized antennas with
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omnidirectional patterns [2]–[14]. In [2]–[5], some wide-
band or multiband dual-polarized omnidirectional antennas
are proposed with the circular dipole array for horizontal
polarization (HP) and the discone antenna for vertical polar-
ization (VP). An artificial magnetic conductor reflector is
appended in [9] to reduce the profile of the structure in [3].
In [6] and [7], the cross bow-tie dipole is utilized for HP, while
the inverted-cone antenna is utilized for VP. In [10] and [11],
the vertical and horizontal slots are combined for the HP
and VP, respectively. A novel sabre-like structure is proposed
in [12] for the compactness of the dual-polarized antenna with
the resonant cavity for HP and declining monopole for VP. The
aforementioned antennas in [2]–[12] are all 3-D structures with
high profiles, and it is hard for them to be integrated into a pla-
nar platform. To satisfy the requirement of planar integration,
some planar dual-polarized omnidirectional MIMO antennas
are presented in [13] and [14]. However, the bandwidths of
them are narrow owing to the intrinsic narrowband property
of the low-profile omnidirectional VP element. To solve this
problem, a planar dual-channel HP omnidirectional MIMO
antenna is proposed in this paper. Because the two channels
are both HP, the bandwidth of the proposed antenna will not
be limited. The high isolation between two copolarization
channels is achieved by a pattern phase diversity technique.

In traditional MIMO systems, polarization diversity
[2]–[14], spatial diversity [15]–[19], and radiation pattern
diversity [20]–[33] techniques are exploited to enhance the
port isolations between multiple channels. In polarization
diversity, two orthogonal polarizations are utilized to decou-
pling between two channels. In spatial diversity, parasitic
structures [15], slot etching [16], electromagnetic bandgap
structures [17], and neutralization lines [18], [19] are applied
to reduce the mutual coupling with closely spaced ele-
ments. In radiation pattern diversity, there are three dif-
ferent ways to decoupling between multiple channels. The
first way is employing different modes of patch antenna to
generate broadside and conical radiation patterns [20]–[26].
This method can be realized in a single radiator and thus
has a simple antenna structure. The second way is using
different radiators to generate different beam-pointing pat-
terns [27]–[30]. The third way is utilizing different feed
phases for the antenna array to achieve different radiation
patterns [31], [32]. The above-mentioned pattern diversity
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techniques proposed in [20]–[32] are all based on the ampli-
tude diversity of the radiation patterns, but cannot generate
two isolated omnidirectional radiation channels. To decou-
pling in the same polarization and beam pointing, a pat-
tern phase diversity technique is exploited in this paper
to achieve a high isolation between two shared-aperture
channels.

Except the dual-polarized omnidirectional antenna, some
co-VP omnidirectional antennas are proposed in the full-
duplex systems [33]–[36]. A VP progressively phased circular
array used in antenna isolation is first proposed in 1974 [33].
There are two isolated channels in [33], one channel is a
progressively phased four-element circular dipole array, and
another channel is a single dipole placed at the center of
the circular array, which is the electric field null of the first
channel, thus a high isolation can be acquired between them.
To avoid affecting the omnidirectional radiation pattern of
the inner element, the inner element is placed in a higher
step in [34]. The inner element can also be replaced by the
progressively phased circular array, thus two progressively
phased circular arrays with different feed phases are proposed
in [35]. An improved broadband version is presented in [36].
The aforementioned research studies [33]–[36] are all dual-
channel omnidirectional antennas, but the transmit and receive
antennas are not shared-aperture and the profiles are too high
to be planar integrated.

