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ABSTRACT This paper presents a compact three-port antenna design suitable for use in mobile radio
systems that require polarization and pattern diversity. The antenna design utilizes a shorted bow-tie patch
split in half with an air gap and a top-loaded two-element monopole placed along the gap on a small common
ground plane (0.37λ2) to achieve a compact form factor. The patch is excited by aperture coupling and probe
feeding via two independent ports, producing two orthogonally polarized broadside patterns for polarization
diversity. Meanwhile, the co-located monopole generates a vertically polarized omnidirectional pattern to
provide pattern diversity. High inter-port isolation (> 25 dB) is achieved by incorporating simple decoupling
structures shorted to the ground plane between the patch and the monopole. Measurements on the antenna
prototype show that envelope correlation coefficients among the three different radiation patterns are lower
than –37 dB (or 0.0002) within the operating bandwidth, making this antenna a good candidate for diversity
applications.

INDEX TERMS Antenna diversity, monopole antenna, patch antenna, pattern diversity, polarization
diversity, port isolation.

I. INTRODUCTION
Polarization and pattern diversity techniques have revolu-
tionized the development of compact wireless systems by
allowing multiple antennas to be placed in close proximity
while improving signal quality and link reliability [1].
However, co-locating multi-port antennas that enable both
diversity techniques in a small form factor poses a challenge.
In particular, using a smaller common ground plane to
achieve a more compact antenna design can significantly
reduce port-to-port isolation, which is crucial for the inde-
pendent operation of each radiating element. Additionally,
the reduced radiation efficiency and operating bandwidth
resulting from a smaller ground plane becoming an integral
part of the antenna can be a concern [2]. The inter-port
isolation, which is primarily affected by mutual coupling
resulting from the currents induced on the small common
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ground plane, as well as near-field coupling from closely
spaced antenna elements, is an important parameter for multi-
port antenna design. To meet the requirement of practical
applications of compact multi-port antennas, which typically
demand inter-port isolation greater than 20 dB, an effective
method of reducing mutual coupling is necessary.

Various approaches have been introduced to reduce mutual
coupling among the antenna elements within multi-port
antenna systems [3], [4], [5], [6]. These approaches typi-
cally involve inserting lumped and/or distributed elements
or modifying the ground plane between coupled antenna
elements. For instance, a decoupling network composed
of two parallel transmission lines and a shunt reactive
component can be inserted between closely spaced printed
monopole antennas and their input ports to improve port-
to-port isolation, as described in [4]. Another technique
utilizes multiple slits interleaved with strips on the ground
plane, which act as a band-stop filter, to reduce mutual
coupling between closely packed monopoles or patches,
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as detailed in [5]. However, these techniques often require a
relatively large space and increase design complexity. Other
methods, including electromagnetic band-gap structures and
defected ground structures, have also been proposed for
mutual coupling reduction, but they face similar limitations.
Therefore, there is a need for new approaches that can
effectively reduce mutual coupling while minimizing design
complexity and space requirements.

The goal of this paper is to present a compact three-port
antenna design for low-power, low-rate, wireless networking
at the 915 MHz ISM band that provides both polarization
and pattern diversity while maintaining high inter-port
isolation and compactness. The proposed design can be inte-
grated into multiple-input multiple-output (MIMO) systems,
where multiple antennas are used for simultaneous data
transmission and reception. In such systems, the diversity
antenna contributes to increased data throughput, improved
link reliability, and better overall performance especially
in rich multi-path environments (e.g., urban and indoor
settings) as shown in [7]. Moreover, the antenna can be
used for low probability of detection (LPD) communication
applications as outlined in [8]. Its distinctive tri-polarization
diversity attributes can substantially reduce the probability of
detection at an adversary node, while crucial data streams
are transmitted and received across the distinct polarization
channels established between friendly nodes.

