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Abstract—A single-layered multiple-input multiple-output
(MIMO) antenna system is presented for future wireless devices
operating at WLAN (2.45, 5.2 GHz), 4G LTE (2.6 GHz) and 5G
(24, 28 GHz) bands. The design consists of a dual-band 4-element
monopole MIMO antenna system that covers 2.45 and 5.2 GHz
bands. A decoupling mechanism is designed in the ground plane
based on a tapered slot. This tapered slot has a dual function,
working both as a decoupling structure (λ0/4 long) at 2.45 GHz
and as a tapered slot antenna (3λ0 long) at 28 GHz when excited
by a proper feeder. The proposed MIMO antenna system is
designed on an RO-5880 substrate with overall dimensions of
104 × 104 × 0.51 mm3. The measured results show that the
presented design covers two low frequency bands (2.40-2.80, 5.1-
5.6 GHz) with peak gain of 5 dBi and one high frequency band
(23-30 GHz) with peak gain of 11 dBi. The minimum measured
isolation between the two antennas is more than 16 dB, while
the maximum envelope correlation coefficient value is less than
0.16 showing good MIMO characteristics.

Index Terms—Multiple-input multiple-output (MIMO), mm-
Waves, monopole antenna, tapered slot antenna, WLAN, 4G LTE,
5G.

I. INTRODUCTION

INTEGRATED antenna systems having small antenna
footprint and supporting multiple wireless standards

(microwave/mm-wave) are highly desirable for small form
factor wireless devices. In addition, multiple-input multiple-
output (MIMO) antenna technology is one of the most im-
portant parts of the future wireless communication system
because it increases data throughput without increasing input
power and bandwidth [1]–[3]. In fact, the integration of MIMO
antenna system in the small form factor wireless devices is
challenging due to the high mutual coupling between neigh-
boring antenna elements especially when they are spaced less
than λ0/2 apart and sharing the same system ground plane
[4], [5]. Recently, multi-band antenna designs were reported
at microwave and mm-wave bands [6]–[8] for WLAN, WiGig
and ISM band applications. In [6], a substrate-integrated
antenna was presented at 5.2 and 24 GHz band, while in
[7], [8] two geometries were also reported at 2.45, 5.2 and
60 GHz bands. However, the limiting factors in these designs
were, either the use of multi-layered structures without having
MIMO configuration or a low gain at mm-wave band. A more
recent design was presented in [9] for 5G wireless devices that
supports only 24 GHz band with moderate gain.
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Some antenna designs were also reported with [10]–[14]
and without [15]–[20] MIMO configuration to cover different
microwave bands for WLAN, WiFi and LTE applications.
Nevertheless, most of the MIMO designs either have multi-
layered 3D configuration [10], [13], relatively large size [12],
low isolation between MIMO elements [11] or operate in a
single band [14], which limit their application for future low-
profile, compact and multi-band applications. Furthermore,
the designs that cover both microwave and mm-wave bands
typically have relatively low gain values at mm-wave bands
[6]–[8]. It is also noted that the MIMO designs reported in
[10]–[14] only cover microwave bands. The comparison of
several notable reported works is shown in Table I. Indeed,
none of the presented works cover microwave and mm-wave
bands with MIMO configurations.

To solve the aforementioned challenges, this work proposes
a MIMO antenna system for microwave and mm-wave band
applications. The proposed antenna covers 2.45, 2.6, 5.2,
24 and 28 GHz bands. The design starts with a dual-band
monopole MIMO antenna system optimized for 2.45, 2.6 and
5.2 GHz bands. Then, a decoupling structure based on the
tapered slot is etched in the ground plane. This tapered slot
has a dual function, working both as a decoupling structure at
2.45 GHz and as a tapered slot antenna (or Vivaldi antenna)
at 28 GHz. This dual feature of the tapered slot makes the
proposed design compact, low profile, and multi-band. MIMO
characteristics such as isolation and envelope correlation co-
efficient are also calculated. Results show that the proposed
design meets those MIMO requirements. As shown in Table I,
the proposed design has a similar size of reported works in
[10]–[14] at microwave frequencies, however, it introduces
an additional feature of the tapered slot to cover the mm-
wave band with high gain, which is a key requirement for 5G
applications.