To achieve a planar omnidirectional MIMO antenna with
adequate bandwidth, a co-HP omnidirectional MIMO antenna
is proposed for the first time in this paper. Four-element planar
folded dipole array is fed in two different progressive phases
to achieve two isolated channels, and identical HP omnidi-
rectional patterns for both channels are obtained. The high
isolation between two channels is achieved by the orthogonal
pattern phase distribution in the azimuth plane. In addition,
a compact feed network is placed in the center of the planar
folded dipole array to integrate the whole antenna system in a
single sheet of substrate. Therefore, the profile of the proposed
omnidirectional MIMO antenna can be reduced to 0.8 mm
(0.006λ0) and easy to be planar integrated. Compared with
the traditional dual-polarized planar omnidirectional MIMO
antenna [13], [14], the narrowband problem can be solved for
the absence of VP channel. Consequently, a planar omnidirec-
tional MIMO antenna with adequate bandwidth is realized by
a pattern phase diversity technique.

This paper is organized as follows. In Section II, the the-
orical analysis of the pattern phase diversity technique is
discussed; besides, the antenna structure and evolution process
are discussed. In Section III, the designs of the proposed
antenna and feed network are presented with parameter analy-
sis. In Section IV, the antenna fabrication and measurement
results are shown, and a comparison chart is reported to
highlight the merits. Finally, Section V draws a conclusion
of this paper.

II. PRINCIPLE ANALYSIS

A. Theory Analysis of the Pattern Phase Diversity
In a MIMO system, the communication capacity can be

enhanced if the antenna elements are weakly correlated,

Fig. 1. Two different phase distributions of the omnidirectional radia-
tion pattern in the azimuth plane (normalized by the phase at ϕ = 0°).
(a) Increasing phase distribution (+1 mode). (b) Decreasing phase distribution
(−1 mode).

thus the goal of the MIMO antenna is to reduce the cor-
relation between every channel. The envelope correlation
coefficient (ECC) is a significant parameter to evaluate the
correlation between two channels, and it can be calculated by
the complex radiated far field, the formulation is shown as
follows [37]:

ρe ≈ |ρc|2

=
∣
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A12 (θ, ϕ) sin θdθdϕ�
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2

(1)

where

Aij = Eθ,i (θ, ϕ) · E∗
θ, j (θ, ϕ) + Eϕ,i (θ, ϕ) · E∗

ϕ, j (θ, ϕ). (2)

Here, Eθ,i and Eϕ,i are the complex electric field of channel
i in the elevation and azimuth planes, respectively. ()∗ is the
conjugate operator.

Two different phase distributions of the far field with omni-
directional radiation pattern in the azimuth plane are illustrated
in Fig. 1. As shown in Fig. 1(a), the phase increases from 0 to
2π with ϕ increased, let us define it as +1 mode. As for
Fig. 1(b), the phase decreases from 2π to 0 with ϕ increased,
and let us define it as −1 mode. Note that the polarizations and
radiation beams of these two modes are identical to each other.
To quantitatively evaluate the diversity performance of the
pattern phase diversity technique, the ECC between these two
modes is calculated. If only considering the complex electric
field in the azimuth plane, (1) can be simplified as

ρe ≈ |ρc|2 =
∣
∣
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(3)

where

Aij (ϕ) = Eϕ,i (ϕ) · E∗
ϕ, j (ϕ). (4)

The complex electric field in Fig. 1(a) and (b) can be expressed
as

Eϕ,1(ϕ) = e jϕ (5)

Eϕ,2(ϕ) = e− jϕ. (6)

If we substitute the complex electric field in (5) and (6) into
(3), we get

∫ 2π

0
A12 (ϕ) dϕ =

∫ 2π

0
e2 jϕdϕ = 0. (7)
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Fig. 2. Schematic of the dual-channel four-element planar dipole array
excited with 90° and −90° progressively phase.

Therefore, two uncorrelated channels are realized by the
pattern phase diversity technique.