The design features a shorted bow-tie patch that is split
into two halves and a top-loaded, two-element monopole co-
located on a small common ground plane (0.37λ2) to achieve
compactness. Exciting the patch through two independent
ports with aperture coupling and probe feeding produces two
orthogonally polarized broadside radiation patterns, while the
co-located monopole produces a vertically polarized omnidi-
rectional pattern. To achieve high inter-port isolation in this
compact design, the antenna incorporates simple decoupling
elements that require minimal space and do not require
any ground plane modification. These elements significantly
reduce mutual coupling between the antenna elements with
minimal degradation of their radiation performance. The
proposed antenna achieves greater compactness and higher
inter-port isolation within the given dimensions, including
the ground plane, compared to existing three-port diversity
antennas [9], [10], [11], [12], [13], [14], [15], [16], [17].

The rest of the paper is organized as follows. Section II
introduces the proposed antenna design approach and a
method to enhance the inter-port isolation. Section III
presents the performance analysis of the proposed antenna via
simulations andmeasurements, alongwith an evaluation of its
diversity performance by means of the envelope correlation
coefficient and the diversity gain.

II. ANTENNA DESIGN
A. DESIGN APPROACH
The proposed antenna design is based on the principle of co-
locating antennas on a common ground plane in a location

FIGURE 1. Current, voltage, and impedance distribution on (a) a
conventional half-wave microstrip patch antenna and (b) a quarter-wave
monopole antenna.

FIGURE 2. A design approach to co-locate an electrically short,
top-loaded, two-element monopole (left) and a compact bow-tie patch
split into two with shorting plates (right) on a small common ground
plane.

where minimal mutual coupling occurs. To illustrate this,
consider a conventional half-wave microstrip patch and a
quarter-wave monopole antenna, as shown in Fig. 1. At the
center of the patch, the electric field is null and the electric
current is at a maximum, resulting in a theoretically zero
impedance. By placing the monopole antenna at the center
of the patch, low mutual coupling can be achieved between
the two antennas. While pattern diversity is realized by
producing broadside and omnidirectional radiation patterns
from the patch and the monopole, respectively, polarization
diversity can also be achieved by employing two different
feeds exciting the patch. Here, orthogonally polarized fields
from the patch can be generated by positioning the feeds with
a 90-degree separation.

Fig. 2 depicts the proposed method for designing a
polarization and pattern diversity antenna in a compact
form factor, which applies the aforementioned principle.
The design consists of two compact radiating elements.
First, a bow-tie patch split into two using shorting plates is
introduced [18]. Here, the shorting plates are placed along
the center where the current is maximum and the voltage
(electric field) is zero, producing strong magnetic coupling
between them; when one of the patch segments is excited,
the other is parasitically coupled. Consequently, the current
distribution on the patch is least altered and thus similar to
that of the conventional patch, while achieving a significant
size reduction. Second, an electrically short, top-loaded, two-
element monopole [19], [20] is introduced to substantially
reduce the overall profile of the design as compared with
the conventional quarter-wave monopole. This monopole
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FIGURE 3. Geometry of the proposed three-port diversity antenna:
(a) Perspective view, (b) side view, and (c) top and front view. An outer
conductor of the coax for both P2 and P3, along with the array of short
metal rods forming the SIW cavity, is connected to the ground plane and
the bottom brass sheet via thru-holes. The decoupling elements are
directly connected to the ground plane with both ends shorted to it.
Parameter values used in the simulation are lg = 200, l1 = 97.4, l2 = 42.4,
l3 = 104.7, w1 = 123, w2 = 42.5, w3 = 1.1, w4 = 50.4, w5 = 45, d1 = 38.8,
d2 = 6.8, d3 = 8.4, d4 = 7, d5 = 5, m1 = 57, m2 = 40, m3 = 1, m4 = 13.3,
m5 = 100, mw = 11.2, mt = 3, ms = 2.5, ew = 3.4, ed = 13.1, vh = 11.6,
vd = 2.4, vs = 14.1, h = 30, and st = 1.3 (all dimensions are in millimeters).

produces in-phase currents flowing through its two vertical
elements, leading to an increase in effective height and thus
enhanced gain compared to a single monopole with the
same height. Once the common ground plane size for the
design has been determined for integration into small mobile
platforms such as unmanned ground vehicles (UGVs) and
unmanned aerial vehicles (UAVs), careful selection of proper
feeding networks for each radiating element, as well as their
corresponding locations, is undertaken. Subsequently, design
optimization is conducted to enhance the overall performance
of the antenna.

