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Abstract—In this letter, a disk-shaped ultra-compact three-port
planar multiple-input–multiple-output (MIMO) antenna is pro-
posed and fabricated. The antenna is designed for the 2.4-GHz
WLAN band, the radius of which is only 16 mm ( ). Three
microstrip-fed T-shaped open-ended slots are used as radiating
elements, whose edge-to-edge separation is only . They
are rotationally symmetric and generate directional patterns that
aim at 0 , 120 , and 240 , respectively. The peak gain of these
patterns is 2.3 dBi, and the pattern correlation coefficient is below
0.03, which provides good pattern diversity for an MIMO system.
Meanwhile, the 3-dB beamwidth of these patterns is 105 , which
can realize nearly full azimuth coverage with its three beams. By
introducing a newly designed neutralization network, the isola-
tion between elements reaches 24 dB at the resonant frequency.
Moreover, the proposed antenna is manufactured on the FR-4
substrate, which is cost-effective and easy to be implemented in a
size-limited MIMO application.

Index Terms—Antenna radiation patterns, multiple-input–mul-
tiple-output (MIMO), mutual coupling, slot antennas.

I. INTRODUCTION

M ULTIPLE-INPUT–MULTIPLE-OUTPUT (MIMO), as
a technique that can offer significant performance im-

provement without using additional bandwidth or transmission
power, has received growing interest ever since it was intro-
duced in the 1990s [1]. By using multiple antennas in both the
transmitter and receiver, the MIMO technique can detect mul-
tiple independent channels in free space, which can achieve a
higher bit rate compared to the classic single-antenna design.
Attracted by this unique feature, newly developed wireless

communication devices, such as the 802.11ac receiver, have
adopted this technique [2]. The miniaturization trends in these
devices impose more stringent requirements on the MIMO an-
tenna design. A state-of-art design should not only possess good
impedance matching and low mutual coupling, but should also
have small size, low price, and full-range coverage along with
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similar radiation patterns. Undoubtedly, achieving such a design
is very challenging because of the tradeoffs existing between
these features. Many attempts have been taken in this area, such
as those reported in [3]–[9].
To fit theMIMO antenna into a limited space, the element size

should be as small as possible. Many miniaturization methods,
such as folded or meander-line technique, have been adopted
in [3] and [4], which can reduce the element size effectively.
However,with theplanar inverted-Fantenna (PIFA)ormonopole
as the radiating element, the metal ground in these designs also
participates in the radiation. It cannot be separated from the
radiating elements, which are still too large for size-sensitive
applications.
Apart fromtheelement design, lowering the intensifiedmutual

coupling between highly integrated elements is another chal-
lenge. Orthogonally placing the elements in anMIMOantenna is
one solution [5]. This will be very effective if the elements have
directional patterns. However, the elements are independent,
which cannot push the size into the limit. In similar fashion, the
mutual coupling can be controlled by combining the elements
with orthogonal modes/polarizations [6]; nevertheless, the var-
ious element types provide different radiation patterns and gains,
which cannot achieve consistent performance in all angle ranges.
In addition, the modifying ground structure [7], electromagnetic
band-gap (EBG) material [8], and neutralization line techniques
[9], [10] can also reduce the mutual coupling effectively. How-
ever, these structures are wavelength-related, whichmakes them
difficult to apply in an ultra-compact MIMO antenna design.
In this letter, an ultra-compact three-port planar MIMO an-

