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ABSTRACT: In this paper, a compact multiple-input multiple-output (MIMO) antenna is proposed for unmanned aerial vehicles (UAVs).
By simultaneously exciting common mode (CM) and differential mode (DM) from a T-shaped slot, wideband coverage is achieved. Four
such slot antennas are used to form a four-antenna module operating in the N79 band (4.4–5.0GHz). The size of the four-antenna module
is merely 43×8mm2, demonstrating excellent miniaturization and integration. The dominant coupling between adjacent elements occurs
through currents of the same mode. When CM and DM currents coexist, partial cancellation of coupled currents at the feed point enables
high isolation without external decoupling structures. Two modules are symmetrically positioned along the longer edges of the frame,
forming an 8-element MIMO antenna. The antenna achieves isolation greater than 11 dB and envelope correlation coefficient (ECC)
below 0.04. The measured total efficiency is better than 52%, with an average of 56%. Featuring compact footprint, zero-clearance
constraint and high isolation, the proposed antenna is a promising candidate for 5G UAVs.

1. INTRODUCTION

The transmission rate and communication quality of 5Gwire-
less communication systems have been steadily improving.

As one of the key technologies of 5G, multiple-input multiple-
output (MIMO) technology [1] significantly enhances commu-
nication quality and reliability through the multipath propaga-
tion advantages of diversity techniques [2], while also improv-
ing spectral efficiency and expanding channel capacity through
multiplexing methods [3]. Due to its outstanding performance,
MIMO technology is increasingly deployed in various 5G ter-
minals, among which unmanned aerial vehicles (UAVs) stand
out as a prominent application. UAVs are characterized by
stringent size, weight, and power constraints, yet they require
high-capacity and reliable wireless links, making the design of
efficient and compact MIMO antenna particularly critical. As
the number of antenna elements increases, the channel capac-
ity of the MIMO antenna is significantly enhanced. However,
the limited installation space on such platforms leads to strong
electromagnetic coupling among antenna elements, which de-
grades radiation performance and reduces the MIMO antenna
channel capacity [4]. Therefore, designing multi-element, low-
coupling MIMO antenna has become a key development trend
for future 5G terminal antennas.
Increasing the distance between antenna elements or strate-

gically placing antennas to achieve spatial diversity and high
isolation is the most straightforward design approach [5]. How-
ever, due to the compact nature of terminal devices, the effec-
tiveness of this method is limited. A commonly adopted solu-
tion is to add decoupling structures between elements. Isolation
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performance can be further improved by incorporating neutral-
ization lines [6–8], parasitic structures [9–11], decoupling net-
works [12–14], and defected ground structures (DGSs) [15, 16].
With the ongoing trend toward miniaturization and lightweight
design of UAVs, the available space for antenna integration
is increasingly constrained, and the additional footprint intro-
duced by decoupling structures poses challenges to compact
antenna design.
To address this, a self-decoupling design approach for

tightly spaced, high-isolation antenna pairs is proposed. In
antenna pair design, traditional methods such as mode orthog-
onality [17–22] and polarization orthogonality [23, 24] require
modal analysis of specific structures to identify decoupling
mechanisms, making the design process relatively complex.
For example, in [18], a feeding network is designed to excite
two sets of orthogonal characteristic modes in a dual-antenna
pair, achieving isolation greater than 20 dB in the 3.3-3.8GHz
band. In [23], a polarization-orthogonal dual antenna pair is
presented in which both antennas share a common radiating
structure. Ant 1 excites an in-phase current mode that generates
Y -polarized radiation, while Ant 2 excites a slot mode that
generates X-polarized radiation. The antenna elements thus
exhibit polarization orthogonality, with isolation greater than
24.1 dB between the dual antenna pair.
Subsequent research has proposed and validated the orthog-

onality between common mode (CM) and differential mode
(DM) current distributions [25], and employed their cancella-
tion to achieve high isolation in antenna pairs [26]. However,
adequate spacing between antenna pairs is still required to meet
the isolation requirements of MIMO arrays. To fulfill the de-
mands for high channel capacity and compact antenna design in
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5G terminal applications, the development of self-decoupling
multi-element antenna module is of significant importance.
In this paper, a compact self-decoupled MIMO antenna

based on CM and DM current partial cancellation is proposed
for UAVs. By using characteristic mode analysis to excite CM
and DM currents from the antenna elements, a four-antenna
module measuring 43 × 8mm3 is designed to cover the N79
band (4.4–5.0GHz). At the low-frequency resonance, the ele-
ments operate in DM, while at the high-frequency resonance,
they operate in CM. The electromagnetic coupling between ad-
jacent antenna elements generates coupled currents of the same
mode. Within the operating frequency band, both modes coex-
ist, and the partially out-of-phase coupled currents effectively
cancel each other at the feed point, thereby achieving high isola-
tion. Two sets of four-antenna modules are distributed on two
side frames to form an eight-element MIMO antenna system.
The proposed design achieves isolation better than 11 dB and
envelope correlation coefficient (ECC) below 0.04. The total
efficiency exceeds 52%, with an average efficiency of 56%.