Fig. 3 shows the geometry of the complete antenna design
highlighting its dimension parameters and feeding ports
(P1,2,3). The initial dimensions of the radiating elements in

the proposed design were derived from prior research [18],
[19], [20]. For instance, the initial length (l1) of the shorted
bow-tie patch was selected to be approximately 0.25λ at its
resonance [18]. Similarly, the capacitive top loading of the
two-element monopole was determined using an equivalent
circuit model of a multi-element monopole antenna known
as a modified T-type 180-degree phase shifter, as discussed in
[19] and [20], for a given height. Starting with the selection
of the initial dimensions, design optimization processes based
on full-wave electromagnetic simulations were conducted to
determine the final antenna dimensions for achieving the
desired antenna performance.
The bow-tie patch element, whose dimensions are

0.375λ × 0.297λ at 915 MHz, is positioned over the
common ground plane (0.61λ × 0.61λ or 0.37λ2) without any
dielectric materials in between to achieve higher bandwidth.
The probe feed and the aperture-coupled feed are adopted to
produce orthogonal polarization from the patch. The probe
feed is located close to the center of a patch segment, which
facilitates the mutual coupling reduction between the patch
and the monopole. The aperture feed arranged orthogonally
to the probe feed is located under the other patch segment and
transmits energy to the patch through an H-shaped slot etched
on the ground plane. A microstrip feed line for the aperture-
coupled feed is positioned under the ground plane spaced
with a substrate having a dielectric constant of 9.56. The
top-loaded two-element monopole, with a height of 0.09λ,
is positioned along the air gap between the two segments of
the bow-tie patch element. The top loading of the monopole
and the patch are designed to lie on the same plane in the air.

B. DESIGN OPTIMIZATION
Input impedance and resonant frequency of the patch antenna
fed by the aperture coupling are optimized by adjusting
the slot length l2 (w2) and width d4 (d5) along with the
length of the tuning stub, the feed line extending beyond the
coupling slot. Likewise, those of the patch fed by the probe
are determined by choosing the feeding plate widthw4 and its
position d2. In addition, parasitic coupling between the patch
and the monopole caused by the surface currents flowing
through the patch and the top loading of the monopole is
controlled, to some extent, by the air gap separating the two
patch segments d3 and/or the width of the top loading m3.
Note that altering d3 also affects the resonant frequency and
bandwidth of the patch antenna resulting from the change
in the overall antenna dimension and the level of magnetic
coupling between the shorting plates. The resonant frequency
of the monopole antenna for a given height is tuned by
changing the slot dimensions on its top loading. This change
is also responsible for the amount of parasitic in-plane
coupling. Impedance matching of the monopole is improved
by placing a vertical element with a small top hat adjacent to
its feed. Here, the added vertical element contributes little to
the radiation from the monopole since only a small fraction
of the current flows through it.
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A substrate-integrated waveguide (SIW)-based cavity [21]
is included in the design to enhance the front-to-back ratio
(FBR) of the patch antenna at P1 by effectively suppressing
unwanted electromagnetic radiation in the backward direc-
tion from the H-shaped slot on the small ground plane. The
SIW cavity is formed by placing an additional metal plate
underneath the antenna ground plane and connecting it to
the ground plane through an array of short metal rods with
an air gap between them. Here, the array of metallic rods
in the SIW cavity acts as a shield, blocking and attenuating
radiation from the patch element and the aperture feed that
would otherwise propagate in undesired directions. As a
result, electromagnetic energy is redirected and focused in
the forward direction, significantly improving the FBR along
with radiation efficiency. The SIW cavity also enables a
compact design with a smaller volume as well as reduced
fabrication complexity compared to other methods using a
metallic reflector element or a metallic cavity.