tenna designed for the 2.4-GHz WLAN band is proposed and
fabricated. The antenna has a round contour with a radius of
16 mm ( ), which is the most compact planar multielement
( ) MIMO antenna design in the existing literature. By
introducing three rotationally symmetric T-shaped open-ended
slots as the radiating elements, the proposed antenna provides
three directional patterns with an interval of 120 . The peak gain
reaches 2.3 dBi, and the 3-dB beamwidth covers 105 , which
can provide good pattern diversity and nearly full azimuth cov-
erage in free space. Moreover, a newly designed neutralization
network is applied to reduce the mutual coupling. This network
reuses the feeding structure to reduce the size, and 24 dB
coupling level is achieved with an edge-to-edge separation
of between adjacent elements. Section II shows the
geometry of the proposed antenna and describes the size reduc-
tion and decoupling techniques in detail. Section III shows the
simulation and measurement results, which verify the antenna
performance and feasibility in practice. Section IV discusses the
MIMO performance and provides a comparison to other planar
multielement MIMO antennas.
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Fig. 1. (a) Geometry, (b) dimensions in millimeters, and (c), (d) prototype of the proposed antenna.

II. ANTENNA DESIGN

Fig. 1 shows the geometry of the antenna, which is fabricated
on a double-sided FR-4 ( , ) substrate. The
antenna has a rounded contour with a radius of 16 mm ( ).
In the bottom layer, three open-ended slots are etched on the

metal ground, which are rotationally symmetric with an interval
of 120 . The open end of the radiation slot acts as a magnetic
wall, and the base mode (TM10) is excited with a resonant
length of . To further minimize the size, a T-shaped slot is
applied in this design, with which the edge-to-edge separation
between elements is only 0.8 mm ( ). Compared to the

straight slot, the T-shaped slot can be fitted into , and
its bandwidth can cover the whole 2.4-GHz WLAN band.
In the top layer, three microstrip feeding lines are placed

above the T-shaped slots; these lines feed the slots through elec-
tromagnetic coupling. Three feeding ports and three shorting
points are placed at the two ends of the feeding lines; these pro-
vide 50- interfaces and achieve the impedance matching at the
desired frequency.
To deal with themutual coupling, a newly designed three-port

neutralization network is introduced. This network is composed
of three rotationally symmetric neutralization lines, which con-
nect the feeding lines near the shorting points together. Through
this neutralization network, a portion of the signal propagates
from one port to the adjacent ports, which has the same am-
plitude but inversed phase to the original coupling signal. As
a result, the original coupling signal is canceled out, and the
total coupling level is reduced. Fig. 2 shows the current distri-
bution and the -parameters comparisons with and without this
network. As indicated in this figure, the current density around
the adjacent ports is greatly reduced by introducing this net-
work. The improves from 8 to 24 dB at the central res-
onant frequency and stays below 15 dB throughout the band.
Compared to the traditional neutralization line technique pro-
posed in [9], this design reuses the electric length existing in
the feeding line, which further minimizes its length to fit into
the limited space.

III. SIMULATION AND MEASUREMENT RESULT

To validate the performance of the proposed antenna, a pro-
totype is fabricated and tested in this study. Fig. 1(c) and (d)
shows the photographs of the antenna, in which three semi-rigid
coaxial cables are connected to perform the measurements. In
the following, the -parameters, radiation pattern, gain, and ef-
ficiency are measured and compared to the results acquired in
the full-wave simulation software HFSS.

A. -Parameters

The -parameters are measured with the Agilent VNA
E5071B. The results are shown in Fig. 3. Good impedance
matching and high isolation are achieved in both the simulation
and the measurement. Since the radiating elements are rota-
tionally symmetric, only the return loss in port one ( ) and
the mutual coupling between ports 1 and 2 ( ) are provided.
In simulation, the return loss ( ) is lower than 10 dB

from 2400 to 2480 MHz, and the coupling level ( ) is below
15 dB throughout this band. In measurement, the return loss

andmutual coupling traces show similar trends to the simulation
ones. Comparatively, the matching range shifts around 25 MHz
toward the higher frequency, which may result from uncertainty
in the substrate permittivity or size error in manufacturing. The
isolation is better than 15 dB in the whole matching band and
reaches 24 dB at the central resonant frequency, which verifies
the effectiveness of the proposed neutralization network.