B. Antenna Structure

The conventional strategy to achieve HP omnidirectional
radiation pattern is employing the dipole array to generate a
zero-order loop mode with in-phase currents [2]–[5], which
can be equivalent to the radiation of magnetic current. How-
ever, the pattern phase of the zero-order loop is kept unchanged
in the azimuth plane, thus it is inappropriate for the pattern
phase diversity technique. Different from the zero-order loop
mode dipole array, a four-element planar dipole array excited
with 90° and −90° progressively phase is proposed to achieve
the HP omnidirectional pattern, as shown in Fig. 2. For the
MIMO channel 1 (Ch1), the excited phase is anticlockwise
90° progressive phase (defined as +1 mode), the far-field
phase is just like that in Fig. 1(a). While for the MIMO
channel 2 (Ch2), the excited phase is clockwise 90° progres-
sive phase (defined as −1 mode), which is just like that in
Fig. 1(b). Although the two channels share the same four-
element dipole array, a high isolation with the pattern phase
diversity technique can be achieved.

In order to avoid confusion, it should be noted that the
proposed dipole array is totally different from the sequentially
rotated array (SRA) in [38] for the circularly polarization (CP).
The difference between them is illustrated in Fig. 3. As can
be seen in Fig. 3(a), the current directions of the opposite
dipoles are inverse. While for the SRA, although the feed
phase is defined as 0° and 180° for the upper and lower
dipoles, the currents of them are in the same direction as shown
in Fig. 3(b). Because for the SRA, the dipole elements and
feed phase are both sequentially rotated, thus the superposition
of those two inverse phases contributes to the same current
direction for the opposite elements. Therefore, the radiation
pattern of the proposed dipole array is an omnidirectional
pattern in the azimuth plane and has a null in the broadside
as shown in Fig. 3(c), while the SRA creates a bidirectional
CP radiation pattern as shown in Fig. 3(d).

The mechanism of the omnidirectional radiation pattern
of the proposed dipole array is explained in Fig. 4 by a
variation of the classical turnstile antenna [39]. For a vertical

Fig. 3. Difference between the proposed dipole array and the sequentially
rotated CP array. (a) Vector current distribution of the proposed dipole with
+1 mode excited. (b) Vector current distribution of the SRA. (c) Radiation
pattern of the proposed dipole with +1 mode excited. (d) Radiation pattern
of the SRA.

Fig. 4. Schematic of the radiation patterns for the proposed dipole array by
a variation of the turnstile antenna.

arranged dual-element dipole array fed by equal amplitude but
opposite phase, the radiation pattern can be deduced by the
pattern multiplication theory as shown in Fig. 4(a). Similarly,
the radiation pattern of the horizontal arranged dipole array
with opposite phase excited is an “eight-” shaped pattern as
shown in Fig. 4(b). Then, if we combine the horizontal and
vertical arranged dual-element dipole arrays and add a 90°
phase shift between them, the 90° progressively phased four-
element dipole array comes into being as shown in Fig. 4(c).
The radiation pattern of the proposed four-element dipole array
can be derived by the superposition of the radiation patterns
in Fig. 4(a) and (b) with a 90° phase shift. An omnidirectional
radiation pattern with HP can be achieved according to the
theory of the turnstile antenna [39]. However, the radiation
pattern of the dual-element dipole array is slightly sharper
than a single dipole, thus the pattern of the proposed four-
element turnstile antenna is not a perfect omnidirection as an
ideal turnstile antenna.
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Fig. 5. Vector electric field distribution of the four-element straight dipole
array and corresponding radiation pattern (dipole length 43 mm and element
distance 70 mm). (a) Electric field distribution with ports 1 and 3 excited with
equal amplitude but opposite phase. (b) Corresponding radiation pattern.

Fig. 6. Passive and active S-parameters of the antenna in Fig. 5. (a) S-
parameter. (b) Active S-parameter.