2. ANTENNA ELEMENT DESIGN
The detailed structure of the proposed antenna element is il-
lustrated in Figure 1. A 150 × 75 × 0.8mm3 FR-4 substrate
(εr = 4.4, tan δ = 0.02) is used, with its bottom side fully
metallized to serve as the ground plane. An FR-4 frame with
dimensions of 150 × 8 × 0.8mm3 is vertically mounted along
one longer edge of the ground plane. The substrate is positioned
centrally within the frame, and a metallic layer is printed on the
upper section of the inner surface. The antenna element con-
sists of a T-shaped slot etched on the inner surface of the frame,
along with a metallic boundary that forms part of the radiating
structure.
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FIGURE 1. The proposed geometry of the antenna element.

To illustrate the design concept of the T-shaped slot antenna,
its reference structure is shown in Figure 2. Based on char-
acteristic mode theory, the antenna supports a set of orthogo-
nal modal currents, and CM and DM can be effectively excited
through appropriately designed feeding structures, enabling the
realization of a dual-resonant antenna with both CM and DM
resonances.
Characteristic mode analysis is performed on the reference

antenna, and the modal significances of the five dominant
modes are shown in Figure 2. At frequencies above 3.0GHz,
themodal significances of all fivemodes are greater than 1/

√
2,

FIGURE 2. The mode significance of the dominant 5 modes for the
reference antenna.

indicating that they can be efficiently excited. At 3.5GHz,
the current distributions of the five dominant modes are illus-
trated in Figure 3, where red dots indicate regions with the
strongest current density. It is observed that modes 2, 4, and
5 have currents distributed along the entire vertical metallic
frame, whereas modes 1 and 3 have currents primarily con-
centrated around the T-shaped slot. Since extensive radiation
from the metallic frame negatively impacts the isolation be-
tween antenna elements, modes 1 and 3 are selected as the de-
sired modes. The current distribution of mode 1 corresponds
to CM, characterized by in-phase currents with similar ampli-
tudes on both sides of the slot. In contrast, the reference antenna
exhibits DM current distribution at mode 3, in which the cur-
rent directions on two sides of the T-shaped slot are opposite,
and the current amplitudes are approximately equal. By placing
voltage sources at the locations with maximum modal current,
mode 1 and mode 3 are effectively excited.

  
FIGURE 3. Mode current distribution of the dominant 5 modes at
3.5GHz.

In Figure 4, the proposed antenna exhibits a −6 dB
impedance bandwidth of 660MHz (4.08–4.74GHz), demon-
strating dual resonant characteristics at 4.3GHz (DM) and
4.6GHz (CM). The antenna currents are well confined around
the T-shaped slot, while the current on the overall metal frame
remains weak. Notably, the strong current is primarily concen-
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(a) (b)

FIGURE 4. (a) Reflection coefficient of the antenna; (b) Current distribution at 4.3GHz and 4.6GHz.

(a) (b)

FIGURE 5. Reflection coefficient as a function of (a)W and (b)D.

trated at the feed position. Furthermore, to effectively control
the impedance bandwidth and mode resonance excitations
of the antenna, a comprehensive analysis of the key design
parameters was conducted.
The effects of the slot widthW and the distance D between

the feed point and slot aperture on the antenna performance are
investigated in the following analysis. Keeping other parame-
ters constant, Figure 5 presents the variation of the reflection
coefficient with respect to W and D. As W decreases, both
resonance frequencies shift to lower values, and the impedance
matching at the low-frequency resonance improves. In contrast,
decreasing D improves the impedance matching at the high-
frequency resonance but deteriorates it at the low-frequency
resonance. By adjusting W , the frequency spacing between
the two resonances can be effectively controlled. Meanwhile,
selecting an appropriate value for D allows for the optimiza-
tion of impedance matching at both resonances. When W is
set to 1.5mm and D set to 3.5mm, the antenna achieves good
impedance matching over a wide bandwidth.