C. INTER-PORT ISOLATION ENHANCEMENT
As previously mentioned, ensuring a high level of inter-port
isolation is a crucial aspect of multi-port antenna design.
A preliminary study [22] shows that the antenna design
without decoupling elements exhibits relatively low port
isolation between P2 and P3 (> 14 dB), compared to that
between P1 and P2 (> 43 dB), and P1 and P3 (> 28 dB),
over a common impedance bandwidth. To further enhance
the P2-to-P3 isolation to fulfill the demanding requirements
of practical applications (> 20 dB), an effective decoupling
method is proposed that does not require modifications to
the ground plane. The method involves inserting a pair of
metallic structures, with their ends shorted to the ground
plane, between one of the patch segments and the top loading
of the monopole antenna. These structures mitigate mutual
coupling effects between the antenna elements by partly
canceling out induced currents from near-field coupling and
the common ground plane when P2 and P3 are excited. The
antenna radiation performance is minimally affected by the
decoupling structures.

Fig. 4(a) and (b) illustrate the vector surface current
distribution overlaid on a transparent view of the proposed
antenna without decoupling elements where the vector
directions are indicated with short arrows for P2 and P3
excitation, respectively. Here, the red arrows indicate the
currents when the patch is excited at P2 or the monopole is
excited at P3, while the black arrows represent the currents
induced from the near-field coupling and the common ground
plane. When P2 is excited, the induced currents (black
arrows) on both vertical elements of the monopole antenna
are 180-degrees out-of-phase with respect to the excited
current (red arrows) on the feeding plate of the patch. When
P3 is excited, the currents (black arrows) induced on both
the shorting plates of the patch are in-phase (and thus the
currents induced on each patch segment are 180-degrees out-
of-phase with each other) relative to the excited currents (red

arrows) on the vertical elements of the monopole. Since in-
phase currents in the vertical direction are a major source
of radiated fields for the monopole, the induced currents on
its vertical elements from P2 excitation (and those on the
shorting plates of the patch from P3 excitation) should be
suppressed to reduce the mutual coupling effect. As depicted
in Fig. 4(c) and (d), the addition of the decoupling structures
gives rise to the induced currents in each case above that
are 180-degrees out-of-phase with each other, facilitating a
significant mutual coupling reduction between the patch and
the monopole.

III. PERFORMANCE ANALYSIS AND EVALUATION
A. ANTENNA MEASUREMENT AND ANALYSIS
To validate the proposed design, a prototype antenna
operating within the 915-MHz ISM band was fabricated and
tested (its top view and side view are shown in Fig. 5).
A semi-rigid coaxial cable terminated with a 50-Ohm SMA
connector is used to feed the antenna atP2 andP3. To enhance
the mechanical stability of the antenna structure, a spacer
composed of Styrofoam is inserted between the patch/top
loading of the monopole and the ground plane.

Reflection coefficients and inter-port isolations of the
prototype were measured with a calibrated two-port vector
network analyzer (VNA). Two out of three antenna ports were
connected to each port of the VNA while the remaining one
was terminated with a 50-Ohm load. Fig. 6 shows measured
and simulated reflection coefficients of the antenna prototype
as a function of frequency. A shift in the center frequency
of the prototype (910 MHz) is observed compared with the
simulated one (915 MHz). This is mainly due to fabrication
errors. Measured (simulated) impedance bandwidths of the
three-port antenna are 18 (16.5), 31.2 (32), and 105 (109)
MHz at P1, P2, and P3, respectively. Fig. 7 depicts measured
inter-port isolations of the prototype in comparison with the
simulated ones. The measured (simulated) isolation between
P1 and P2, P1 and P3, and P2 and P3, within the common
bandwidth, are higher than 30.4 (37.4), 30.1 (35.7), and
25 (26) dB, respectively. Compared to the antenna design
without the decoupling elements, the isolation between P2
and P3 is improved by more than 11 dB.