C. Antenna Evolution

However, the aforementioned 90° progressively phase four-
element straight dipole array does not work as proposed due
to the mutual coupling between the neighboring elements,
the mechanism is illustrated in Fig. 5(a). If ports 1 and 3 are
excited with equal amplitude but opposite phase while ports
2 and 4 are matched, the electric fields of those two excited
dipoles are inverse with each other. The inverse electric fields
of the excited dipoles, which serves as a differential pair, will
sustain the existence of the electric fields along the y-axis, thus
the energy will be coupled to the two parasitic dipoles. The
mutual coupling between the neighboring elements will deteri-
orate the active S-parameters of the elements. The S-parameter
and active S-parameter of the proposed four-element straight
dipole array are shown in Fig. 6. Although the isolations
between those dipole elements are better than 15 dB as shown
in Fig. 6(a), the active S-parameters of ports 1 and 2 (or ports
3 and 4) are totally different with severely deteriorations of
ports 2 and 4. As we all know, the active S-parameter of a
four-port network can be written as follows:

Active Smm = Sm1 · a1

am
+ Sm2 · a2

am
+ Sm3 · a3

am
+ Sm4 · a4

am
(8)

where a1–a4 are the complex excited signals of the ports 1–4.
For port 2, the coupling signals from ports 1 and 3 are with
equal amplitude and phase, thus the superposition of them
will lead to a mutual-coupling increment of 6 dB (20 × lg2).
Moreover, if we assume that S21, S22, S23, and S24 are all

Fig. 7. Modified four-element folded dipole array and corresponding
radiation pattern and vector electric field. (a) Proposed four-element folded
dipole array (d0 = 65 mm, d1 = 20 mm, and d2 = 16 mm). (b) Radiation
pattern. (c) Electric field distribution with ports 1 and 3 excited with equal
amplitude but opposite phase.

Fig. 8. Passive and active S-parameters of the proposed antenna in Fig. 7.
(a) S-parameter. (b) Active S-parameter.

−15 dB and the phase of them are identical, the superposition
of them will lead to an increment of 12 dB (20 × lg4) for the
active S22, i.e., it will be deteriorated from −15 to −3 dB in
the worst case. That is the reason why a good S11 and isolation
will lead to a deteriorated active S-parameter. Therefore, it is
hard to achieve a similar active S-parameter for ports 1 and 2
(or ports 3 and 4) due to the asymmetric excited phase. Hence,
the radiation pattern of the proposed structure is deteriorated
as a result of different radiation powers of the horizontal and
vertical dipole arrays as shown in Fig. 5(b).

In order to reduce the mutual coupling between the neigh-
boring elements, a modified 90° progressively phase folded
dipole array is proposed in Fig. 7(a). The vector electric
field distribution when ports 1 and 3 are excited with equal
amplitude but opposite phase is depicted in Fig. 7(c). The end
points of the dipoles, which have the maximum electric field,
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Fig. 9. Antenna structure of the proposed dual-channel planar folded dipole
antenna array. (a) Top view. (b) Side view.

are separated apart from the neighboring dipoles to enhance
the isolation. Moreover, the E-field of the folded dipole is
changed, and it looks more like a cavity with three electric
walls. Consequently, an enhanced isolation of better than
23 dB between the neighboring elements is obtained, as shown
in Fig. 8(a), although the element distance d0 is reduced from
70 to 65 mm. In addition, the phase of the S-parameter can be
adjusted by the degree of folding (d1 and d2), thus the mutual
coupling from different ports can be canceled out with an
optimized phase. Accordingly, the enhanced isolation and opti-
mized phase contribute to similar active S-parameters for the
four ports as shown in Fig. 8(b). Therefore, an omnidirectional
radiation pattern is acquired with the similar radiation powers
of the horizontal and vertical dipoles as shown in Fig. 7(b).