II. DESIGN EVOLUTION

In this section, the design procedure of dual-band monopole
MIMO antenna system, working at 2.45 and 5.2 GHz, is
firstly demonstrated. Then, a decoupling feature is designed
in the ground plane based on a tapered slot. This tapered slot
also works as a high-gain traveling-wave antenna at 28 GHz.
Finally, an integrated MIMO antenna system is optimized to
cover different bands for WLAN, 4G LTE, and 5G applica-
tions. The proposed MIMO antenna system is designed using
Rogers RT/duroid 5880 having a relative permittivity of 2.2,
a loss tangent of 0.0009 at 10 GHz and the thickness (t) of
0.51 mm.
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TABLE I
COMPARISON OF PROPOSED AND PREVIOUS WORKS BASED ON DIFFERENT CRITICAL PARAMETERS.

Ref. MIMO Support
mm-wave Size of board (mm3) Freq. (GHz) with wire-

less standards

Realized
Gain (dBi)
at mm-wave

No. of ports
Isolation (dB)
between feed-
ing ports

[10] Yes No 30× 30× 12.9
(one element) WLAN=5.2 - 6 45

[11] Yes No 64× 64× 1.52 WLAN=2.45, 5.2
LTE=2.3-3.8 - 8 9

[12] Yes No 140× 120× 1.6 WLAN=2.45
LTE=2.6 - 4 15

[13] Yes No
102× 102× 0.5
(1 element, 4-ports)

WLAN=2.5, 5
WiMax=3.5 - 16 20

[14] Yes No 120× 120× 0.76 WLAN=5.8 - 3 28

[6] No Yes 40× 25× 1.524
WLAN=5.2
ISM=24 7 1-low freq.

1-high freq.
35

[7] No Yes 35× 33.5× 0.254
WLAN=2.45, 5.2, 5.8
WiGig=60 6 1-low freq.

1-high freq.
20

[8] No Yes 15× 15× 0.48 WLAN=2.4, 5.2, 60 15 1-low freq.
1-high freq.

-

[9] Yes Yes 31.2× 31.2× 1.57 5G=24 6.4 8-high freq. 15

This Work Yes Yes 104 × 104 × 0.51
WLAN=2.45, 5.2
LTE=2.6
5G=24, 28

11 4-low freq.
4-high freq.

16

A. Design of Dual-band Monopole Antenna with MIMO Con-
figuration

Fig. 1(a) shows the geometry of a dual-band monopole
antenna. It is designed on the top layer, while the ground plane
is on the bottom layer of an edge-cut square-shaped substrate.
The proposed monopole antenna (Ant. 1) consists of two main
radiating arms with lengths of L1 and L2. It is fed from a
50 Ω transmission line connected to a 50 Ω SMA connector
(Fig. 1(a)). The size of the feeding line is Lf = 22.5 mm
and wf = 1.57 mm, respectively. The lengths L1 and L2 are
optimized to cover multiple WLAN and LTE bands at 2.45,
2.6 and 5.2 GHz (Fig. 1(b)).

After the optimization of the monopole design (Ant. 1), a
copy (Ant. 2) is placed perpendicularly to the Ant. 1 as shown
in Fig. 1(c). S-parameters of this 2-element MIMO antenna
system are shown in Fig. 1(d). Both antennas cover 2.05-
2.71 and 5.06-5.45 GHz bands. As expected, strong mutual
coupling is observed between Ant. 1 and Ant. 2. This can be
verified from the simulated current distributions (when Ant. 1
is excited and Ant. 2 is terminated with matched load) shown
in Fig. 2(c). The minimum isolation is observed as 8 dB
between Ant. 1 and Ant. 2, while it varies from 8 to 13 dB in
the whole covered lower band.