Next, far-field radiation patterns and gains of the prototype
antenna were measured in an RF anechoic chamber. The
measurements were conducted by exciting one port while the
others were terminated with 50-Ohm loads. Fig. 8 illustrates
the measured and simulated 2D radiation patterns of the
antenna prototype in the principal planes. For reference,
the simulated 3D radiation patterns of the antenna are also
presented in Fig. 9. The measurement results are in good
agreement with the simulated ones. The antenna produces
orthogonally polarized broadside radiation patterns with the
measured (simulated) peak gain of 6.1 (6) dBi at P1 and
7.9 (8) dBi at P2. On the other hand, a nearly omnidirectional
radiation pattern with the measured (simulated) peak gain
of 3.8 (2.8) dBi is produced from the antenna at P3. The
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FIGURE 4. Vector surface current distribution on the proposed antenna without ((a) and (b)) and with decoupling elements ((c) and (d)).

TABLE 1. The electrical size and measured performance of the proposed prototype compared with those of existing three-port diversity antennas.

FIGURE 5. Fabricated antenna prototype: (a) Top view and (b) side view.

measured (simulated) cross-polarization levels of the antenna
at each port where the maximum gain occurs are –28.0
(–32.7), –36.2 (–38.1), –18 (–22) dB, respectively. The
measured (simulated) FBR of the patch at P1 and P2 are 17
(17.8) and 11 (11.2) dB, respectively. The addition of the

FIGURE 6. Measured reflection coefficients of the proposed diversity
antenna as a function of frequency, compared with simulated ones.

SIW-based cavity improves the FBR of the patch fed through
aperture coupling by more than 15 dB.
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FIGURE 7. Measured inter-port isolations of the proposed diversity
antenna as a function of frequency, compared with simulated ones.

FIGURE 8. Measured 2D radiation patterns of the proposed diversity
antenna at 910 MHz. Simulated results are also plotted for comparison.

Table 1 provides a comprehensive comparison of the
electrical size and measured performance of the proposed
prototypewith existing three-port diversity antennas [9], [10],
[11], [12], [13], [14], [15], [16], [17]. The proposed antenna

FIGURE 9. Simulated 3D radiation patterns of the proposed diversity
antenna at 915 MHz.

design effectively achieves a dual goal of enhancing com-
pactness and maximizing inter-port isolation within the given
dimensions including the ground plane, surpassing other
designs. For instance, while [9] and [12] achieve comparable
or higher inter-port isolation, they require significantly larger
ground plane sizes. In contrast, the proposed antenna achieves
comparable or slightly lower common fractional bandwidth
(FBW) and gain, yet exhibits up to 10 dB higher inter-port
isolation despite its smaller size compared to [10], [11],
and [13]. Similarly, [14], [15], and [16] feature a larger
form factor and up to 10 dB lower inter-port isolation, even
though they offer a broader FBW compared to the proposed
antenna. The only design with a smaller ground plane than
the proposed antenna is [17], but it compromises with over
11.5 dB lower inter-port isolation and significantly less gain.
Therefore, when considering integration into small mobile
platforms such as UGVs and UAVs with limited ground plane
size, the proposed antenna emerges as the optimal choice.
It not only fulfills the inter-port isolation requirements (>
20 dB) for practical multi-port antenna applications but also
demonstrates superior compactness.

While the incorporation of the SIW cavity into the antenna
design improves the FBR, it comes at the cost of reducing
the common FBW, creating a trade-off between the two
performance metrics. The proposed antenna with the SIW
cavity has a narrower FBW (2%measured/ 1.8 % simulated),
compared to that (3.2 %) of the design without the SIW
cavity (its inter-port isolation and peak gain are 22 dB and
4.3, 8.0, 3.0 dBi, respectively, obtained from simulations).
It’s worth noting that the proposed antenna is optimized
for low-power, low-rate wireless networking as mentioned
earlier, so the reduced bandwidth may not be an issue in
certain applications. However, for broader band operation,
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FIGURE 10. Envelope correlation coefficient ρ
ij
e computed by two

different methods using simulation data as a function of frequency.