B. Radiation Pattern

Due to the existence of the metal ground, the wave propa-
gation in the inward direction is blocked. As a result, three di-
rectional patterns are generated in the radial direction; these are
toward 0 , 120 , and 240 as shown in Fig. 4.
Because these patterns are rotationally symmetric, the mea-

sured patterns of port 1 are provided in Fig. 6. These normalized
patterns are measured in an ETS-Lindgren AMS-8500 anechoic
chamber, where a 3-D pattern is provided to show the coordi-
nate system. The measured patterns match the simulation re-
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Fig. 2. Current distribution and the -parameters comparison with/without the
neutralization network.

Fig. 3. Simulated and measured -parameters of the proposed antenna.

sults well, and the front-to-back ratio reaches 3.3 dB. The 3-dB
beamwidth in the -plane covers 105 , which can not only
provide good pattern diversity to boost the channel capacity but
also catch the signal from every angle with its nearly full az-
imuth coverage.

Fig. 4. Directional pattern and the beam coverage of the proposed antenna.

Fig. 5. Simulated and measured gain and efficiency of the proposed antenna.

C. Gain and Efficiency

The gain and efficiency are also measured in the AMS8500
anechoic chamber; the values are plotted in Fig. 5. Similar to
its resonant character, the measured gain and efficiency shift a
little toward the higher frequency, but share the same trends as in
the simulation. The gain stays above 2 dBi throughout the band,
and the peak rises to 2.3 dBi at the central resonant frequency.
Meanwhile, the efficiency remains above 60% in the working
band and reaches around 68% at the peak.

IV. MIMO PERFORMANCE AND SIZE COMPARISON

InMIMO antennas, the pattern correlation coefficient [11] be-
tween elements is the key parameter in evaluating performance.
This can be calculated as

(1)

where and denote the two orthogonal components of
the complex electrical field of the antenna patterns; and

are the multipath angular density function of the and
polarization; and is the average cross-polarization ratio that

reflects the polarization environment applied in the calculation.
Consider that the proposed antenna is potentially applied in

an indoor WLAN system. is set to 0 dB, which simulates a
rich multipath environment with evenly distributed vertical and
horizontal polarization components. Benefitting from its direc-
tional radiation patterns, a low correlation between patterns is
acquired in the measurement. The maximal value at the central
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Fig. 6. Normalized simulated and measured pattern of the proposed antenna when feeding port 1.

TABLE I
COMPARISON BETWEEN THE PROPOSED ANTENNA AND OTHER PLANAR MULTIELEMENT ( ) MIMO ANTENNAS

resonant frequency is 0.0289, which proves that this design can
provide considerable pattern diversity for an MIMO system.
Table I shows a comparison between the proposed antenna

and other planar multielement ( ) MIMO antennas in
terms of size, bandwidth, mutual coupling, pattern type, and
gain. It can be observed that the proposed antenna is the most
compact planar multielement MIMO antenna characterized by
low mutual coupling and directional radiation patterns.

V. CONCLUSION

In this letter, an ultra-compact three-port MIMO antenna de-
signed for the 2.4-GHz WLAN band is proposed and fabri-
cated. The antenna is fabricated on 1.6-mm-thick disk-shaped
FR-4 substrate with a radius of 16 mm ( ), which is the
most compact planar multielement ( ) MIMO antenna
in existing literature. To fit three radiating elements into such
a compact area, T-shaped slots and a newly designed neutral-
ization network are introduced to achieve size reduction. The
slots provide three directional radiation patterns to increase the
pattern diversity, whereas the neutralization network introduces
a new coupling component to achieve coupling cancellation.
As a result, the gain reaches 2.3 dBi at the peak, and the 3-dB
beamwidth covers 105 . The pattern correlation coefficient be-
tween elements is only 0.028, and the mutual coupling remains
below 15 dB in the whole working band. To verify its feasi-
bility in practice, a prototype is built and measured. The mea-
surement results show good agreement with the simulation ones.
Benefiting from its planar structure, this antenna can be repro-
duced with the traditional printed circuit board (PCB) manufac-
turing process, thus making it a low-cost and promising design
for use in size-limited MIMO applications.