III. ANTENNA DESIGN

A. Antenna Configuration

The final structure of the proposed dual-channel planar
folded dipole antenna array is shown in Fig. 9. A compact
feed network is printed on the top side (in yellow) of the
0.8 mm thick FR-4 substrate (εr = 4.4, tanδ = 0.02), while
the ground plane of the feed network and planar folded dipole
array is printed on the back side (in red) of the FR-4 substrate.
Thus, the whole antenna can be integrated into a single sheet
of FR-4 board. The feed network is composed of a 3 dB
coupler, a crossover, and four microstrip lines (MSLs). The
crossover with MSL-conductor backed coplanar waveguide-
MSL is shown in the enlarged inset, which can achieve
a broadband transmission with low insertion loss and high
isolation [40]. Four integrated baluns are employed to feed the
four planar folded dipoles. The impedance match of dipoles

TABLE I

DETAILED DIMENSIONS (UNIT: mm)

Fig. 10. Feed network and its simulated amplitude and phase characteristics.
(a) Detailed feed network. (b) S-parameters of the feed network. (c) Phase
shifts of the feed network.

can be tuned by the dimensions of Lf1 and Lf3. The size of the
ground plane should be small enough to avoid affecting the
omnidirectional radiation pattern. The final dimensions of the
proposed antenna are optimized by high-frequency structure
simulator version 18.0, and the detailed dimensions are listed
in Table I.

B. Integrated Feed Network

In order to avoid affecting the omnidirectional radiation
pattern of the proposed antenna, a compact feed network
with two sets of 90° progressively phases is designed to
be integrated into the center of the dipole array as shown
in Fig. 10(a). The proposed feed network has two input
ports (ports 1 and 2) and four output ports (ports 3–6). Note
that the integral lines of ports 3 and 5 (or ports 4 and 6)
are inverse with each other due to the inverse baluns of
the opposite elements, as shown in Fig. 9. The phases on
output ports 3–6 when fed through port 1 are 0°, 90°, 180°,
and 270°, while that of port 2 is 90°, 0°, 270°, and 180°.
Therefore, two sets of orthogonal phased excitations, which
can be employed in pattern phase diversity, are achieved.
The amplitude characteristics of the feed network are shown
in Fig. 10(b), and a good impedance match and isolation
performance between two input ports are obtained. However,
the impedance match, isolation, and transmission consistency
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Fig. 11. Simulated gain variations in the azimuth plane at 2.4 GHz with the
size of the ground plane Lg varied.

Fig. 12. S21 with the element distance Ld3 varied.

between output ports of a single-order 3 dB coupler are narrow
band, which limits the isolated bandwidth of the whole antenna
system. The phase shifts between four output ports are shown
in Fig. 10(c), and flat phase curves with phase variations less
than 15° are observed across 2–2.8 GHz.

C. Parameter Analysis

The size of the ground plane Lg is an important parameter
to adjust the omnidirectional radiation pattern. As shown
in Fig. 11, the simulated gain variations at 2.4 GHz with
Lg varied are analyzed. For both ports 1 and 2, two least
gain variations are obtained with Lg optimized to 48 mm,
and the gain variations deteriorate quickly with Lg increased.
Therefore, in order to obtain a good omnidirectional radiation
pattern, the size of the ground plane has to be reduced to an
optimal dimension, which limits the design of the dual-channel
90° progressively phase feed network.

As mentioned before, the element distance is of great
significance to the active impedance matching. A bad active
impedance matching will reflect the energy from the dipole
elements, leading to a bad isolation between two channels. The
isolation between two channels with the element distance Ld3
varied is analyzed in Fig. 12. The isolation deteriorates quickly
with the element distance varied, and an optimal isolation is
obtained with Ld3 = 15.5 mm.

IV. ANTENNA FABRICATION AND

MEASUREMENT RESULTS

A. Antenna Fabrication

In order to validate the performance of the proposed dual-
channel omnidirectional MIMO antenna, a prototype was

Fig. 13. Photographs of the proposed antenna. (a) Front side. (b) Back side.

Fig. 14. Simulated and measured S-parameters of the proposed antenna.

fabricated by a single sheet of FR-4 substrate. The front and
back sides of the proposed antenna are shown in Fig. 13(a)
and (b), respectively. Two 50 	 SMA connectors are soldered
on the back side of the ground plane.