3. FOUR-ANTENNA MODULE

3.1. Antenna Configuration
The aforementioned antenna elements are arranged in a com-
pact configuration to form a four-antenna module, as illustrated
in Figure 6. All four elements share the same structural design.
Ant 1 and Ant 2, together with Ant 3 and Ant 4, are vertically

FIGURE 6. Structure of the proposed four-antenna module, where L =
5mm andH = 2mm.

symmetric with respect to the center of the frame, while Ant 1
and Ant 3, as well as Ant 2 and Ant 4, are horizontally sym-
metric. Slight adjustments were made to the slot width and the
distance between the feed point and slot aperture. A vertical slot
etched at the center of the module was introduced to enhance
isolation, resulting in a more compact overall footprint.

3.2. Decoupling Mechanism
The key decoupling mechanism is explained through the anal-
ysis of surface current distributions. Due to the symmetry in
the antenna layout, only the decoupling mechanisms between
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FIGURE 7. S-parameters of the proposed four-antenna module.

selected antenna elements are described. Figure 7 presents the
S-parameters of the proposed four-antenna module. Due to the
structural symmetry, only a subset of S-parameters is shown.
It can be observed that Ant 1 exhibits two resonant frequencies
at 4.3GHz and 4.9GHz, with a −6 dB impedance bandwidth
ranging from 4.4GHz to 5.0GHz. The isolation between an-
tenna elements exceeds 11 dB across the entire operating band.
Certainly, when the platform design affords greater spatial flex-
ibility, a trade-off can be achieved between port isolation and
antenna dimensions. By increasing both the transverse spacing
(L) and longitudinal spacing (H) between antenna elements,
the near-field coupling effects can be further attenuated, thereby
reducing mutual interference and enhancing isolation perfor-
mance to meet practical application requirements.
Figure 8 shows the surface current distributions when Ant

1 is excited and Ant 2 terminated, at 4.3, 4.6, and 4.9GHz.
At 4.3GHz, the surface currents on both sides of the slot on
Ant 1 are out-of-phase with similar amplitudes, indicating DM.
The coupled current on Ant 2 also exhibits DM distribution. At
4.9GHz, the surface currents are in-phase with similar ampli-
tudes, indicating CM, and the coupled current on Ant 2 also ex-
hibits CM. At 4.6GHz, where the working frequencies of CM
and DM modes overlap, both modes coexist. The surface cur-
rent on Ant 1 and the coupled current on Ant 2 are superposi-
tions of CM and DM. Due to partial cancellation between the
two modes, the net coupled current at the feed point of Ant 2 is
reduced. This leads to a high isolation between closely spaced
Ant 1 and Ant 2 without introducing any additional decoupling
structure.

FIGURE 8. Surface current distributions at 4.3, 4.6, and 4.9GHz when
Ant 1 is excited and Ant 2 is terminated.

FIGURE 9. Surface current distributions at 4.3, 4.6, and 4.9GHz when
Ant 1 is excited and Ant 3 is terminated.

Similarly, in Figure 9, Ant 1 operates in DM, and the cou-
pled current on Ant 3 also exhibits DM at 4.3GHz. At 4.9GHz,
both operate in CM with similar characteristics. At 4.6GHz, a
superposition of CM and DM causes partial cancellation, re-
ducing the coupled current at the feed point of Ant 3 and im-
proving isolation despite the compact layout. Overall, this de-
coupling method improves the utilization of the limited design
space, making it suitable for compact 5G terminal applications.

4. SIMULATED AND MEASURED RESULTS
To verify the performance of the proposed antenna module, two
modules are symmetrically arranged along the longer edges of
the supporting frame, resulting in an 8-elementMIMO antenna.
As illustrated in Figure 10, the antenna is implemented on a
150× 75× 0.8mm3 FR-4 substrate with a fully printed metal-
lic ground plane on its bottom side. To validate the feasibility of
the proposed design, a prototype was fabricated and measured.
The MIMO antenna is fed using 50-ohm SMA coaxial connec-
tors, as shown in Figure 11. The antenna was fully simulated

FIGURE 10. Geometry of the proposed eight-element MIMO antenna.
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FIGURE 11. Photograph of the fabricated eight-element MIMO antenna prototype.