REFERENCES
[1] G. G. Raleigh and J. M. Cioffi, “Spatio-temporal coding for wireless

communication,” IEEE Trans. Commun., vol. 46, no. 3, pp. 357–366,
Mar. 1988.

[2] O. Bejarano, E. W. Knightly, and M. Park, “IEEE 802.11ac: From
channelization to multi-user MIMO,” IEEE Commun. Mag., vol. 51,
no. 10, pp. 84–90, Oct. 2013.

[3] W. Liao, S. Chang, J. Yeh, and B. Hsiao, “Compact Dual-BandWLAN
Diversity Antennas on USB Dongle Platform,” IEEE Trans. Antennas
Propag., vol. 62, no. 1, pp. 109–118, Jan. 2014.

[4] S. Park and C. Jung, “Compact MIMO antenna with high isolation
performance,” Electron. Lett., vol. 46, no. 6, pp. 390–391, Mar.
2010.

[5] Y. Luo, Q. Chu, J. Li, and Y.Wu, “A planar H-shaped directive antenna
and its application in compact MIMO antenna,” IEEE Trans. Antennas
Propag., vol. 61, no. 9, pp. 4810–4814, Sep. 2013.

[6] H. Li, J. Xiong, and S. He, “A compact planarMIMO antenna system of
four elements with similar radiation characteristics and isolation struc-
ture,” IEEE Antennas Wireless Propag. Lett., vol. 8, pp. 1107–1110,
2009.

[7] M.Meshram, R. Animeh, A. Pimpale, and N. Nikolova, “A novel quad-
band diversity antenna for LTE and Wi-Fi applications with high iso-
lation,” IEEE Trans. Antennas Propag., vol. 60, no. 9, pp. 4360–4371,
Sep. 2012.

[8] C. Hsu, K. Lin, and H. Su, “Implementation of broadband isolator
using metamaterial-inspired resonators and a T-shaped branch for
MIMO antennas,” IEEE Trans. Antennas Propag., vol. 59, no. 10, pp.
3936–3939, Oct. 2011.

[9] S. Su, C. Lee, and F. Chang, “Printed MIMO-antenna system using
neutralization-line technique for wireless USB-dongle applications,”
IEEE Trans. Antennas Propag., vol. 60, no. 2, pp. 456–463, Feb.
2012.

[10] C. H. See, R. A. Abd-Alhameed, Z. Z. Abidin, N. J. McEwan, and P.
S. Excell, “Wideband printed MIMO/diversity monopole antenna for
WiFi/WiMAX applications,” IEEE Trans. Antennas Propag., vol. 60,
no. 4, pp. 2028–2035, Apr. 2012.

[11] S. Ko and R. Murch, “Compact integrated diversity antenna for wire-
less communications,” IEEE Trans. Antennas Propag., vol. 49, no. 6,
pp. 954–960, Jun. 2001.

[12] R. Karimian, H. Oraizi, S. Fakhte, and M. Farahani, “Novel F-shaped
quad-band printed slot antenna for WLAN and WiMAX MIMO sys-
tems,” IEEE Antennas Wireless Propag. Lett., vol. 12, pp. 405–408,
2013.

[13] C. Y. Chiu and R. D. Murch, “Compact four-port antenna suitable for
portable MIMO devices,” IEEE Antennas Wireless Propag. Lett., vol.
7, pp. 142–144, 2008.

[14] M. Lin and S. Chung, “A compact MIMO antenna system with three
closely spaced multi-band antennas for WLAN application,” in Proc.
Asia-Pacific Microw. Conf., Dec. 11–14, 2007, pp. 1–4.