B. Design of Decoupling Tapered Slot
A decoupling mechanism is now designed to improve the

isolation between the MIMO antenna elements described in
section II.A. Firstly, a narrow rectangular slot is placed in the
middle of MIMO antennas in the ground plane (Fig. 2(a)).
The length of the slot is Lslot = 26 mm which is about 0.2λ0
at 2.45 GHz. Fig. 3(a) demonstrates the effects of adding this
slot, i.e. the resonance is shifted to the higher frequency and
the impedance matching becomes slightly worse. Nevertheless,
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Fig. 1. (a) Dual-band monopole antenna and (b) its simulated reflection
coefficient, (c) MIMO antenna system and (d) its simulated performance.

both antenna elements still cover the targeted bands at 2.45 and
2.6 GHz. It can be observed that the slot significantly enhances
the isolation between the two antennas. This is due the fact
that the slot, which is excited through the coupling from the
monopole, becomes a resonator and acts as a band stop filter.
This technique is called defected ground structure (DGS) and
demonstrated in [21], [22].

The rectangular slot is now replaced by a tapered slot
(Figs. 2(b) and 2(d)). It has a similar behavior as a rectangular
slot [23], nevertheless, more degrees of freedom for perfor-
mance optimization is provided. Interestingly, the tapered slot
can work as a Vivaldi antenna (details are given in Section
II.C) for wideband high gain 5G applications. The closed
side of the tapered slot ends with a circular stub that has a
diameter of dslot, while the open side has a width of Wslot.
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Fig. 2. Monopole MIMO antenna system with (a) rectangular slot and (b)
tapered slot and simulated current distributions (c) without tapered slot and
(d) with tapered slot.
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Fig. 3. (a) S-parameters of monopole MIMO antenna with rectangular slot.
(b) |S12| of monopole MIMO antenna with tapered slot for Lslot, (c) Wslot
and (d) dslot.

The diameter (dslot) of the circular stub, width (Wslot) and
length (Lslot) of the tapered slot are critical parameters for
isolation. Moreover, since this tapered slot will be used for
5G application, those values should be chosen according to the
design of end-fire, wideband tapered slot antenna demonstrated
in [24] (see next section). A parametric study is performed
based on three critical parameters Lslot, Wslot and dslot of the
tapered slot as shown in Figs. 3(b), (c) and (d), respectively.
Results show that, as the value of dslot and Wslot increase the
bandwidth of the isolation also increases, while the value of
Lslot can be used to shift the band of isolation. Finally, it is
noted that adding the slot does not have significant effect on
the radiation pattern of the monopole, which is not shown here
for brevity.

C. Tapered Slot Antenna

A tapered 50-Ω microstrip line is designed to excite the
tapered slot as a Vivaldi antenna to cover 5G band at 28 GHz
(Fig. 4). Due to the large frequency gap, the operation of

TABLE II
EFFECTS OF LSLOT AND WSLOT ON ISOLATION OF MONOPOLE MIMO

ANTENNA AND GAIN OF 5G ANTENNA

Wslot
(mm)

Lslot
(mm)

Bandwidth
(-10 dB)

Isolation (dB) in
covered band

Gain (dBi)
at 28 GHz

3 29.6 2.34-3.11 min=15
max=29

10.25

5 29.6 2.32-3.10 min=17
max=28

11.14

7 29.6 2.27-3.25 min=14
max=37

11.52

5 23.6 2.24-3.30 min=13
max=32

9.66

5 26.6 2.35-3.20 min=15
max=40

10.24

the slot at 28 GHz is independent from the bandstop filter
at 2.45 GHz. This dual function of the tapered slot makes
the design compact and suitable for multi-standards future
wireless devices. The microstrip line is terminated with λo/4
circular stub, which in conjunction with the tapered slot can be
used to improve the impedance matching and bandwidth [25],
[26]. The location of Lx and Ly of the feeder are optimized
to get satisfactory results.