(a) (b)

(c) (d)

FIGURE 12. (a) Measured and simulated reflection coefficients. (b) Measured and simulated transmission coefficients. (c) Measured and simulated
total efficiencies and (d) Measured ECC of the eight-element MIMO antenna.

and analyzed using Computer Simulation Technology (CST)
software, with emphasis on evaluating its S-parameters, iso-
lation, total efficiency, and radiation performance. Meanwhile,
the correspondingmeasurements of the fabricated antenna were
carried out using a vector network analyzer to validate the sim-
ulation results.
Due to the symmetry of the antenna layout, only a portion of

the simulation and measurement results are presented in Fig-
ure 12. The measured and simulated results show good agree-
ment. The MIMO antenna achieves a −6 dB impedance band-
width ranging from 4.4 to 5.0GHz, which fully covers the N79
frequency band. The minor deviations observed are primar-
ily attributed to fabrication tolerances, soldering imperfections,
and measurement uncertainties. The transmission coefficients
between Ant 1 and the other seven antenna elements indicate
that the isolation is greater than 11 dB throughout the entire fre-
quency band. The antenna elements located in different mod-

ules, such as Ant 1 and Ant 5, exhibit weak electromagnetic
coupling due to electromagnetic wave attenuation over the long
transmission distance, thereby achieving high isolation. How-
ever, within the same module, the poor isolation between Ant 1
and Ant 2 at the higher resonant frequency, and between Ant 1
and Ant 3 at the lower resonant frequency, is mainly due to
the strongly coupled currents at the feed points of adjacent an-
tenna elements, induced by a single dominant mode. The mea-
sured efficiency results of the proposed antenna meet the re-
quirements of 5G terminal communication, with Ant 1 main-
taining a total efficiency above 52% and an average of 56%.
The measured ECCs are below 0.04 over the operating band,
which is significantly lower than the international standard of
0.5. Therefore, the proposed 8-elementMIMOantenna exhibits
good diversity performance. As shown in Figure 13, the nor-
malized far-field radiation pattern of Ant 1 also confirms that
the antenna exhibits favorable radiation characteristics.
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(a) (b)

FIGURE 13. Simulated and measured normalized radiation patterns at 4.6GHz: (a)XOY plane, (b)XOZ plane.

TABLE 1. Performance comparison of 5G MIMO antenna.

Ref.
Bandwidth
(GHz)

Number of
Elements

Antenna Size
(mm2)

Isolation
(dB)

Total Efficiency
(%)

Zero Ground
Clearance

[17] 3.4–3.6 2 100× 7 > 17 > 49
√

[19] 3.4–3.6 2 122.4× 8 > 11 > 59 ×
[22] 3.4–3.6 4 28.6× 25 > 15 > 51 ×
[26] 3.3–4.2 2 100× 7.5 > 12 > 63 ×

This work 4.4–5.0 4 43 × 8 > 11 > 52
√

Table 1 provides a comparison between the proposed de-
sign and previously reported works, highlighting the superior
characteristics of the four-antenna module for terminal applica-
tions. As shown in the table, the self-decoupled antenna pairs
in [17, 19, 26] consist of only two antenna elements. To main-
tain high isolation between antenna pairs, these designs require
relatively large spacing, resulting in an increased overall foot-
print of the MIMO antenna. In contrast, the design in [22] uti-
lizes a four-element antenna group with elements placed sym-
metrically on both sides of the frame at reduced horizontal spac-
ing. However, two antenna elements are positioned on the ter-
minal back cover, thereby increasing the vertical height of the
antenna structure and complicating its integration into terminal
devices. In the proposed design, a compact four-antenna mod-
ule, measuring merely 43 × 8mm2, is integrated on each of
the longer sides of the frame. Furthermore, the proposed an-
tenna achieves an isolation better than 11 dB, a total efficiency
exceeding 52%, and features a zero-clearance configuration.
These results confirm the high performance of the antenna and
its suitability for compact MIMO systems.

5. CONCLUSION
This paper presents a compact four-antenna module measuring
merely 43× 8mm2, operating in the N79 band (4.4–5.0GHz),
and specifically designed for UAVs. By leveraging the par-
tial cancellation of CM and DM currents, the antenna module
achieves intrinsic self-decoupling without the need for addi-
tional decoupling structures, thereby minimizing design com-
plexity and reducing overall size. Its zero-clearance layout is

well suited for the constrained space of UAV platforms. By
deploying a single module on each longer side of the frame, an
eight-elementMIMO antenna is realized. The proposedMIMO
antenna achieves isolation greater than 11 dB between any two
elements. The measured total efficiency exceeds 52% across
the operating band, with an average of 56%. Combining a com-
pact footprint, zero-clearance constraint, and high isolation, the
proposed design offers a practical and efficient solution for inte-
grating MIMO antenna in UAV-based 5G communication sys-
tems.
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