FIGURE 11. Envelope correlation coefficient ρ
ij
e computed with simulated

and measured S-parameter data as a function of frequency.

a stacked patch configuration [23] can be applied to the SIW
cavity-backed antenna. This configuration involves coupling
a driven patch to a vertically stacked patch, resulting in a
double resonance response that can increase the antenna’s
overall bandwidth.

B. DIVERSITY PERFORMANCE EVALUATION
As crucial metrics to evaluate the performance of diversity
antennas for wireless communications, envelope correlation
coefficient (ECC) and diversity gain are commonly used.
Assuming an isotropic propagation environment, the ECC
ρ
ij
e (i,j = 1, 2, 3 and i ̸= j), a measure of similarity between

two radiation patterns characterizing the degree of correlation
between the communication channels, can be computed
as [24]

ρije =
|
∫∫

Fi(θ, φ) · F∗
j (θ, φ) d�|

2∫∫
|Fi(θ, φ)|2 d�

∫∫
|Fj(θ, φ)|2 d�

, (1)

where Fi(j)(θ, φ) = θ̂F i(j)θ (θ, φ) + φ̂F i(j)φ (θ, φ) (i,j = 1, 2,
3 and i ̸= j), complex values of the far-field radiation patterns
when the antenna is excited at port i(j), and * denotes complex
conjugate. This computation requires considerable efforts to
collect the far-field data at frequencies of interest from either

full-wave simulation or measurement. In [25], a simpler way
of estimating the ECC using complex S-parameter data for
lossless antennas in an isotropic propagation environment is
introduced, which is given by

ρije =
|S∗
iiSij + S∗

jiSjj|
2

(1 − |Sii|2 − |Sji|2)(1 − |Sjj|2 − |Sij|2)
. (2)

Fig. 10 shows the ECCs of the proposed diversity antenna
computed by (1) and (2), respectively, as a function of
frequency. The results obtained from the two different
methods agree with each other in which ρ

ij
e < -33 dB (or

0.0005) and ρ
ij
e < -38 dB (or 0.00016) from (1) and (2),

respectively, within the common impedance bandwidth of the
antenna.

In order to estimate the ECC of the fabricated prototype
antenna, the simpler method by (2) using measured complex
S-parameter data is adopted. Fig. 11 illustrates its correspond-
ing results for the ECCof the antenna prototype, together with
those computed with the simulated S-parameters in Fig. 10
for comparison. The results show a similar trend in which
ρ
ij
e computed using the measured data is below –37 dB (or

0.0002) over the common impedance bandwidth.
Diversity gain is a measure of the improvement in signal-

to-interference ratio obtained from the diversity antenna
system compared to a single-element antenna system.
As described in [26], it can be calculated as Gdiv =

G0

√
1 − ρ

ij
e where G0 is the gain when the signals from

the diversity antenna are not correlated, and its value is
determined by modulation and diversity schemes and outage
probability (e.g., G0= 10 at 1 % outage probability using
selection combining). As a result of very low ρ

ij
e , the diversity

gain of the proposed antenna nearly approaches G0 over its
common impedance bandwidth.

IV. CONCLUSION
A compact, three-port diversity antenna with high inter-
port isolation is presented for low-power, low-rate, wireless
networks. The antenna design allows for both polarization
and pattern diversity, realized by co-locating a shorted
bow-tie patch split in half and a top-loaded, two-element
monopole on a small common ground plane. The proposed
antenna achieves high inter-port isolation within the given
dimensions by utilizing space-efficient decoupling structures
while maintaining its radiation performance. A prototype of
the antenna was fabricated, and the design was validated
through measurements. The antenna provides excellent
diversity performance over the operating band, evaluated
using the envelope correlation coefficient and diversity gain,
and thus is best suited for diversity applications requiring
compact radio systems.
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