B. S-Parameters and Radiation Performance

The reflection coefficient and isolation between two chan-
nels are measured by an Agilent E5071B vector network
analyzer (300 kHz–8.5 GHz). The simulated and measured
results are shown in Fig. 14. The measured S11 and S22 are
less than −10 dB across 2–2.8 GHz (33.3%). Small deviations
between the measured and simulated results are occurred due
to the fabrication error and impact of the SMA connectors.
The measured and simulated isolations have good consistency,
and the measured highest isolation is 31.7 dB at 2.37 GHz.
The simulated and measured −10 dB S21 bandwidths are
2.29–2.59 GHz (12.5%) and 2.29–2.57 GHz (11.7%),
respectively.

The radiation performance of the proposed antenna is
measured in an anechoic chamber, and the simulated and
measured normalized radiation patterns at 2.4 GHz are shown
in Fig. 15. Two HP omnidirectional patterns in the azimuth
plane (xyplane) for both channels are shown in Fig. 15(a) and
(c). The simulated and measured gain variations in the azimuth
plane fed by port 1 are less than 1.8 and 3.4 dB, while the
simulated and measured results for port 2 are 2.0 and 2.5 dB,
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TABLE II

COMPARISONS OF THE DIFFERENT OMNIDIRECTIONAL MIMO ANTENNAS

Fig. 15. Simulated and measured normalized radiation patterns of the
proposed antenna at 2.4 GHz. (a) Port 1 in the xy plane. (b) Port 1 in the
yz plane. (c) Port 2 in the xy plane. (d) Port 2 in the yz plane.

respectively. Therefore, good omnidirectional radiations for
both channels are realized.

The simulated and measured total efficiencies are shown
in Fig. 16. In the band of 2.3–2.6 GHz, the simulated effi-
ciencies are 59%–73% and 59%–71% for ports 1 and 2,
respectively, while the measured results are 50%–73% and
52%–75% for ports 1 and 2, respectively. There are small
deviations between the simulated and measured results due

Fig. 16. Simulated and measured total efficiencies of the proposed antenna.

to the fabrication error and impact of the test connectors and
cables. The loss of the FR-4 substrate contributes to the drop
in radiation efficiency.

As discussed in Section II-A, the theoretic ECC between
two orthogonal phased channels is 0 according to (3)–(7).
To evaluate the diversity performance of the proposed antenna,
the simulated and measured ECCs of the two channels are
depicted in Fig. 16. A good orthogonality with measured ECC
< 0.05 between two radiated far fields is achieved across the
isolated band.

C. Discussion

In order to highlight the advantages of the proposed
omnidirectional MIMO antenna, a comparison chart is listed
in Table II. The proposed antenna is compared with var-
ious omnidirectional MIMO antennas. The typical way to
design two isolated channels is utilizing the polarization
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diversity technique. Most of them [2]–[12] are 3-D struc-
ture with high profile, and it is hard for them to be pla-
nar integrated. The planar omnidirectional MIMO antenna
is proposed in [13] and [14]. However, the bandwidths of
them are limited due to the narrow radiation aperture of
the low-profile VP element. In [24], a wideband co-VP full-
duplex antenna is proposed, and the pattern phase diversity
technique is utilized to decoupling between two channels, but
it has a high profile and large size. To achieve a planar-
integrated MIMO antenna with adequate bandwidth, a co-HP
dual-channel omnidirectional MIMO antenna is proposed in
this paper with pattern phase diversity. The proposed antenna
has an ultralow profile of 0.8 mm (0.006λ0) and an adequate
bandwidth of 11.7%.

V. CONCLUSION

A planar omnidirectional MIMO antenna with two HP
channels is proposed in this paper. A radiation pattern phase
diversity technique is utilized to decoupling between two
channels with identical polarizations and radiation patterns
(amplitude). The achieved impedance bandwidth for both of
the channels is larger than 33.3%, and the isolated bandwidth
between two channels is 11.7%. The simulated and measured
ECCs between two channels are less than 0.05 across the
isolated band, which shows a good diversity performance.
Therefore, the proposed antenna paves the way for the planar
integration of the omnidirectional MIMO antenna system.
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