The tapered slot works as a Vivaldi antenna [24] and its
gain depends on the slot width Wslot and length Lslot. The
S-parameters and radiation patterns at 28 GHz are shown in
Figs. 4. The effect of Wslot and Lslot of the tapered slot on
the performance of 5G band is also confirmed by full-wave
simulation. It is found that gain of the 5G antenna depends
on the width and length of the slot: the gain increases if
either the width or length of the slot is increased. However,
these parameters also affect the performance of the monopole
antenna as studied in Fig. 3. Therefore, a compromise is
needed to select the final values. Table II summarizes the
performances for different combinations of Wslot and Lslot.
The best case for gain is observed when Wslot = 7 mm and
Lslot = 29.6 mm. The gain increases by increasing the value
of Wslot, however, this provides worse impedance matching
with minimum isolation of 14 dB at lower frequency band.
As a compromise between the performance at low and high
operating bands, the final optimized parameters are chosen
as Wslot = 5 mm and Lslot = 29.6 mm, providing a gain
of 11.14 dB at 28 GHz with minimum isolation of 17 dB
across all lower frequency covered bands. The improvement
in the isolation can also be verified from the simulated current
distributions (when Ant. 1 is excited and Ant. 2 is terminated
with matched load) shown in Fig. 2(d) where a low mutual
coupling is observed between Ant. 1 and Ant. 2 compared to
Fig. 2(c).

III. RESULTS AND DISCUSSIONS

A complete geometry of the MIMO antenna system is
shown in Fig. 5(a). All antenna elements are symmetrically
arranged in a square shaped substrate. The total size of the
board is 104 × 104 × 0.51 mm3. Due to 4 monopole antenna
elements placed next to each other for 4G, WLAN bands
and the change in the ground plane structure after adding 4
tapered slots for 5G band, a slight change in the performance
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Fig. 4. (a) Geometry of monopole MIMO antenna with tapered slot antenna,
(b) simulated S-parameters, and (c) 3D realized gain pattern at 28 GHz.

TABLE III
OPTIMIZED DESIGN PARAMETERS WITH THEIR VALUES

Parameter Value (mm) Parameter Value (mm)

Wsub 104 Lo 19

Lsub 104 L1 26

t 0.51 L2 9

Wslot 5 wf
1.57

Lslot 29.6 Lx 4.65

dslot 2.4 Ly 3.65

at low frequency is observed. Therefore, the whole structure
shown in Fig. 5(a) is slightly re-tuned to obtain desired results.
The integrated MIMO antenna system is optimized through
a parametric study performed using Ansys High Frequency
Structure Simulator (HFSS). All the optimized parameters
with their values are given in Table III. To validate the
simulation results, an antenna prototype is fabricated (Fig. 5).
The measurement results are demonstrated in the following
sub-sections.

A. Scattering Parameters and Comparison
The reflection coefficients for Ant. 1 to Ant. 4 are shown

in the Fig. 6(a) for low frequency bands with good agreement
between simulations and measurement. It is confirmed that
Ant. 1 to Ant. 4 support 2.45, 2.6 and 5.2 GHz (WLAN
and LTE) bands with −10-dB impedance bandwidth from
2.40 to 2.80 and 5.1 to 5.6 GHz. The isolation among Ant.1
to Ant. 4 is more than 16 dB (Fig. 6(b)), showing at least
8 dB improvement (compared to Fig. 1(d)). It is noticed from
Table IV that the proposed design has a comparable isolation
improvement with the other existing decoupling mechanisms
such as Electromagnetic Band-Gap (EBG) structure [27],
and Neutralization line [28]. The low temperature co-fired
ceramic (LTCC) based chip [29] can provide high isolation
improvement but with much higher complexity. With lower
design complexity, the proposed design provides an additional
feature to work at 5G band which is not possible in [27]–[29].

The reflection coefficients for Ant. 5 to Ant. 8 are shown
in the Fig. 6(c), while isolation curves are shown in Fig. 6(d)
for high frequency band. Results show that Ant. 5 to Ant. 8
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Fig. 5. (a) Geometry of the proposed MIMO antenna system and photograph
of the fabricated prototype (b) top view, and (c) bottom view.

2 3 4 5 6

Freq (GHz)

-50

-40

-30

-20

-10

0

|S
ij| (

dB
)

sim. S
12

sim. S
13

sim. S
18

mea. S
12

mea. S
13

mea. S
18

22 24 26 28 30

Freq (GHz)

-50

-40

-30

-20

-10

0

|S
ii| (

dB
)

sim. S
55

sim. S66

sim. S
77

sim. S
88

mea. S
55

mea. S
66

mea. S
77

mea. S
88

22 24 26 28 30

Freq (GHz)

-50

-40

-30

-20

-10

0

|S
ij| (

dB
)

sim. S
81

sim. S
56

mea. S
81

mea. S
56

(a)

2 3 4 5 6

Freq (GHz)

-40

-35

-30

-25

-20

-15

-10

-5

0

|S
ii| (

dB
)

sim. S
11

sim. S
22

sim. S
33

sim. S
44

mea. S
11

mea. S
22

mea. S
33

mea. S
44

(b)

(c) (d)

Fig. 6. S-parameters for proposed MIMO antenna system (a) reflection
coefficient at low frequency band, (b) isolation at low frequency band,
(c) reflection coefficient at high frequency band, and (d) isolation at high
frequency band.

have wide bandwidths from 23 to 30 GHz, which support
the 24 and 28 GHz bands for 5G applications [30]. The
slight difference at high frequencies in the simulations and
measurements is mostly due to the fabrication tolerance and
soldering of connectors, which is expected for mm-wave
designs. The measured isolation is more than 20 dB between
low and high frequency ports.

B. Radiation Patterns, ECC, Gain and efficiency
The normalized 2D radiation patterns in terms of total field

at φ = 0◦ and φ = 90◦ for Ant. 1 to Ant. 4 are shown in

TABLE IV
COMPARISON WITH OTHER EXISTING DECOUPLING MECHANISMS

Ref. No.
Minimum
improved
isolation

Decoupling
mechanism

Design
complexity

[27] 8 dB EBG High

[28] 10 dB Neutralized
line

Moderate

[29] 15 dB LTCC High

Proposed 8 dB Tapered slot Low
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Fig. 7. Normalized radiation patterns at 2.45 GHz, (a) Ant. 1 at φ = 0◦ and
at φ = 90◦, (b) Ant. 2 at φ = 0◦ and at φ = 90◦, (c) Ant. 3 at φ = 0◦ and
at φ = 90◦, and (d) Ant. 4 at φ = 0◦ and at φ = 90◦.

(a) (b)

(c) (d)

simulated Φ =0o Plane
measured Φ =0o Plane
simulated Φ =90o Plane
measured Φ =90o Plane

Fig. 8. Normalized radiation patterns at 5.2 GHz, (a) Ant. 1 at φ = 0◦ and
at φ = 90◦, (b) Ant. 2 at φ = 0◦ and at φ = 90◦, (c) Ant. 3 at φ = 0◦ and
at φ = 90◦, and (d) Ant. 4 at φ = 0◦ and at φ = 90◦.

Fig. 7 and Fig. 8 at 2.45 and 5.2 GHz, respectively. Omni-
directional patterns are obtained for Ant. 1 to Ant.4, which is
desired at low frequencies. The discrepancies in the simulated
and measured results are attributed to measurement errors,
including the cables and measurement setup.

The normalized 2D radiation patterns for Ant. 5 to Ant. 8
are shown in Fig. 9 and Fig. 10 at 24 and 28 GHz. To show the
direction of main beam for each antenna, 2D φ-cuts at θ = 90◦

Ant. 5

Ant. 6

Ant. 7 Ant. 8

24 GHz 28 GHz

Fig. 9. Normalized radiation patterns at θ = 90◦ for 24 GHz and 28 GHz
frequencies, measured data: dashed lines; simulated data: solid lines.

Ant. 5 at Φ =-45o

24 GHz

28 GHz

Ant. 6 at Φ=-135o

Ant. 8 at Φ=-135o
Ant. 7 at Φ=-45o

Fig. 10. Normalized radiation patterns at 24 GHz and 28 GHz for different
values of φ, measured data: dashed lines; simulated data: solid lines.

Fig. 11. Calculated ECC values at WLAN and LTE bands (Ant. 1-Ant. 4)
and 5G band (Ant. 5-Ant. 8).

are shown in Fig. 9, while θ-cuts at φ = −45◦for Ant. 5 and
Ant. 7, and at φ = −135◦ for Ant. 6 and Ant. 8 are shown
in Fig. 10. It is clear that Ant. 5 to Ant. 8 have directional
patterns which are desirable at high frequency. Moreover it
leads to a very low correlated communication channels. Some
gain drop is seen in the measured results at ±90◦ (Fig. 10),
which is attributed to the effect of the antenna bending in
measurement due the thin and flexible substrate.

The envelope correlation coefficient (ECC) showing the
diversity performance of MIMO antenna system is computed
using the method given in [4] based on 3D radiation patterns.
Fig. 11 shows different values of ECC between different
antennas (two antennas at a time) at low frequency bands

(a)

(b)

Fig. 12. Simulated and measured (a) peak realized gain and (b) radiation
efficiency at WLAN, LTE and 5G bands.
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and high frequency band. Due to the same polarization, the
maximum ECC value of 0.16 is observed between Ant. 1 and
Ant. 3 at 5.1 GHz. Nevertheless, it is still less than the accepted
value of 0.5. All other values (see Fig. 11) are also less than the
defined value that shows good MIMO diversity performance.
ECC values at 5G band are very low (around 0.0001) due to
highly directive beams. Another figure of merit at mm-wave
band is the beam coverage efficiency (ηc) which is calculated
using the procedure in [31]. It is found that the ηc is more
than 18%. A higher value of ηc can be achieved with larger
number of antennas at mm-wave band. For example, numerical
simulation indicates a more than 33% of ηc with 8 antennas
while still keeping the same isolation improvement of 8 dB.

The simulated and measured gain and efficiency at WLAN,
LTE and 5G bands are shown in Fig.12 (a) and Fig.12 (b),
respectively. The maximum measured gain is 4 dBi and 11 dBi
at 2.6 GHz and 27.6 GHz, respectively with good agreement
between simulation and measurement. The lower measured
efficiency is attributed to the higher losses in antenna materials
and the measurement errors. Nevertheless, a measured effi-
ciency of more than 70% (average of about 80%) is obtained
across all bandwidths.

IV. CONCLUSION

A multiple-input multiple-output (MIMO) antenna system
has been presented for future wireless devices. The proposed
design consists of 4-element dual-band monopole and 4-
element wideband tapered slot MIMO antenna system that
covers different bands for WLAN (2.45, 5.2 GHz), 4G LTE
(2.6 GHz) and 5G (24, 28 GHz) applications. The key feature
is to design and optimize the tapered-ground slot for dual
functions, both as a decoupling structure at 2.45 GHz and as
an end-fire tapered slot antenna at 28 GHz. The peak gain of
11 dBi is achieved at 28 GHz with the radiation efficiency of
more than 85%. The measured isolation is more than 16 dB
in all covered bands. The dual function of the tapered slot
makes this dual-band design compact and low profile. The
proposed concept can be tailored and applied in different
situations, including future access points, wireless routers, and
WiFi applications.
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